Direct-photon spectra and flow in Pb—Pb collisions
at the LHC measured with the ALICE experiment

Friederike Bock
for the ALICE collaboration

Lawrence Berkeley National Laboratory

August 21st, 2014

~ \\////

/\| Iﬁ = BMBF Forschungsschwerpunkt
f(rreeee | 7 @ ALICE Experiment 201
BERKELEY LAB ALICE AL.ICE

A JOURNEY OF DISCOVERY

F. Bock (LBNL Berkeley) Direct Photons in Pb—Pb August 21st, 2014



A\
u|

crecoer]|

Outline

ALICE DERKELEYICRE)

@ Introduction to Direct Photon Measurements

@ Measurement of Direct Photon Spectrum

@ Direct Photon v, Measurement

@ Alternative Representation of Direct Photon Flow

@ Inclusive Photon vz Measurement
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Direct Photons in pp and Pb—Pb Collisions

ideal hydro th. photon vy for different QGP formation times ¢
arXiv:0809.0548 [nucl-th]
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Additional sources Pb—Pb collisions
Thermal Photons Jet-Medium Interactions
@ Scattering of hard

partons with
thermalized partons

@ Scattering of
thermalized particles

@ Exponentially
decreasing but
dominant at low pr

@ In-medium (photon)
bremsstrahlung emitted
by quarks Pb-Pb
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pp & Pb-Pb collisions
Prompt Photons

@ Calculable within NLO pQCD

@ Dominant at high pr

@ v leaves medium unaffected
= ideal probe

@ Test of binary scaling in
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Direct Photon Flow
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Initial azimuthal asymmetry in coordinate space in non-central A+A

= asymmetry in momentum space

dn

de

=+ (1 +23 51 Vacos(n(p — W?)))

@ v,: elliptic flow, collective expansion
at low pr

@ v3: triangular flow 0.20
Thermal Photon v, 0.16
@ Constrains onset of direct photon o
. 1
production =x
e Early production — small v» =
o Late production — hadron-like v» 0.08
0.04

Thermal Photon v

@ Allows to distinguish different initial
conditions & exotic models
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Direct Photon Transverse Momentum
Spectrum
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Direct Photon Extraction Sl
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Subtraction Method:

Vd
Ydirect = Yinc — Vdecay = (1 - ecay) * Yinc
“Yinc
1
= (1- wa) " Yinc

@ Inclusive photons: measure all photons that are produced

@ Decay photons: calculated from measured particle spectra with photon decay
branches (7, 7, ...)

Double Ratio:

__ Dinc / 7Ydecay ~y _inc H H H
R, =15 /7ﬂ3mm . if > 1 direct photon signal
— advantage of ratio method: cancellation of uncertainties

@ Numerator: Inclusive y spectrum per 7°

@ Denominator: Sum of all decay photons per 7°

Decay photons are obtained by a cocktail calculation
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Measuring photons, 7° and 7 Mesons in ALICE |Gl

ALICE

ZDC
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Measuring Photons, 7° and 7 Mesons with PCM [l

Perf. of the ALICE Experiment at the CERN LHC
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ALICE

. rXiv: . ucl-ex]
Photon Conversion Method (PCM) g o ke
& gF T T T q
5 ALICE pp Vs=7 TeV.
pp — 10+ X, pp—n +X, 3 8 eval: S
Nyy Yy Z: 0.6<p}'<0.8 GeVic ]
N ete ete N etg ete 5F —+signal+bkg
E « signal 3
(Mg = 0.135 GeV/c?, BR,, = 0.988)  (m, = 0.548 GeV/c?, BR,, = 0.393) 3, —fit
2
1
0 L L

01 018 02
M(ry) (GeV/c?)

Y (cm)

x| @ High resolution (o0 < 2 MeV/c?)
100 at very low p;
0 (0.3 < pr <2 GeV/c)

< @ High momentum reach limited only

L 200 2003 by statistics

- -300 1 e Conversion probability (~ 8.5%),
o0 e acceptance: |n] < 0.9, 0 < p < 27

o 104707, svenczage X (cm)
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~ - Ray Tomography of ALICE )

ALICE BERKELEY/LAB)

L B N
nl<0.9 ' i —— Data E
i MC conversion candidates |
MC true primary conversion |
IC true secondary conversion|
IC true 7° Dalitz
e troe 7 Dalitz
S MC true combinatorics
BN VI true hadronic bek

TPC
drift gas

TPC inner TPC inner
field cage containment
vessel TPC Rods vessel
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. Performance of the ALICE Experiment at the CERN LHC
@ Very useful tool to check the material budget: arXivi1402.4476 [nucl-ex]

o Effective radiation length: X/Xo = 0.114 4 0.005 (1| < 0.9, 8 < 180 cm)
Final systematic error is ~ 4.5% |

