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‘ Direct photons in pp collisions
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g q q g
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ALICE

Direct photons — photons not originating from hadronic
decays but produced in electromagnetic interactions in
course of collision.

de,dir
dpdn
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Fi/h — nucleon structure function

o, — cross-section of the elementary

process
D, - fragmentation function

q
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‘ Direct photons in AA (and p-A?)

collisions
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‘ ALICE apparatus ¥
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Photon measurement in ALICE e

EMCal calorimeter Photon Conversion Method (PCM)
Pb/scintillator 5 ITS and TPC
sampling calorimeter In| < 0.9, O < @ < 360
In| < 0.7, conversion in
80" < ¢ < 180 ~ detector material
& XIX,=(11.4+£0.5)%
conv. probability ~ 8%
///

PHOS calorimeter

PbWO, crystals

EE%E:;E:—)}OW-OZ-H04:07:43(UTC) |n| < 012’

ENCST L5 riggered event 260" < @ < 320
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Direct photon extraction

ALICE

Subtraction method: ArXiv:1803.098E|57

%‘- B I I T T II | I ] I T T I ]
Ydecay -8 10&- ALICE simulation pp, Vs =2.76 TeV =
Vdireect —  Yinc = Tdecay — (1 - ) " Yinc e [ virom —0 U I p0 - p*
Tinc E T e —20 K KY LA =AY
1 8 S
- (1 - R—) " Yinc ;
¥ T ——
Inclusive photons: all photons that are produced @ F "

=i
<
L)

Decay photons: calculated by decay simulation from
measured or m_scaled hadron spectra

IIIIIII[ 1 *I:llllll 1 IIIIlIII al IlIIIIII

TT III1II| ] I‘J_'_III":. I\J Illllll_.-' T III‘J.III '..I | IIIIIII T TTI

10°E - |
_ Tinc ; decay A1 1 A M
“param .'\-h""'-..‘_\\\
Numerator: o e -
Measured inclusive y spectrum per measured 11° ~—_3
H | | 1 1 1 1 I | | KRS N I I |
Denominator: 10° 1 |
p. (GeV/c)

Estimated sum of all decay photons per 1t°

Advantage of ratio: cancellation of some large systematic uncertainties
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Double ratio in pp collisions

ArXiv:1803.09857 ALICE

R B f}r| nc ”"},d eca Y m?— T T T T T T i
Yo 70 7 0 1.5— [« ]ALICE pp, \s =8 TeV —
" param o NLO pQCD, PDF: CT10, FF: GRV E
c, T AL IAE e ' "L ---NLO pQCD, PDF: CTEQ6.1M, FF: BFG2 ]
'3 [BlpcM ALICE, pp, 15 = 8 TeV . 1 3 - |JETPHOX, PDF: NNPDF2.3QED, FF: BFG2 =
1.42_ %Eg‘ﬁ-EMC _f ?E F-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS g
- | ] 1.2 | =
1.3 — - ]
- . 1.4 %%Q =
1.2 +| 3 - + =i ]
- ] 1.0 -—— - ¢ teigetEs e e T —— -
- * - - -
1.1 = - .
- . 0.9 | o =
1.0 -4t -4-{- - T L OSaael L § (SO P -|{-|---- ] C ]
- + : 0.8— -
Og:_ . _: : | | 1 | 11 1 | 1 | 1 [l 1 11 1 I 1 :
- . 0.3 04 1 2 3 4 5678910 20
0.8— L = P, (GeV/c)
: 1 1 | | L1 1 | [l | 1 1 | 11 1 I 1 :
0304 1 2% 400780 Gevie) Combination of several reconstruction
T techniques via BLUE method.
Systematic uncertainties of individual meas. Theoretical NLO pred|c£|Lc(>)n plotted as
are dominated by p_-independent ones: R _ 14 Yar
. Y,NLO
material budget unc. of 4.5% PCM, 2.8% EMC Ydec

Within uncertainties no significant excess at low p. observed
About 1 — 20 deviation from unity for p_ > 7 GeV/c
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‘Direct photon spectrum in pp collisions

