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QCD factorisation theorem %

QCD is the theory that describes the interaction between quarks and gluons (partons)

Proton-proton (pp) collisions at the LHC: fa(xz, Q%) 4 /Z‘-‘/j;'
. . . @ @ fragmentation
high energy parton interactions @

l—»h (Z Qz)

* High Q?
Parton dlstrlbutlon

* Production of direct photons, W*, o(x1, X, Q%)
v4 andjets @ @ Parton dlstrlbutlon

f5(x2,Q%)
Perturbative QCD is applicable:

hgicilz _[fa/A (x1,Q )] [fb/B (x2,Q )] ®[d0c}zllglr>% (x4, X2, QZ)] ®[Dc—>h(Z» Qz)]

Parton Distribution Function (PDF) QcD Fragmentation
Function
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Motivation

Ydecay

Yfragmentation

Test perturbative QCD predictions and constrain parton distribution function

(PDF), in particular for gluons.

0 parton % parton 0

Reference for measurements in heavy-ion collisions. proton proton
- Nuclear modification factor, photon hadron correlation as low as 10 -- 20 GeV/c. Vairect
Measurement already published in pp collisionsat & T T
8 | ALICE,pp Vs =7 TeV —e— Data/JETPHOX, stat. unc.
é o L=473 nb™' [ Syst. uncertainty
. % L In'l<027 PDF uncertainty
\/E — 7 TCV Wlth ALICE. [a} - R=04,pX*<2GeVic Theory scale uncertainty

p;/2 <u< 2><p:
I Normalisation uncertainty

- Measurement at /s = 13 TeV shown here profits from 15

a significantly larger sample: extend the p above 60 GeV/c

and below 10 GeV/e.

L b b b by |
10 20 30 40 50 60

Eur. Phys. J. C (2019) 79: 896
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Photon sources in pp collisions %

Yinclusive = YLo T Vfrag T Vdecay
\ y )

Ydirect from %, 1 ... decay

q [\N‘N\l\ ! 9 q N‘N\N\ Yairect

ydecay

Compton Annihilation

main object of my analysis Yfrag
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Comparison of direct photon yield to other photon sources %

pp, dAu, pPb, AuAu, PbPb — yX CTEQ5M BFG set Il M =y =M, = c
P =P o X,\'s=14 TeV, y=0
pp, dAu, pPb, AuAu, PbPb — 1°X CTEQ5M KKP M = =M, = p, =1.4- PP =Y A, ns=14 1€V, y=
°l;’ [ T L N T T L B § —qg—>vq (Compton)
8 s =200 GeV pp 8 -- Fragmentation y
£ 4L E \5 = 200 GeV dAu EKS98 N 3
g g < \5 =200 GeV dAu EKS98 A" - °o 1 ——————
a A _g- JETPHOX 1.1 (CTEQ6.6, u=E7)
€ | 1 20.8
=
o _-
'_ds"o g i 0.6
(@] i
- | 0.4
z ] -
T }
-2 :
10 & o e = 0.2
u 000 ) ] o T———=TTTT |
: J{;&Mﬁﬂ) EKS98 Eloss : 10 20 30 100 200 1000
v \s=55TeVpp arXiv:1005.4529 El (GeV)
10°L A Ns=14 TeVpp ]
i o \s=8.8TeV pPb EKS98 ] _ 0 _
T S T A S S T Main photon source comes from ~, especially at
2
arXivhep-ph/0311131 10 p. (GeV/c) 10 low py. Fragmentation photons are comparable.
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Direct photons at LO: isolated