@ Cuts on the decay topology of photons and electron track properties
— Purity at 90% at 2 GeV /c for 0-40% Pb—Pb events
@ Background is mainly combinatorial - Strange particle contribution negligible
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70 Transverse Momentum Spectra & R,,

arXiv:1405.3794
T 3
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ALICE

L T T 3 P S N I SN L B R R
g S 3 oy, Pb-Pb|5,=276TeV [+] 0- 5%n® N
3 w0 [lop (=276 TeV 1 [ ]20-40%m® 1
[} o - - Tsallis fit 3 :I I [=60-80% n° ]
> 10 L3 Bl — power law fit 3 1.0
23 : = E M ]
‘%:%’_10 == ’a,". < L ]
Q e 2 " S 3 0.8— -
3 1 = T o N [ | ]
-2 y B 3 L | ]
B ] 0.6— —
N = L B
= [ B4 ]
é 0.2; — 7:
é Oiwwwéwwwz‘twwwé\\\g\\\1‘[)\\\1‘27
% P, (GeV/c)
0 5% PP (5= - 276 TV x 7 3 o 7% measurement needed as input for R,
5-10% Pb-Pb |s,, = 2.76 TeV x 2° E .. . I 0
10-20% PP [5,, = 2.76 TeV x 2° 1 o Statistical & systematic uncertainties of 7
20-40% Pb-Pb (8, = 2.76 TeV x 2* i L
40-60% Pb-Pb [5,, = 276 TeV x 2/ measurement dominate uncertainties on the R,
60-80% Pb-Pb (s, = 2.76 TeV x 2° 3
- il 3 e Size of excess in R, depends on Raa of 70
p, (GeVic) — suppression of main source of decay ~y

@ Extraction of direct photons easier in more
central events
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ALICE

Direct photons in pp collisions at /s

Inclusive vy spectrum corrected for:
o purity (P), efficiency (£),
conversion probability (C),
secondary photon candidates

In the ratio uncertainties related to:

o normalization, 7° measurement,
rec. efficiency

partially or exactly canceled

The NLO double ratio prediction is
plotted as Ry o = 1 + 2seiee

cocktail

Measurement is consistent with the
expected direct photon signal

Integrated luminosity for
measurement ~ 5 nb™!

Direct photon signal in pp at 7 TeV is
consistent with zero

)

F. Bock (LBNL Berkeley)
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Direct Photons in Pb—Pb

X
Nucl.Phys. A904-905 (2013) 573c-576c
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Double Ratio - Pb—Pb 2.76 TeV o

40-80%
[ e 1
o 40-80% Pb-Pb, {Syy = 2.76 TeV. g
[ ALICcE }
1.6/—  PRELIMINARY —
- —¢— Direct photon double ratio i
14— NLOprediction: 1+ (N vy oo Vaocny) A
N forj=05,1.020p, ]
12— u
1 M
ETy TR 1 \ ]
08— ;
Lo bvvn v e bece b b b 1
1 2 3 4 5 6 7 8
pY(GeV/c)

Double ratio for peripheral events shows
no excess at any value of p;

@ Measurement is consistent with the
expected direct photon signal

@ pp NLO predictions scaled with
Nco/l
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Double Ratio - Pb—Pb 2.76 TeV reee

ALICE PERKEL EYERE
o o
40-80% 0-40%
g [T T T T 65«3.7”‘“H‘H“H“H“H‘ —]
7 18— 200, . _ — g -40° " - ]
S 40-80% Pb-Pb, (s =2.76 TeV ] S r 0-40% Pb-Pb, \s\ = 2.76 TeV 1
% [ ALICE b T 7
Sp 16 ereunmiary - Se [ eeemmary ]
= =4 Direct photon double ratio b = [ =4 Direct photon double ratio N
14— NLOprediction: 1+ (N_ vy, o1 o Ygocay) 4 20— —— NLOprediction: 1+ (N v, oo i/ Yoocay) 5
L for=05,1.020p, ] r forp=05,1.020p, b
* M; e :
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08— 4 L ]
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Nucl.Phys. A904-905 (2013) 573c-576¢

Double ratio for peripheral events shows Excess of 20% %= 5%t & 10%%*t for

no excess at any value of p; pr < 4GeV/c
@ Measurement is consistent with the o N,oy scaled pp NLO in agreement
expected direct photon signal with high p; direct photons
@ pp NLO predictions scaled with
Neoir
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Definition of Excess in Central Pb—Pb collisions

ALICE

Experimental definition of Direct
Photons:

@ Every photon which is not directly
produced by:
7% n w, 1, ¢, p°and X°

@ Decay photons simulated via a
cocktail calculation based on
measured yield of 7% (Pb—Pb, pp)
and 71 (pp), remaining spectra are
obtained from my scaling of
measured 70

Experimental measurement of 7°:

ay
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Nucl.Phys. A904-905 (2013) 573c-576c

o

o

0-40% Pb-Pb, \s\ = 2.76 TeV
ALICE

PRELIMINARY

—4— Direct photon double ratio

—— NLO prediction: 1 + (N
fory=0.5t02.0 P,

o aect o Vacay)

lww ‘e
4

&

7
P, (GeVic)

@ Published 7% measurements contain feed-down from higher mass particles

going to 70, except 70 from K?