. ALICE
| AI’|XI\I/21803.09857

; E ‘ll I T T T I T TT1 | 1 E
Y ALICE, pp, Vs = 8;?;" ] * Upper limits at 90% C.L.(arrows)
s T - E"; et determined where R with total
2 10 T e e yn: TCM fit 3 uncertainties consistent with unity
6% .ol T . -
%y 109? T | r‘@.»:&“ _§
- 10° ) —( = - .
- I - = * Theory NLO calculations:
1ot s ? . * W. Vogelsang (CT10, GRV)
5 E * J.F. Paquet
10 -4 (CTEQ6.1M, BFG)
- . * Thermal (Shen et al.)
105';‘ [+]y, data E
1043 NLO pQCD Zam - are consistent with measurements

-- PDF: CT10, FF: GRV

--- PDF: CTEQ6.1M, FF: BFG2 ='°9=
JETPHOX
I -] PDF: NNPDF2.3QED, FF: BFG2
102 POWHEG
-] PDF: NNPDF2.3QED + PYTHIA8 PS

1 | [ | I | | | L1111 | |
0.3 1 2 3 4567810 20
P, (GeV/c)

—
<
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Direct photons in p-Pb

ALICE

Is hot matter created in collisions of small

: I | | I I LI | | I I I :
1.6~ -1Shen et al. NSD p-Pb, |s,, = 5.02 TeV -

- NLO pQCD: = systems?
1.5 == PDF: CT10, FF: GRV ~  Pro
14 :jf_ﬂgggg EE,FT:,%?; 5,’:,'_5:':('3%§V = * Observation of collective flow

= 1 ¢ Increase of strangeness yield
1.3_— ]
120 — Contra

- 1 ¢ No hard hadron suppression
1.1 P —
1.03_ E:.T;_—;?_:?Mﬁ" _f

- 4 Can we see thermal radiation in p-Pb
0.9 = collisions?
0.8 1 1 —

07 1 2 3 4567810 20 3040

p. (GeV/c)
Theoretical NLO prediction plotted as
N NLO
RY’NLO: 1+ cc;/ll Y dir
dec
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Direct photons in p-Pb

ALICE

m?-.l Gf_ NSID Ip-lplbl Ivris_ _ 5102 _Il_e\.;' LI B T T T __:._ m?“l .63_ "\]SID Ip_lplb: ! SNN _ 5;02 _[I-e\}. LI B B T T T _.:L
- (@] PCM P ’ . - EAL'CE preliminary R
1.5t (1 PHOS m 1.5 -{Shen et al. o
- (41EMC E - NLO pQCD: :
1.4 [#] PCM-EMC —] 1.4— o= PDF: CT10, FF: GRV —
- ] - -~ InPDF:nCTEQ15, FF: GRV ]
1.3 E 1.3 -..inPDF: EPPS16, FF: GRV E
1.25— —E 1.2; —f
1.1 = 11 =
1.05— E 1.05— + = “ A E
09 = 0.9 ¢ =
0.8 l +i ALICE preliminary - 0.8 l =
= L1 11 1 1 1 L1111 1 L I = I N I | i 1 1 1 I N | I | 1 [ «

3x10™ 1 2 3 4567810 20 30 40 3x10 1 2 3 4567810 20 30 40
P, (GeVic) p, (GeVic)

measurements are mostly p.-independent excess at low p, observed. Accuracy is

not yet sufficient to confirm/close thermal
radiation at p-Pb collisions.
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‘ Direct photons in p-Pb

