Direct Photons --
The Beautiful Glow that teaches us
about the Quark--Gluon Plasma

Thomas K Hemmick




Personal Remarks

» | have lead a fortunate BLESSED life.

> PhD - University of Rochester 1988.

- Null search thesis...~30 years required for 10X better.
- CHANGE FIELD!

- RHI: “So new that they don’t know anything either.”
> Yale University (postdoc on E814) 1989.
- Stony Brook Faculty Position Opens (1990).

- me: PERFECT job...too bad that | am too young.
- PBM: “Where is your application?”

- Dec 1990 - Spring 1995
- Stony Brook Relativistic Heavy lon Group: PBM, JS, TKH




Continuing Ed:

» During the job interview! |
- Let’s talk about the vision for RHIC measurements.
- Prescient: Today’s topic is exactly the same.

» Landmark Publications:
> Braun-Munzinger, Stachel, Wessels, and Xu
- The birth of HADRO-CHEMISTRY.
- Reinvention (Fourier-based) of Flow Measurements.
o (APt (Treegeon=1384—187+23 MeV @ AGS) ).

» J. Stachel QM1988

- Already leading figure in thermal modeling

“Stopping and Energy Flow is Relativistic Nucleus-
Nucleus Collisions.”

Has Johanna always been a world leading “Thermal Phenomonologist”?

.~ More than that! Johanna has always been a “Thermal Phenomon™!

Thomas K Hemmick
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Remote Temperature Sensing

INFRARED THEgII r ‘

Red Hot White Hot
» Hot Objects produce thermal RED
spectrum of EM radiation. HOT
» Red clothes are NOT red hot,

reflected light is not thermal. SB Stores %‘Wf

Photon measurements must distinguish N ot Re d HOt'

thermal radiation from other sources:
H ADRONS! ! ! Thomas K Hemmick




Non-Thermal Real Photon Sources
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Using Virtual Photons to Minimize Background:
» Example: one pT bin for Au+Au collisions
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Using Real Photons via Conversion

PHENIX is special because DC has to assume track origin (vertex)

The way we handle this: “Alternate Tracking Model”
—> calculate momenta of e* e- assuming they come from a/ vertex b/ HBD backplane
- calculate invariant mass of e*e- pairs with both
- for true photons, true momenta M,,, ~ 0, otherwise M,,, > 0
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FIG. 2. A view of the cut space used for the conversion pho-
ton identification. The mass as calculated under the standard
reconstruction algorithm (vtx) is plotted on the horizontal
axis, while the mass as calculated under the alternate track
model (HBD) is plotted on the vertical axis. The red dotted
box indicates the region used to identify photon conversions.

Thomas K Hemmick




All PHENIX Results Combined

| 1 I I 1 I

1 PHENIX arXiv:1405.3940

10! _ ——  Neon-scaled pp fit ]
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ol pp fit .
107 e . ¢  2007,2010
T ol " Y ee $ PRL 104, 132301 |
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O }  PRL 104, 132301 » AuAu follows N, scaled
~ 1074} X 4 pp above 4 GeV

Au+Au, min. bias |

o ‘ + Significant excess below
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large photon yield!




(1, ROV, /1)

ALICE Results Spectacular

[ L A AL L L B IR B R B

C 0-40% Pb-Pb, (S = 2.76 TeV ]
25—  ALICE .
B PRELIMINARY B
|- =% Direct photon double ratio ]
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Nucl.Phys. A904-905 (2013) 573c-576¢

Nucl.Phys. A904-905 (2013) 573c-576¢

@ Direct photon yield observed by ALICE at LHC
* PDbPb follows N, ;; scaled NLO calculations above 4 GeV
o 20 £ 10% excess below 3 GeV with in AuAu

* Excess has nearly exp. shape with inv. slope T~ 300 MeV
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PHENIX and ALICE
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One more plot...

I — 7 Production at T,=250 MeV, dN¢/dy=1000 T,=350 MeV, dNc/dy=1500
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Figure 1: Expected photon p, spectra for central Au+Au collisions and v /7 ratio.
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Works?

» Adjustments:

o “m" from
df2 N/dplT'T2 vsFE
d13 N/dp13
>t adjusted by eye
» dy=1 assumed.

» QGP yield runs
right through the

data!

‘)

T,=350 MeV, dN./dy=1500
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Direct Gamma Puzzle!

J Ph Conf.Ser. 446 (2013) 012028
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» High yield should be hot/early times.
» Large flow should be late/cool times.

Thomas K Hemmick 14



Many Models, no firm resolution...