@ Measured spectra are taken as input for cocktail calculation

F. Bock (LBNL Berkeley)

Direct Photons in Pb—Pb
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Cocktail Generation .,:\”

ALICE

Decay photon spectra are obtained via calculation

@ Based on a fit to measured 7° (Pb—Pb, pp) and

1 (pp) m,-Scaling:
@ Other particle spectra obtained via Same shape of cross sections,
my-scaling of measured 7° f(mr), of various mesons

d3o'm _
e Incorporated mesons: 70, 7, 7', w, ¢, po EGH = Cn- f(mr)

and the ¥° baryon

Nucl Phys A904-905 (2013) 5735 576c Meson (Cpm) meas. Mass Decay Branch B. Ratio
EOET T aldeayy | E w0 PP, 134.98 v 98.789%
% ™ - W (e'eY) = Pb-Pb ete™y 1.198%
n -y (myeeyy) n PP 547.3 R& 39.21%
ALICE © - 0y () = ntw Ty 477%
PERFORMANCE o E ©0.48) o] P
2610772012 0 - 1y (Y, W) E! o0 770.0 Tt m 99103
x p - 1ty (iPy, 1Y) 4 (1.0) 0y 7.9-10"%
= = w pp 781.9 0 8.5%
=~ 88% = (0.9) ny 6.5 10 %
n & 10% E n’ 957.8 20~ 302%
= wy 3.01%
= (0.25) vy 2.11%
= 5 P, 10195 Y 13%

. E| Pb-Pb w0y 1.25 . 10—3
o o = (0.35) wy < 5%
10° 20‘4947 fb‘ P‘b‘\{% ) %76 Tey AT, 30 (1.0) 1192.6 Ay 100%

p' (Gevic) Phys. Rev. C (arXiv:1110.3929)
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Test of Assumptions for Cocktail -yl
S 10T T T T T T T
T [ 4 ALICE pp {5=7Tev ]
[ PhysLett. B717 (2012) 162172 ]
03? =~ 10% of decay photons B
06— .
o4 i B
L Cocktail Calculations B
0.2~ -.-nfrom pp Vs =7 TeV as input T
I -~ nfrom m_scaled 7° 7
r --0-20% PE-Pb s, = 2.76 TeV, 1 from K’ scaled ]
L L N Y U AR R B

P, (GeV/c)

1 & w meson only measured in pp,
 meson measured in pp &
0-10% Pb—Pb collisions

mrt scaling overestimates yield at low pr
consistently for all 3 mesons

Collective flow in Pb—Pb collisions modifies
shape of spectra, thus mrt scaling might not be
a valid approximation especially at low pr

Systematic uncertainties on cocktail 5-10%
Aim to measure 17 & w meson at low pr in Pb—Pb collisions
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Test of Assumptions for Cocktail il
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R 7 ® F
& L ¢ ALICE,pp (s=7TeV ] S 14— -
L Phys.Lett. B717 (2012) 162-172 il F $ ALICE preliminary, pp 15 =7 Tev
08— ~ 10% of decay photons ] 12— =~ 1-3% of decay photons
F ] 1.0+
0.6 - r S | R Rt
r ] oo [ﬂ
04— R s 0.6 [ﬂ
5 Cocktail Calculations B
0.2~ - -7 from pp E=7Teuv as input ] Cocktail Calculations
r -~ nfromm_scaled 1 = .
r --0-20% PE-Pb s, = 2.76 TeV, 1 from K’ scaled ] o © from m, scaled
P TS R P RSN B
o 2 % 3 ] 10 12 12 R T R N R T A IS I
P, (GeV/c) Py (GeV/c)

@ 71 & w meson only measured in pp,
 meson measured in pp &
0-10% Pb—Pb collisions

@ mr scaling overestimates yield at low pr
consistently for all 3 mesons
@ Collective flow in Pb—Pb collisions modifies
shape of spectra, thus mr scaling might not be
a valid approximation especially at low pr
@ Systematic uncertainties on cocktail 5-10%
@ Aim to measure 17 & w meson at low pr in Pb—Pb collisions
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Test of Assumptions for Cocktail il
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0
5
I