ALICE
o DEE T T T TTIT] T T 11T T T L.
> NSD p-Pb, {5, = 5.02 TeV - Upper limits at 90% C.L.(arrows)
% 10~ == ALICE preliminary 3 determined where R with total
= 1E Norm. unc. 3.1% 7 uncertainties consistent with unity
% = ‘:'\‘r =
S - - in -
g gras — TCMfit =
Q oF 3
-2 F ; . .
g10F E Both NLO calculations scaled with
1oL . 3 number of binary collisions N__,
= S = .
F b . (W . Vogelsang) and hydrodynamic
107F . E model predictions (Shen et al.) are
109K }\qu& - consistent with measurements
107k : E
F L]y -
10‘325 "r " Shen et al. E
of 7 Ty, NLO pQCD: -
107" < PDF: CT10, FF: GRV 5
0oL [ InPDF: nCTEQ15, FF: GRV .
= | |nPDF: EPPS16, FF: GRV
10‘”§| Ll | Lol | L 1—=
3x10™" 1 2 3 4567 10 20 30
P, (GeV/c)
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Direct photon spectrum in Pb-Pb

ALICE
. Phys. Lett. B 754 (2016) 235
[ 0-20% Pb-Pb |3, = 2.76 TeV ALICE |
- [®]PCM R
, g [MIPHOS i -’
- 1, " + \ : Double ratio was measured in 3
" el tlelerraauae 8 centrality classes with 2010 Pb—Pb
jo—- -l | data by two methods, PCM and
- | | | j PHOS.
f 20-40% Pb-Pb VS = 2.76 TeV ' i
o | ﬂ_‘
© [ H | i Measurements are consistent
- : JLdf i :
- ey ‘T‘ ’ (remember that systematic unc. are
[ ] I ] .
10— [¥] 2 mostly p_-independent)
| . . | 7
- 40-80% Pb-Pb \s.. = 2.76 TeV ' ]
4
- n -
: ey 4
NN =010 SO0 DU Rk S R
S S I
1 10
p. (GeV/c)
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‘ Direct photon excess in Pb-Pb

ALICE
N Phys. Lett. B 754 (2016) 235
| 0-20% Pb-Pb \s,, = 2.76 TeV i
. [@ | ALICE N
- = NLO pQCD PDF: CTEQ6MS5 FF: GRV ]
16— &= JETPHOX PDF: CT10, FF: BFG2 ™ —
~ JETPHOX nPDF: EPS09, FF: BFGE‘ FF - At IOW pT
- ' : ~ 15% excess in 0 — 20% ;
o b ~ 9% in 20 - 40%
T 1 Athigh p. above ~5 GeV/c
i | 1 ! ! i L I L 1 . .
© 2040%PbPb (5. -276TeV | 2 in agreement with NLO pQCD and
. [ # |ALICE _
| — NLO pQCD PDF: CTEQSMS FF; GRV - JETPHOX
1.5— &= JETPHOX PDF: CT10, FF: BFG2 E | —]
-~ JETPHOX nPDF: EPS09, FF: BFG2 —— ; fei .
€ [ (alscaledby N_) = | Remember, in pp collisions: no low p;
I 1 K " 1  excess seen at same center-of-mass
1o -] energy
n , . | , | —
| 40- 80% Pb-Pb Vs, =2.76 TeV ' ]
[+ | ALICE _
-~ — NLO pQCD PDF: CTEQ6MS5 FF: GRV -
1.5— =1 JETPHOX PDF: CT10, FF: BFG2 | —
- JETPHOX nPDF: EPS09, FF: BFG2 i -
- (all scaled by N_,) ‘ t A
1‘9:_. — 1—+;1 et ..:
; 1 1 I 1 | | | | 1 | 1 I :
1
p. (GeV/c)
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‘Direct photon spectrum in Pb-Pb
e DS LRl B 784 (2016) 235, ALICE

s z
Y - Pb-Pb 5., =276 TeV Aexp(-0/T) 7
8 e 15 \\ [e] 0-20% ALICE — 0-20%
S = R +120-40% ALICE — 20-40% = - -
- "SR +40-80% ALIGE 1 Direct photon spectra are measured in 3
= O [ RN 1 centrality classes
% .g;- 10 E_ u.'\ . Ty 'h_;:r _E
Q@ F 1 Hydrodynamic models, assuming thermal
253 i 1 emission and prompt contribution predict
e 'E 3 2-7 times smaller yield, though within
“F 1 uncertainties
107 2
107 =
10°E =
= Paquet et al. 3
- arXiv:1509.06738 | L - E
[ - Linnyk et al. ] ]
107 arXiv:1504.05699 - - Chatterjee etal. "~ -.. 3
- -..v. Hees et al. PRC 85(2012) 064910 =
- NPA933(2015) 256  + JHEP 1305(2013) 030 -
_5—t 1 1 1 l 11 11 l 111 1 I 111 1 I 1 1 1 1 I 1 1 1 | l L1 1 1 I 1 -
195575 15 2 25 3 35 _ 4
P, (GeV/c)
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Direct photon spectrum in Pb-Pb