Semi-QGP Hadronization Flash
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Q: what is the emission between 1y, 4., and tqgp? Apparently unanswered

(looks a bit like a “fiat” type theory so far - fine for the trees

but where’s the forest?)
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Much More to Learn!

4
4
4

Direct photon yields do not disappoint!
ascinating look into the full evolution.

Puzzling yield/flow result.

» Much more to learn.

» Finish with a question and an answer:

Thomas K Hemmick
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Is this that Beautiful Glow that teaches
us about the Quark-Gluon Plasma?

Nucl.Phys. A904-905 (2013) 573c-576¢
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THIS 1s the Beautiful
Glow that Teaches Us
about the Quark-
Gluon Plasma

: appy IBBnthchlaly9 J ((D[hl?&l[ﬁl[ﬁl%ﬂv
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Backups...

Thomas K Hemmick



Dilepton Excess at High p+ - Small Mass

arXiv: 0706.3034 arXiv: 0802.0050
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Q . -
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Interpretation as Direct Photon

04

Relation between real and virtual photons: 035 t Compmt5 Gewre
Lon = 1= 2 o { ][ '
1 do o
a;aeez =L (M) - H- b } ]
dM’dpidy 3w M dp;dy - 1
Extrapolate real y yield from dileptons: -nos_ rrrrrrrrrrrrrrrrrrrrrr L ‘ |
M x dN ee _s dN}’ for M —0 a:é: 1.5<p,<2.0 GeVic
dM dM wa { { {
: @} b }
Virtual Photon excess S
At small mass and high p, ;;2 I S T T T T

Can be interpreted as
real photon excess

2.0<p1<2_5 GeVic

e B
N0
I Illlllllllllllllllllllll IIIIIIIII T
—a— kL

|

. - P P PR
no change in shape oz o3 o o= e (Cevicd”
can be extrapolated
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First vieasurement or 1 nermali
Radiation at RHIC

a~10°
10° T~220 MeV 2 4+ AuAuMB x10*
2 102 / ° ¢ AuAu020%x1¢° direct photons from real photons:

» Measure inclusive photons

» Subtract n° and n decay photons at
S/B < 1:10 for p;<3 GeV

0o ®  AuAu 20-40% x10
10

p+p

direct photons from virtual
yhotons:

P Measure ete” pairs atm_ < m << py
» Subtract n decays at S/B ~ 1:1

» Extrapolate to mass 0

Ed*N/dp>(GeV2c?) or Ed’s/dp® (mb GeV2c?
3 3 3 3 3 3

pQCD

lIIllIIIII|IIII|IIII|IIII|IIIT‘-—

107
1 2 3 4 5 6 7
p_ (GeVic) T,,;>220 MeV > T

First thermal photon measurement:
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Interpretation as Direct Photon

Relation between real and virtual photons:

“ °:3§ 0 1.0<p_<1.5 GeVic
] d()’ o.és +
a;aeez = o 5 L(M) : y 0.2 +
dM?dpdy  3a M dprdy "o 'H- " -L +
Extrapolate real y yield from dileptons: °‘°2; i |
dN, AN, . o v o i
X dw M or o:i + 2.0<pT<2.5 GeV/c
Virtual Photon excess °E§ + {I + + +
At small mass and high p oos H [
Can be interpreted as Y N
real ph()t()n e -0.1 0.2 03 0.4 05 0.6 e (GeVIcP)J

no change in shape 025
can be extrapolated 015
to m=0 oes

H’ ++ + } ;3.0< T<4.0<Tewc

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
O.IT 0!4 0.I5 06 2.7
m,, (GeVic
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- ~N w O
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Estimate of Expected Sources

® Hadron decays:

. e ; I LI | I L I I LI | I LI I I LI | :
» Fitx®and & data p+p or Au+Au < 105 min. bias Au+Au\[Sy, = 200 GeV
§103 sl syy ——w
Ed3c_ A m%102 ot o 0 = KK
3. = N=YY « Jw—se'e
d'p  (exp(-ap; ~bp2) +p,/p, ) % 10E. oxs
w
1
o For other mesons n, w, p, ¢, JAp 10"
etc. replace p; — my and fit 102
normalization to existing data -
where available
10%
Hadron data follows “m, scaling” 10°g "
10°
107
10°

® Heavy flavor production:
s 0=N_, X 567+57+193ub from single Ry w B |
electron measurement p. (GeVic)

Predict cocktail of known pair sources
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Direct (pQCD) Radiation

® Measuring direct photons via virtual photons:

dN/dm,. . (c¥GeV) in PHENIX acceptance

107E

10°®

0 005 01 015 02 025 0.3
m,... (GeV/c?)