= = e [
T [ 4 ALCEpp 5=7TeV ] B4 .
L Phys.Lett. B717 (2012) 162-172 4 E + ALICE preliminary, pp Vs =7 TeV
08— ~ 10% of decay photons ] 12— =~ 1-3% of decay photons
L ] 1.0
0.6— — L B | Rt REEEEEEREEE
[ I 08— [ﬂ [ﬂ
0'4} B ‘: 0.6 [ﬂ
: Cocktail Calculations i '
0.2~ —-n :rum pp Vs - z Tev as input ] Cocktail Calculations
’ - rom m_ ks 7
[ - g-z;%Pl;—:?fsj:zJGTeV,nﬁomK:’scaled ] o -~ wirom m scaled x°
N Sy S S [ N PR [ N S S S B (RN PR T R R |- R
P, (GeV/c) Py (GeV/c)
o & w meson only measured in , B T T Ty
n y . PP 05— ¢ 0/(0.5(x + 1)) ALICE preliminary ~ 0.04-0.06% 1
 meson measured in pp & F o pp ls=7Tev of decay photons 1
o . C 4 0/(0.5 (7" + *)) ALICE, |
0-10% Pb—Pb collisions 040 010%Pb-Pb [5.=276 TeV 3
C arXiv:1404.0495 ]
@ mr scaling overestimates yield at low pr 0q- E
consistently for all 3 mesons r E
. . .. . 02— . —
@ Collective flow in Pb—Pb collisions modifies F - g B ]
i i r ge ® 3
shape of spectra, thus mr scaling might not be ot 9B acuations ]
a valid approximation especially at low pr r - e, orom m scaled #° ]
@ Systematic uncertainties on cocktail 5-10% p, (GeV/c)

@ Aim to measure 17 & w meson at low pr in Pb—Pb collisions
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Results of Pb—Pb Direct Photons at 2.76 TeV )

ALICE DERKELEYICRE)

Nucl.Phys. A904-905 (2013) 573c-576c
T

& 10° ‘ T —
O
3 107 0-40% Pb-Pb, {s,, = 2.76 TeV
S o [*]Direct Photon
% — Exponential fit: A x exp(-p,/T) Direct Photon Spectrum
stat+syst
o[ T=304+51 MeV for central Pb—Pb events
_|F 10
" {
N 402 te .
s Spectrum  derived from
107 L .
s double ratio by:
10 ¢
1
10° g Ydirect = (1 - z) * Yinc

109 : l

ALICE preliminary
0k ] N B
0 2 4 6 8 10 12

14
Py (GeV/c)
@ Systematic uncertainties on the double ratio are partially correlated in pr,
Significance of direct photon signal depends on degree of correlation
o Easiest example for fully correlated uncertainties:
Material bugdet uncertainty (absolute 4.5% of double ratio)

F. Bock (LBNL Berkeley) Direct Photons in Pb—Pb August 21st, 2014 16



Direct Photon Flow

Vdirect Y Ry vy 7 — v
2 R,—1

o R, -v,°7: weighted inclusive photon v; due to extra photons compared to

background

d . .
e v, 7 calculated decay photon v, from cocktail calculation
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Inclusive Photon v» Analysis Method ;\‘

ALICE

Initial azimuthal asymmetry in coordinate space in non-central A+A
= asymmetry in momentum space

o o7
g ) 0-40%, Pb-Pb, V5, =2.76 TeV
AN _ 1 RP - ]
@ = 5x (1 + 2 ZHZI Vn COS(n(d) — \Un ))) 0661 B
0.64 PERFORMANCE |
v2 given by photon production with respect to event ol 1
plane o6 ]
_ RP
‘ V2 = <COS(2(¢ - wz ))> ‘ o0ssf 1
P, 0.9-1.0 GeV/c

Event Plane angle determined by using the VZERO oS rmey
deteCtor 05401 ' ‘0‘2‘ ' ‘0‘4‘ ' ‘0‘5‘ ' ‘o‘s‘ = ‘1‘ ' ‘1‘2‘ ' ‘1‘4‘ =
© e
e VZEROA: 2.8 <n < 5.1 . e
e VZEROC: —3.7 <y < —1.7 I .
Reaction plane resolution obtained by the three 067++ - 1
sub-event method e — 1
Resolution correction for EP: ]
0.2~ = VOA 3-subevent |
EP raw * V0C 3-sub ]

V. V2

_ 2
V2 = (cos(2WEP —WEP))) ™ resolution

T A PN T I T T
0 10 20 30 40 50 60 70 80 90
Centrality (%)

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

Decay photon vs:

@ KE7 scaling: v, of mesons scales with KEt
KEr=mr—m=+/p2+m?>—m

0
= vy Rv @ =)