Direct photon from compton and annihilation hard processes

' no hadronic activity around

parton
. . arton
Decay and fragmentation photons from parton fragmentation —
o accompanied by many other hadrons /\\
c | c X TeV "" ...... }::
214 pp — v X,\'s=14 TeV, y=0 %147 fi‘:o;:izn' é:()s::‘:o 19 o e T :-
§ —99—7vq(Compton) ,g —qg —> Y q ,((;or.npion) ’;
ol 2 —-qq— 7 g (annihilation) @ 1.2 —.qq— v g (annihilation)
3 | Fragmentation y [} Fragmentation y
Q Q
e g ————————
Q| . 6. u=E! =3 JETPHOX 1.1 (CTEQS.6, u=E}) . . .
g JETPHOX LT (CTEGE6.1=E0 S s L * In this calculation direct photons
nU.0 .
0.6 0.6 are selected if total energy in the
i After isolation
0.4 04 cone is less than 10% of photon
0.2 Before isolation 02 ===
R —— N - energy.
_____________ ‘ 0 |
%10 2030 100 200 1000 10 2030 100 200 1000
E! (GeV) E; (GeV)
arXiv:1005.4529 arXiv:1005.4529
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How to measure direct photons in ALICE %

ITS :

< 0.9
A|<Z|= 360° collision +/syy (TeV)

EMCal :
In| < 0.7;
80° < ¢ < 187°

ITS+TPC: pp 2.76,5.02
- charged particle 7. 8. 13

EMCal/DCal:
- 7v/jet triggers detector

detector

- LPSC contributed to its —- p-Pb 5.02,8.16

construction
- Composed of Pb-Pb  2.76, 5.02

Pb/scintillator towers

TPC :
DCal: A|77|_<306.‘(9)o
0.22 < |n] < 0.7; 260° < ¢ < 320° ¢ =

In] < 0.7;320° < ¢ < 327°

€ High p; photons used in the analysis are measured with the EMCal and DCal.

o Isolation method use information on the ITS and TPC trackers

@&} R022/5/25
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Analysis flow %

| photon identification ‘

\ 4

photon isolation ‘

\ 4

Cross section ‘
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Particle energy measurement in the calorimeter %

® EMCal measures photon energy deposited in several cells, a cluster.

® Energy spreads in a clusters differently for single y and high energy n°.

Pr (GFV/C)

Hand A VNAGTS .

20

4—
N 1
Ydecay
10 ,f. 550 MeV
‘ - 450 MeV
0 350 MeV
T QVY ™ .
250 MeV ®

Ydecay ‘ - 150 MeV

N =2
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Analysis flow %

Photon identification ‘

EM Cal CIUS ters | Track match veto: reject electron and charge hadrons
via angular correlation with TPC tracks

Neutral
EMCal clusters

Shower shape selection

T~

Photon

candidates

LPSC' oo0z/5/25 GDR.QCD | ran. xu@cern.ch
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v/7’ separation in calorimeter

Cluster elongation described by i3, 1 02, o= (08, +02)/2+ J (02, —02))" /4 + o,

0z = {xz) — (xX(2) ; {x) = (1/Weoe)ZWx;

ALICE Performance - 30/10/2019 - EMCal-L1 y - pp Vs =13 TeV

0 w.ﬂ
> 04

2
along .
Ydecay

( wide cluster )

T ANANNANN

0.1 < 0ppy <03

( narrow cluster )

@é 2022/5/25
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2
Ulong

2
along

Tt T02]

O C | | | | -I | | | I--I--l | | | | | | | | | | | | | | | | _I

20
My analysis

1.8
1.6
1.4
1.2

0.8
0.6
0.4

II||III|III|II|/|III|III|III|III|III|III

====v band limits

ALI-PERF-335748
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Analysis flow %

photon identification ‘

\ 4

photon isolation ‘

\ 4

Cross section ‘
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Photon isolation

E T T T T T T TT | | T T T T T T TT T T T T T T 1T |
 particle in cone: charged only G 1.0 N
° isolation Criteria: -.8 NN NN NN NN NN EEEEEEEEEEEEEE A NN NN EEEEEEREEE] —
© S
. 6 08 R L I AMSLEIE LIS p—
cone size R = J(m ) +(pi—p,) =04 2 S
p%so = P track < E%‘h =1.5GeV/c |
06 .......................................................................................................................................... —
—— photon candidate N
—> charge particles (tracks)
- neutral particles (clusters) 04 ............................................... @A —
12.0 <p_<20.0 GeV/c |
0.2 b= Ruastgemived - data gl R=04 o]
—e— Data, 0.4 < Glzong <24
——e&—Direct photon (MC), 0.1 <c2  <0.3 n
0.0 | | | I | | | | | | I T | | | | | 11111 |
107" 2x10™ 1 2 3456 10 20 30 10°
p$° < p$°-max (GeV/c)
« 10 are highly suppressed but yield still important
* Purity needs to be estimated (more detail later)
SCS 2022/5/25 GDR QCD | ran.xu@cern.ch 12 /25