Phys, Lett. B 754 (2016) 235
— 1 I 1 1 | 1= 4 1 I | I 1 I I I 1 1 1Y I 1 I 77 I I ol cf."'h T T T T [ T T T T [ T T T T [ T T T T ] T T T T I T T T
£ N ]
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4 F — Aexp(-p/Te) ] NS — Aexp(-p /T ) 1
e P Ty = 304 £ 11°% + 40" MeV S lam 1E T4 =407 + 615 + 96”° MeV _
% O 1F PHENIX = % -3;_ : o | PHENIX :
Q-_ . 0-20% Au-Au s, =0.2TeV 7 ﬂ: C 20-40% Au-Au \s,, = 0.2TeV ]
> — Aexp(-p/ Te) ; i 25 - — Aexp(-0/T ) -
™ stat 5] sta 85
107 Ty=239£25 £7 7 MeV Tla10E Ty = 260+ 33 +8%° MeV
E E N F ]
107 [ ¢ ] E 102 ¥ e
3 Q B F Ll ]
i 5 ] : pk 5
i N R N ] J
10°E = T
2 3 10°% ¢ ] -
C 4 - + -
107 = i v 1]
: . 107 E
Sh=1 1 1 l 1111 l L1 1 | I | - I § - — 1 | i R T A NN TN NN T N T T T T N N M M M A RN M N |-
0% i 2 3 5 0 i > 3 5
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Both absolute yield of direct photons and effective slope increases in increase of the
collision energy.
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‘ Collective flow

i
Il
M

Collective flow — asymmetry in particle production, common for all soft particles in event.

Z—Z:nz V1COS| 6= W p|+2v,C08| 2§ —W g | [+2 V5 08| 3= W g |+ .

v, - directed, v, — elliptic, v, — triangular flow, ...
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‘ Direct photon collective tlow

ALICE

Collective expansion transforms initial spacial
asymmetry of fireball to asymmetry in momentum
space.

PRC 79 (2009) 021901

0.20_[ T T | T T 1 | T 17 1 T T T ] T I,I/,J,:?f,f T I_
~ Thermal Photons g i
_ 0161 AutAu@200 AGeV ]
Thermal photons, emitted early from hotter " b=6fm st .
fireball carry smaller collective flow than 5 P i
those, emitted at later stages. R o Y A -
=> one can test development of collective = [ o - .
flow with direct photons. 0.08— 0.8 finfe B
0.04 |
,. /’ :'-:'.'.'_'_-_ .......... |
0.0 e L b L‘
9.0

1.0 2.0 3.0 4.0 5.0 6.0
p, (GeV/c)
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‘ Inclusive photon flow

ArX|v 1805 04403

o T T

g 20.40% Pb- Pb 150 L276Tev
= ALICE

> 16 [sJPcMm

© [w]PHOS

';-::\.

[} i
LI T 1 ‘ T UL
IR B ST R R A B

-
T T

0.8

0.6— -

6 7
P, (GeV/c)

Elliptic flow of inclusive photons was measured
with PCM and PHOS and found to be consistent.