— vo of various mesons (X) calculated via KEr

. +
(quark number) scaling from v5'

i (VKR + e = (2

@ Decay photon v» from different mesons obtained
from cocktail calculation

2] (I)T ) =

F. Bock (LBNL Berkeley) Direct Photons in Pb—Pb

Cocktail Simulation of Decay Photon v,

- A\
ceecoer] [

o0 T T T
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J.Phys.Conf.Ser. 446 (2013) 012028
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Comparison of Inclusive and Decay v,

DERKELEYICRE)

= L e B

020 ALICE preliminary oy

[ 0-40% Pb-Pb, |5, = 2.76 TeV
0.18 [~ VO event plane

o yp

@ Above 3 GeV/c inclusive photons

significantly smaller than decay 0-16? *
photons otaf
— Direct photon v, contribution with 012l
direct decay L
V2 <V 0.0
i i X 0.08 -

@ Below 3GeV/c consistent within

uncertainties 0081

— Either contribution of direct . ]
photons with similar v, or no direct o.ozﬂ ]
photons 4

0

5 6
P (GeV/c)
J.Phys.Conf.Ser. 446 (2013) 012028
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Direct Photon v, 0-40% .;\”'

ALICE

o R, vé”“’: weighted inclusive photon v, due to

Direct photon vs:
extra photons compared to background

Vdire‘:t - R"r"’énc’y*";ecay’y deca
2 = R,—1 o vy, ¥7: calculated decay photon v» from

cocktail calculation

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

P i e e
E [ 040% PoPb, vs,=276Tev
> 02|~ VZERO Event plane % ]
o Large direct photon v, for I
pr < 3GeV /¢ measured ol JALICE |
@ Magnitude of v, comparable to oal 1
hadrons I
. . 0.05F 7] n
@ Result points to late production I
times of direct photons after flow is I
established o - ‘
-0.05}- B n
IR TR TR R N L
0 1 2 3

4 5
P, (GeV/c)
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Direct Photon Yield and Flow - Puzzle ? R

ALICE

Nucl.Phys. A904 905 (2013) 573c 576¢
P e 2T
i H < oL 0-40% Pb-Pb, V S = 276TeV
@ Central points for direct photon 5 F ALICE prefminns

[*]Direct Photon
— NLO Vogelsang et al.
for u=0.5to0 2 p_ (scaled pp)
Phys.Rev. D50 (1994) 1901-1916
--- extrapolation of NLO to low Py

ing— 2
USING S +xib)

yield and v, underestimated by
most theoretical calculations by
factors of 2-10

@ No significant deviation beyond 20

J.Phys.Conf.Ser. 446 (2013) 012028
T T T ]

§N0'2 [ ‘ — Thermal Shen et al
N ALICE preliminary Xivi1308.2111
0-40% Pb-Pb, |5, = 2.76 TeV = VVV'EI]'Lell\'ImaI Holopainen et al.
VO event plane E Phys.Rev. C84 (2011) 064903 ‘ ‘ ‘
0= v 1 vy by b b b
00 2 4 6 8 10 12 14
Py (GeVic)
0.1 -
,,,,, @ Both measurements are coupled via R,
""" L Hi critical assessment of uncertainties and
0.0{- & B 2 . i
their correlations needed
_ @ Theory curves composed out of different

e ALICE preliminary

- the I(Sh l. H H
ol _‘Nhfém(?égeTs"aiLT+’merlma\(sme.a‘,) ] sources, experimentally not possible to

- t al. . . .

Nf{)m(?/t()g(;\(s)gi‘gn)efIi;rrza\(Ho\opainen etal) d |St| ngu ISh those

S T S A SR ST S MR S MR SR |

0 1 2 3

4 5
P, (GeV/c)
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Propagation and Correlation of Errors on the R,

BERKELEY LA

o Measured R, less than 205, deviation from 1 = % [ cepsimay 7

E 0-40% Po-Po, {5, = 276 TeV

@ Gaussian error propagation only applicable if: ol Do
. . [ —thermal (Shen et al. arXiv:1308.2111)
a) Relation between observable and input LoF - homal (lopinn ot . Pry.ev. 54 a0t 1) 064509

observables is linear or [
b) Uncertainties sufficiently small F

both conditions not fulfilled s

~, dir v, decay __ v, inc
ov,) 2 v, °

- — 2 1) T T T T T T T A
aR’Y (R’Y 1) £ 105) 0-40%, Pb-Pb, 5y = 2.76 TeV 4

] 1.4.<p <1.6 GeVic

. . VO event plane

e Errors for v 9"(p;) calculated using MC || AHCE Petminary ]

simulation with probability distributions Tvarall —vani

—varR  —varv}™

according to R, (pr), v, ™ (py), v "(pr)
within 4 o(pr) of respective uncertainties

@ p; correlated uncertainty, like material budget
(4.5%),

complicates error propagation

dir

— Evaluation of significance of Ry and v;>“"under [, ... ... .l
. . . 0.04 0.05 006 007 008 009 010 011 012
investigation pie

F. Bock (LBNL Berkeley) Direct Photons in Pb—Pb August 21st, 2014 23




o LA A R B L B B B B R R A R
ALICE preliminary
0-40% Po-Pb, 5., = 2.76 TeV.