Analysis flow %

photon identification ‘

\ 4

photon isolation ‘

\ 4

cross section ‘
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Analysis flow %

raw isolated photon spectrum

event normalization

correction factor (purity, efficiency)

luminosity

Cross section

@é 2022/5/25 GDR QCD | ran.xu@cern.ch 14 /25
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Calorimeter trigger %

Raw neutral cluster spectrum per trigger

» Minimum bias (MB): reach ~60 GeV/c 1
» Hardware trigger in EMCal § 10
— Gl: E>9GeV/c L

~ G2: E>4GeVic Z'10”
More info, here (O. Bourrion ect, arXiv:1210.8078v2) 1o

LPSC involvement on L1 trigger development

E
104
10°
10_6_5 ' '
1077 ig My éanalyséis
1 0*8 ; —— .G1, > 9.GeV/(.:
o = —%— G2, >4 GeV/c
10 E —o— MB IR
10—10 i i Poioiiiild
1 3 4 5678910 20 30 4050 102 2x10?

P, (GeV/c)

SCO 2022/5/25 GDR QCD | ran.xu@cern.ch 15/ 25
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Calorimeter trigger

» Minimum bias (MB): reach ~60 GeV/c oL Data trigger rejection factor
» Hardware trigger in EMCal 10° = + 4+
— Gl: E>9GeV/c C L eveeeetsetsssttoneres, P s i +++++ Hi 4 HH
— G2: E>4GeV/c - t t +
More info, here (O. Bourrion ect, arXiv:1210.8078v2) ol
LPSC involvement on L1 trigger development 10 = *
» Trigger enhancement factor: -
Py LAYy o
Nevt de trigger Nevt de MB E-‘- <
= 1 event in triggered = RF events in MB *
u v .
e My analysis
: 1=
trigger Gl G2 MB - - LHC161718
NO Of event 8 1 4M 1156M 11038M : -« o —— G1/G2 constant fit: [15, 40]GeV, ng =12.44 + 0.71
' . | | | | - —e— G2/MB constant fit: [6 , 21]GeV, ng =422.12 £ 5.30
lumanSIty 7382 nb 843 nb 19 nb 1 0—1 | | | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40 50
Enhancement 5, 455 12 1 p, (GeV/c)
factor Ty
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Uncorrected isolated photon spectrum normalization and combination %

e Combined raw spectrum calculated as:

1 d?N _ 1 dN
Ny dprdn Z(Nevt,i XRF;) dpr

* To avoid trigger edge effect, a limit energy

cut for trigger sample before combine:
MB: [ 0, 200 ]
G2(>4GeV/c): [ 6,200 ]
G1(>9GeV/c): [12,200 ]

* / combined
N

-
o

08—
* Each EMCal trigger sample has a 06
compatible distribution with the MB sample. 04

0.2

My analysis

@Ej R02%/5/k58 GDR QCD | ran.xu@cern.ch
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Purity: the ABCD method %

Idea: divide clusters o/, g~ 1solation energy plane into 4 regions

* A :signal dominated region
* B, Cand D : background dominated regions )

p1|§°
@
©

Define N(total) = S(signal) + B(background)
“ purity =S/N  in Aregion _
NG°
The aim is to estimate the purity with data as
much as possible