. ,iNC = ,dec
p,. <3 GeVic: v,»"=v,

= Either no contribution of ~,dir
or szy,dir — szy,dec
— Theory ~ 30 — 40% too high
p, >3 GeVic: v, <y wdec

— prompt photon contribution
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Direct photon flow

ArXiv:1805.04403

Y
Vs

0.5

0.4

0.3

0.2
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0-20% Pb-Pb, | s,, = 2.76 TeV
(e vy, ALICE

vl %€ ALICE simulation

vE 9" hydro, Paquet et al.
-=-v% 9 hydro, Chatterjee et al.
- vE % PHSD, Linnyk et al.
Boxes indicate total uncertainties

*
*

II|EIJI|

IIlIII|

£l

o
O T T

« Large direct photon v, for p. < 3 GeV/c

« Measured magnitude of v,”" comparable to

hadrons

* Result points to late production times of direct

photons after flow is established

. “y,inc ~,dec
V’}Gd" _ Ryv, v,
2 — R.—1 ALICE
B

P‘-}N _|||I|IIII|IIII|IIII|IIIIIIIIIII_
05 20-40% Pb-Pb, s, =2.76 TeV B
TF o [¢]vh9 ALICE .
vi %€ ALICE simulation i
0.4+ vL %, hydro, Paquet et al. ]
-==vi % hydro, Chatterjee et al. ]
- vy PHSD, Linnyk et al. .
0.3— Boxes indicate total uncertainties ]
0.2 FHERLL L [ T -
x +++*w +‘ T ]
0.1— —* _
R .|._.|i.| L
0 1 2 3 4 5 6 7
P, (GeV/o)

v,»4" compatible with v,*¥" = 0 within

1.4(1.0)o in p_ range (0.9 < p_ < 2.1 GeV/c)

No deviation beyond 2o from theory

observed for v,»"

)
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Comparison with direct photon flow

at RHIC

ALICE

ArXiv:1805.04403 PV
‘.P-:‘N LN L L L B B e N : [TT I T P T vy rTTd UL T 1T 11 :
05 0-20% Pb-Pb, | s, = 2.76 TeV _ 0.5~ 20-40% Pb-Pb, | s, =2.76 TeV _
- [e]vi9 ALICE . - [#]vh®, ALICE .
0-20% Au-Au, | 5 = 200 GeV - ol 20:40% Au-Au, |5, = 200 GeV -
04 4] y29" PHENIX conv. B A0 [+]vh®, PHENIX conv. ]
] vE%, PHENIX calo. . - [+]vh " PHENIX calo. ’
0.3 Boxes indicate total uncertainties h 0.3 Boxes indicate total uncertainties ]
0.2_ - —_
0.1— - { .
U_ : : —
— . I
0 5 6 7

o

—
Dol
(D =
<

O
|

y,dir ~ y,dir
(Vz )LHC (Vz )RHIC
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Conclusions

~dir production in pp & p-Pb collisions:
2 No significant direct photon excess observed in thermal photon region
0 Consistent with N, scaled NLO pQCD calculations at higher p;

~dir production and flow in Pb-Pb Collisions:

0 Direct photon excess for p; < 3 GeV/c observed with 2.6c for 0-20% and 1.50 in 20-40%
centrality classes

0 Spectrum consistent with N, scaled NLO pQCD calculations at high p;
2 Al low p; spectrum consistent with hydrodynamic model predictions

0 Direct photon flow measurement with 2 independent reconstruction techniques in Pb—Pb
collisions

0 Direct photon flow v, in centrality classes 0-20% & 20-40% of similar size as the charged
hadron flow and inclusive photon flow, but compatible with O within 1.4(1.0)c in p; range (0.9
< p;<2.1GeV/c)

Direct photons confirm creation in Pb-Pb collisions of hot matter with significant
collective expansion
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‘ BaCkup ALICE
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‘ Decay photon tlow

ALICE
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Direct photon flow uncertainties

ALICE
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Hadron spectra used for decay

. ALICE
photon calculation . oo

Q . ALICE, pp, Vs = 8 TeV
E 1 N —mod. Hagedorn fit
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Direct photon excess in Pb-Pb

ALICE

E 20% Pb-Pb Vs, = 2 76 TeV

. [@ | ALICE
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‘ Direct and isolated photons

ALICE

Ehadronic(R 0.5 rad) < 0.1 x E,

suim
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o’o/dE ;dn (nb GeV")

‘ Isolated photons
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