Alternative Representation of
Direct Photon Flow ‘

[S]Direct photon double ratio
~ NLO prediction: 1+ (N, 1 oecar)

— thermal (Shen et al., arXiv:1308.2111)
-+« thermal (Holopainen et al., Phys.Rev. G84 (2011) 064903)

=

Comparison of

5
I R £

erTTTTT
~
©

08
incl model v tot. ! : ! ! -
( n, measured Vi )/0 p, (GeV/o)
. by L L B L BN BN BN
for various models, where model could be: " 020F 5116 priminary -
0-40% Pb-Pb, 5, = 2.76 TeV i
@ Vj, decay based on measured 7 data 018 V0 event piane :

® V, decay based on measured 7 data - Wy, decay °'°

+ Va, NLO * Wy, NLO omf
+ Vn, thermal Wo | thermal o.12f
@ Vj incl from full theory calculation 010f
0.08}
Allows deco'upllng of measured R, from.comparl— oo}
son, large discrepancy of central points in Ry be- [ # ..aeaysno
0.04 r Phys.Rev. D50 (1994) 1901-1916

tween theory and data taken out 4 —decay + NLO + thermal (Shen et al)
arXiv:1308.2111

002 ---- decay + NLO + thermal (Holopainen et al.)
Phys.Rev. C84 (2011) 064903
0.00 ! ! I ! ! !
0 1 2 3 4

5 6
p, (GeVic)
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Comparison of Inclusive Photon v, il

A\
|n||

ALICE

R s
b F 0-40% Pb-Pb, |s,, = 2.76 TeV ]
= 5 « ALICE decay cocktail ]
= O:’ i i¢] (xm] D:::l ’:
g r ROnnnloguls " [ ) ]
250 ALCEpreimnary { @ Deviations from 0 for data, mainly
. R I I RS EPU R AR S . . .
g f ‘ T ALICE dovay cockiall+ NLO ] explained by contribution from
= 5| Phys.Rev. D50 (1994) 1901-1916 ] prompt photons
o ks ;’5;@&%%?{ '%;{K: =
S 3 . .
=9 1 @ Region of interest for thermal
. L I I I I I I 4
5 F ‘ ‘ ‘ ‘ ‘ T sources: 1-3 GeV/c
= sf E . -
[ ] Large systematic uncertainties
o[ s — ]
?E;>N 5;7 . AI#]CE delc?ll'\ cockttaiII+NLO j
TR ‘ ‘ ;rxﬁf?‘s%s;zﬁ?e a") 1 @ No statement on the existence of
% S T direct photon puzzle can be made
g ; - by ALICE at this stage
e M/N/A P —
§N + ALICE decay cocktail + NLO
> 5F + thermal (Holopainen et al.) .

‘ ‘ Phys.Rev, C84 (2011) 064903‘
0

Py (GeV/c)
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New Measurement: Inclusive Photon v3 -yl

crecoer]|

. e —— o First measurement of inclusive

| ALICE preliminary N phOtOn v3 at LHC
0-40% Pb-Pb, \s,, = 2.76 TeV

o il
L VO event plane 3

@ Above 3GeV/c inclusive

0.10¢- . photons consistently smaller
than decay photons, with large
statistical uncertainties

— Direct photon v3 contribution

with vglirect < 8eeay 5q

expected for prompt photons

* || o Below 3GeV/c mostly
consistent within uncertainties

— Either contribution of direct
0,00 it photons with similar vz or no
direct photons
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Comparison of Inclusive Photon v3