. . _ N;,lSO/NlSO BlSO/NlSO
purlty =1~ (NLSO/NlSO X NlSO/NlSO
data MC

data-driven purity ~ MC correction factor -

Assume: Unfortunately
Bgcp = Npcp assumption not
By/B¢c = Bg/Bp completely true

2022/5/25 GDR QCD | ran.xu@cern.ch
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Purity

pp, Vs =13 TeV pp, Vs =8 TeV
Q 1.0 I T T T T T T T T I T Q I T T T T T T T T

- ALICE preliminary, pp Vs = 13 TeV T = —

0.9 III: — - ALICE Preliminary, pp Vs = 8 TeV .

L l Statistical uncertainty II ] L + Stat. uncertainty |

0.8~ [__] systematic uncertainty R — T[] syst unceraimy R

- _— . 08— —
N I _ L _

07 B ¢ s — — —
05/ IZ!: i “r 1 } ]
- El i |

0.4 — - ' 1
L [ i 04— —
0.3+ — B . y

I | 1 B . |
0.2\ - ol i
L[] In'|<0.67 T ]
0.1 R=0.4, p*>°"VE < 15GeV/c B L] o Tls002
g T | 1 R=04, p"" <15 GeV/c
OO 1 1 1 L 1 L 1 I~ | | 7]
2 2 0 1 1 1 1 | 1 1 1
10 20 30 40 50 6070 10 ; G2X\}/O 10 20 30 40 50 60 70 80 90 10
My analysis p T( evic) p. (GeVie)

purity is similar in different /s

SCO 2022/5/25 GDR QCD | ran.xu@cern.ch 19/25
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%J 10 I T T T T T T T T T 8 }_060 | T T T T T T T T T

S . w | ALICE Simulation, pp Vs = 13 TeV |

__3 0.9 __.__._ ] L i en

£ B et e ¢ e e o o ° . . . — 0.551 t  statistical uncertainty . dN;.eCO dN)',g |

08 0.8— —] |:| Systematic uncertainty S)l,so (pT) == p glzl;l p glg;

"QJO . B dN}reco 7 " Pr Pr )
J t - t —

B e (pr) = - ger ] 0.50| -
0.6— Pr — i 1
0.5 __ 4747*1.7{7.77.,,.,.4.\.‘.74.7 L — __ 0.451- . . : n

ST ] N
o ———+—F t L A i
04— +++++jijfkf e ] I:

g S e . 0.40 ' .
0.3— — -

- ALICE Simulation, pp s =13 TeV - - I: ]
0.2—  —e— Isolated generated photon fraction (x °) —

L —=— Reconstruction(e ¢) . 0.35- In'|<0.67 |
0.1—  —+— Reconstruction + Identification (¢ - ¢¢) — L R =0.4, p ™Y < 15GeV/c-

| —+— Reconstruction + Identification + Isolation (¢ ¢ - ¢ - gis) _ T
0.0 | | | | | | | Lo | 0.30 | 1 1 1 1 1 1 Lo 1

10 20 30 40 50 60 7080 10° 2x10? 10 20 30 40 50 60 70 102 2x10?
. p_ (GeVic) . p’ (GeV/c)
My analysis My analysis T

pSc

GRENOBLE | MODANE

Simulation using PYTHIA gamma-jet event
Fraction of photons surviving analysis cuts: reconstruction, shower shape and isolation
Efficiency includes detector effects corrections: resolution, material absorption/conversions,

masked regions, false non isolation, etc.

2022/5/25 GDR QCD | ran.xu@cern.ch 20/ 25



Isolated photon cross section: measured compared to theory

T

—_

d?s/dp_dn (nb GeV'e)

—
<

-
<
N

(psC

‘GRENOBLE | MODANE

L =19.05nb
|n'|<0.67
R=0.4, piTS°'°h’UE <1.5GeV/c

ALICE preliminary, pp Vs = 13 TeV
¢ Data, stat. uncertainty
[ Syst. uncertainty
—— W. Vogelsang (NLO)
CT18 PDF, GRV FF
[ W. Vogel. (NLO) scale unc.
—— NLO pQCD (JETPHOX) x '
NNPDF40/BFG || FF
He= Ho= =Py
[ JETPHOX scale unc.
pLi2<n< 2p1

_
o

20 30
My analysis

40 50 60 70

10?

2x10?

p’ (GeV/c)

y
T

Data / Theory

2.0

1.8

1.6

—_
~

—
N

—
o

o
©

o
o

©
~

ALICE preliminary, pp Vs = 13 TeV

L=19.05nb
In'|<0.67
R=0.4, p‘;°'°“vUE <15GeV/c

¢ Data/(JETPHOX x k'), stat.

|:| Syst. uncertainty
I Theory scale uncertainty

v 4
pT/2 <u<2pT

unc.