Small excess for m<< p, consistent with pQCD direct photons

» any process that radiates y will also radiate y*
for m<<p; y*is “almost real”

fraction or direct photons: %

i IS A
3 L‘i f $ *
" hadron decay cba“dafkamﬁ__h% ;= Yair _ Vair

0

9
» extrapolate yx — e+e- yield to m = 0 2> directyyield
+ m>m_removes 90% of hadron decay background ArXiv:0804.4168
* S/B improves by factor 10: 10% directy - 100% direct y*
1<p;<2GeV : I
@P*P 2 <p,<3GeV 2t . :
3<p;<4GeV @ oz (@) p+p -
L 4<p;<5GeV TE; - ;
E‘ o1s-  pQCD [ -
& [ T 4 ‘
T - —vwn .
Lo e
access above cocktail I

IIIIIIIIIIIII]|IIIIIIIII|III] }/lnCl yincl

1 15 2 25 3 35 4 45 |
P, (GeVic)




Thermal Radiation at RHIC

—10*
(8]

4 4 AuAu MB x10*
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© *  AuAu 0-20% x102 .
R TR » Direct photons from real photons:

o =  AuAu 20-40% x10 > Measure inclusive photons

> Subtract «° and n decay photons at
S/B < 1:10 for p;<3 GeV

pP+p
» Direct photons from virtual
photons:
° Measure ete” pairsatm_< m << p;
> Subtract n decays at S/B ~ 1:1
> Extrapolate to mass O

— —
e 9
w N

—
S
N

First thermal photon

Ed®N/dp®(GeV-%c?) or Ed’c/dp® (mb GeV

—
S,
(3]

measurement in RHI Collisions!
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Calculation of Thermal Photons

< 10 = 800
> E Thermal Photons in AutAu atv'sN_N =200 GeV ; [ J D. d’Enterria & D. Peressounko
8 L ® DATA0-20% "é 700 m s Rasa'nen etal
m'; B —— D. d'Enterria & D. Peressounko: T, = 590 MeV, t, = 0.15 fm/c . 600 g:':::;:sz:a 3
S 1 = —— S. Rasanen etal.: T, = 580 MeV, t;, = 0.17 fmic
«,Q_ E —— D. K. Srivastava: T, = 450-600 MeV, t, = 0.2 fm/c 00
§ B —— 8. Turbide et al.: T, = 370 MeV, t, = 0.33 fm/c 400 *
1l —— F. Liuetal.: T, =370 MeV, 1, = 0.6 fm/c
Qucj 10 = —— J.Aametal: T, =300 MeV, t, = 0.5 fmic 00
— —— W. Vogelsang: Prompt y NLO pQCD x TM (0-20%) 200
B 100
10-2 =3 N I | T 1 Loics
= 0.1 0.2 0.3 04 0.5 0.6 0.7
: 7, (fmic)
10°E
' » Initial temperatures
4 .
107¢ and times from
; theoretical model fits
10%% to data:
- > 0.15fm/c, 590 MeV  (d’Enterria
oL | | | | h et al.)
| | | | | | | | L1 1
’ ) (GeV/c) Ivastava et al.
D.d’Enterria, D.Peressounko, Eur.Phys.J.C 46 (2006) pT > 0.5 fm /C, 300 MeV (Alam et

al.)
Tini =300 to 600 MeV > 0.17 fm/c, 580 MeV (Rasanen

et al.)
To = 0.15 to 0.5 fm/c - 0.33fm/c, 370 MeV  (Turbide
R N et al. 27



Real Photons Match Virtual

note: 1—r, = Riy <§f> ( Y}/’.”d JDam
X 0
incl Tta . .
RN Y ® Double ratio tagging method
"N ;Wh N Fadr e @ Clean photon sample with
- g photon conversion
PHENIX arXiv:1405.3940 Ny + Explicit cancelation of

Y , ‘ ) systematic uncertainties
16 ¢ Combined result from 2
°l 1 analyses

+ |
N2 %}iﬁ}fii # % % : ﬁﬁ{ ¢ } % | @ Direct photons

» e s Well established in AuAu at
T T T T ] R

c; + : : (;)- — . . @ Real and virtual photons
6 (% PRL 104, 132301 (2010) | Au+Au | consistent
|4 Present data V3NN = 200GeV + Full centrality dependence
14} 1

Almost 20% direct photons in
central Au+Au!

Approx. independent of p;
from 0.4 to 4 GeV

Thomas K Hemmick