BERKELEY LAB

2 T
e ——— % r 0-40% Pb-Pb, (s, = 2.76 TeV 1
> t ) = 5 « ALICE deca\\(;:ocktai\ B

ALICE preliminary . V;necay g r ]
010~ 4.40% Pb-Pb, |s,, = 2.76 TeV © il <. F ml—'ﬂ]}jﬁg ]
[ VO event plane Vs > 0{ Mcd:bccp:d:‘:":::l E
I ] L E
~ r ALICE preliminary
008 ] . Em‘;m‘;HH;HH;‘m;pm‘;y‘&
[ 1 1] % F o ALICE decay cocktail + NLO ]
r 1 = 5 Phys.Rev. D50 (1994) 1901-1916
L J 8 o ]
L N Zo I - L ]
0.06 I ] X oof %gﬁ\&g%&/ g -]
: i Epis .
004} 4 e
L . J ) L = ALICE decay cocktail + NLO ]
[ | = 5 + thermal (Shen et al.) ]
\ g F arXiv:1308.2111 ]
L -.decay + NLO 1 Zo [ W 3
0.02 Phys.Rev. D50 (1994) 1901-1916 i B - - -
[ —decay + NLO + thermal (Shen et al.) 1 E r ]
arXiv:1308.2111 L b B
[ ----decay + NLO + thermal (Chatterjee et al.) 1 = r 1
[/ arXiv:1401.7464 1 E I I I I I I 4
ool v 1 k] A N L N L A B

o 1 2 3 4 5 6 ) 5 + AL:]CE delzrz?;yhcocktaiHN‘L)O
& r + thermal atterjee et al. 7

Py (GeVic) ] anictaoties
. . =0 _ . - C

@ Very small contribution from thermal vz 5 ° ‘ w?\;zﬁ/
£
. . . . . . S e 3
@ No significant deviation from 0 in region = °
PR RS AN AN ERRRN B A
1 - 0 6

of interest between 1-3 GeV/c o, (GVio)
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Summary ]|

ALICE

e R, ~ 1.2+ 0.05%" £ 0.1%* has been measured by ALICE in 0-40% Pb—Pb
collisions

@ Direct photon yield extracted with an exponential slope of
T = 304 £ 51stat+syst VeV

@ Direct photon v, which is of similar size as the charged hadron flow has been
measured in 0-40% Pb—Pb collisions

@ First measurement of inclusive photon v3 at the LHC in 0-40% Pb—Pb
collisions

o Current uncertainties on R., v)" & v)9¢ do not allow statement on the
existence of a direct photon puzzle at LHC energies
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Backup Slides
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Closer Look at the Central Barrel - ITS and TPC F\|

ALICE
Inner Tracking System - ITS

@ Full azimuth coverage, six cylindrical layers
@ Three different detector types:
silicon pixel / drift / stripes
@ Designed for primary / secondary vertex
finding (inner radius Rgp = 2.94 cm)

@ Tracks charged particles down to
pr = 100MeV/c

HV electrode (100 k),

mrerand ot Time Projection Chamber - TPC

c Vessels
(150 mm, CO,)

@ Main tracking and PID detector
-0 Full azimuth coverage, R = 84.8cm up
to 246.6 cm

@ Tracking: 100 MeV/c (primary) or
50 MeV/c (secondary) up to 100 GeV/c

field cage
i

readout chamber

Endplates housing
2x2x 18 MWPC

+ 845 < r <2466 mm

« drift length 2 x 2500 mm

- drift gas Ne, CO;, N, (90110/5)
- gas volume 95 m*

+ 557568 readout pads
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Electron Selection Criteria R

Global Electron Selection Criteria

@ Both tracks originate from the @ TPC refit condition

same V0 candidate @ Minimum momentum of 50 MeV/c
@ No kinks o Minimum fraction of the TPC
@ Opposite charge clusters with respect to findable

e Small R cut (R < 5cm) clusters due to conversion radius

PID Based Selection Criteria

n
=3
S

é % 1 @ no around electron energy loss
s ke 1 hypothesis in the TPC dE/dx
3 e o TOF electron no selection

o " " |

=100 [RMINEAA, \ - . ; . ] (if information available)

@ After PID ~ 80% pure photon sample

L , L] 1
0.2 03 1 2 3 4 567890 20
p (GeV/c)
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Photon x?/ndf:

@ Based on a Kalman-Filter
(AliKFParticle package)

@ Measure for conversion likelihood:
includes: zero VO mass, pointing to
primary vertex, correct electron mass,
mutual secondary vertex

Further Photon Selection Criteria:

@ Crosschecks for std. photon criteria
@ Psi-Pair angle

opening angle perpendicular to B field
@ Cosine of pointing angle

pointing to the primary vertex

Photon Selection Criteria

ALICE

ceecoer] [

PERKEL EYERE

Photon g:

@ Transv. mom. component of
daughter relative to the VO

qr =p X Sin(emother—daughter)

@ Clear separation of v, A and K?

50.25

10

a, (GeV/

0.15

TR T [T

0.05 10°

W i
-1-08-06-04-02 0 02 04 06 08 1
o = (p-p)/(P}+P)
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Cocktail for peripheral Pb—Pb and pp collisions  pssi

crecoer]|

« s A B - — 77— —— T ——Ff
~_ el all decay y ] all decay y J
e PPS=7TeV oy (eley) 0 - W (e'ey) E
> n -y (Ty.e'eyyy) n - w (Ty.e'eytyy)
ALICE, @ 1Py () AERCE, @ 1Py ()
1/08/2012 n - v (ay, W) C n' - py (o, w)
@~ v (fy, w) E 2600712012 @~ 1y (fy, w)

p — Ty (P, 1)

k p -y (fy, )

|

ﬁ

40-80% Pb-|

PR I
2 4

P S I
10

Pb, Sy = 2.76 TeV
e b b b e L b L i P R
2 4 6 8 10 12 14 6 8

16 1.
P, (GeVic)

12
8 (GeVic)

KA
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Inclusive Photon Invariant Yield in Pb—Pb -

crecoer]|

Two centrality selections: 0-40% and 40-80%(central and peripheral)

o 10°E T T
o E
§ we Pb-Pb, {Suy = 2.76 TeV Inclusive ~ spectrum
= E L2
g 10E . : * . ALICE corrected for:
Ll fo N E 4 PRELIMINARY
ofo, C 3 o .
= - e purity (P),
—Z 10" o, . ..
|§. g et o efficiency (&),
10%~ . . . .y
S T @ conversion probability (C),
E L]
104 oo @ secondary photon
100k o candidates
E L]
M Inclusive y (0-40%) *
% =#— Inclusive y (40-80%) ¢
107 = | |

1
! 8 (Gevic)

Nucl.Phys. A904-905 (2013) 573c-576c

m
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ALICE

Combined Fit for Direct Photons

10° T T T T T
10° 0-40% Pb-Pb, {sy = 2.76 TeV
10 i ALICE
—¢— Direct photons oLt
1= %N e Hagedorn
o N Exponential
102 —— Hagedorn+Exponential
’ 1 _d®™N _A 1 .
. 2npdpdy " 2n (1+pT/nC)" + B exp(-p,/T)
10 T =299+ 51 MeV
10
10°
10°
107e= o« o« Lo L Lo b Lo Ly
0 2 4 6 8 10 12

14
[ (GeV/c)

Combined fit (Hagedorn + Exponential) gives similar result for the inverse
slope parameter T as for the exponential only fit J

F. Bock (LBNL Berkeley)

Direct Photons in Pb—Pb August 21st, 2014
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Systematic Error Sources R, pp

DERKELEYICRE)

@ Cut Variations for y and 70:

[ Cut Name [ Std. value | Variation1 [  Variation2 [ Variation 3|
Electron dEdx -450 -440 -340 -
Pion dEdx 1,100 21c 2,050 2,050

Min. p et /e~ 0.4 GeV/c 0.4 GeV/c 0.4 GeV/c 0.3GeV/c
Find. Cls. TPC 0.35 0.6 - -
Photon x2 20 30 10 -
at 0.05 0.07 0.03 -
min. pr et /e 50 MeV /c 75MeV/c 100 MeV/c -
photon 7, 70 y 0.9, 0.8 0.8, 0.7 12,09 B
min. R 5cm - 180cm 2.8cm - 180cm 10cm - 180cm -

VO0s with shared electrons rejected

Purity for different centralities used

TOF and « cut not used for pp

R cut already considered for material budget

@ 70 yield extraction:

@ Three different integration windows
@ Different Numbers of mixed events for bg, different mixed event bins
(n VOs, n tracks)

@ Cocktail simulation:

@ Two different fits
@ Variation of the m; scaling factors (1 measured)
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& Systematic Error Sources R, Pb—Pb ,,;\m

@ Cut Variations for y and 70:

[ Cut Name [ Std.value | Variation1 |  Variation2 | Variation 3|
Electron dEdx -3,50 -450 2540 -
Pion dEdx 3,-100 2.5-100 3.5-100 3,-100

Min. p et /e ™ 0.4GeV/c 0.4GeV/c 0.4GeV/c 0.3GeV/c
Find. Cls. TPC 0.6 0.7 0.35 -
Photon x2 10 5 20 B
qt 0.05 0.03 0.07 -
min. pr et /e 50 MeV /c 75MeV/c 100 MeV /c -
photon 77, 0 y 0.75, 0.7 0.9, 0.8 0.8, 0.7 R
min. R 5cm - 180cm 2.8cm - 180cm 10cm - 180cm -
« meson central 0.65 1.00 - -
« meson peripheral 0.8 1.00 - -
TOF -5,-50 -3,-50 -2-50 -

@ VO0s with shared electrons rejected
@ Purity for different centralities used

@ 0 yield extraction:

@ Three different integration windows
@ Different Numbers of mixed events for bg, different mixed event bins
(n VOs, n tracks)

@ Cocktail simulation:

@ Two different fits, with and without blast wave
@ Variation of the m; scaling factors
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