30

40 50 60 70 10?

Compared with JETPHOX NLO pQCD calculations — good agreement within uncertainties

2022/5/25
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Isolated photon cross section at different \/s in ALICE %

< |
o 6 ALICE preliminary, R =0.4 .. range
g 10 P y , collision +/Syy (TeV) Prrang
2 ? pPbys,=5.02TeV, p* <15 GeV/c (GeV/e)
[ .
= t pp Vs =13 TeV, p:o’ hUE - 1.5 GeV/c x 10 PP 13 10 < p; <200
4 .
o 10°E } ppVs= 8TeV,p™ <15GeV/c =
- ] ) —
° 10°E = } ppVs= 7TeV,p*" <2GeVicx01 3 8 10 < py <100
o E I__‘_II=:I JEE— . E
o 10°E ==, == EurPhys.J.C(2019)79: 896 4 7 10<p.< 60
= |I| —— =
10 = = = —
Sq— o = = p-Pb 5.02 12 <pr<60
| E f— —s— —— E
10 ==
10—2 —s
R [ ] Syst. uncertainty
10 NLO (JETPHOX) NNPDF40(+nNNPDF30)/BFG Il FF x 0
10 Scale uncertainty p'/2 < p < 2 p:
p°< 2 GeV/c
10—5 | T I I I I I I Lo !
10 20 30 40 50 60 7080 10° 2x10°

p; (GeV/c)
The /s = 13 TeV measurement extends the spectrum to higher p; range
compared to the lower collision energies

SC 2022/5/25 GDR QCD | ran.xu@cern.ch 22/ 25
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Results comparison to other collision energies and NLO

.9 3 5 [ | T T T T T T T T |_ .9 3 5 [ | T T T T T T T T ]
© "7 ALICE preliminary, R = 0.4, pp 4 8 "7 ALICE preliminary, R = 0.4, pp :
s ¢ Vs=13TeV/ Vs=7TeV (stat.) 16 [ ¢ Vs=13TeV/ Vs=8TeV (stat.) .
8 SF (s =13 Tev: p "< 1.5 GeV/c 38 3 (s = 13 Tev: p " "*< 1.5 GeV/c .
a {s= 7TeV: p‘;°- VB <2GeVic 49 {s= 8TeV: p‘;°- ' <15GeV/c .
o B 1 o B N
5 2.5 - 525 =
g r 4g2 F ]
- . - 13 Tev /L TeV —— 7
2r- T —— i 2 i
C $ ‘ —— ] C ]
15— ) ‘:’Z‘ — 15 ——— —
— [ ] l =+= — - ,‘ =+==’=' :+: —
- \ ] - o | o ’I] ]
11— — 11— —
- 13 Tev/ FTeVv ] - ]
- [] Syst. uncertainty ‘ ] - [ Syst. uncertainty A ]
0.5— NLO (JETPHOX) NNPDF40/BFG Il FF x '° — 0.5— NLO (JETPHOX) NNPDF40/BFG Il FF x '° —]
- Scale uncertainty p1/2 <p<?2 pyT . - Scale uncertainty pi/z <p<?2 pyT .
obL pi°< 2 GeV/c . o o p°< 2 GeV/c . T

10 20 30 40 50 60 70 80 90107 10 20 30 40 50 60 70 80 90107
p, (GeV/c) p, (GeV/c)

Ratio of measurement is consist with theory within uncertainties.
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Results comparison, to other experiments

2.0 T T T
[ ALICE preliminary, pp Vs = 13 TeV
1.8 [ -19.05nb"

[ In"|<067

R=0.4, p‘_f"'Ch'UE <1.5GeVic

Data / Theory
S
T

¢ Data/(JETPHOX x «i°), stat. unc. _|

[ ] syst. uncertainty

- Theory scale uncertainty —
v '

Py 2 <p< 2pT

0.8
0.6
04 | I I I T | I
10 20 30 40 50 6070 102 2x10?
p4 (GeV/c)
My analysis

,CMS

__226 b (13 TeV)

ly'l<0.8
——¢—— Data stat. uncertainty
A

Data total unc.

Th_?ory / Data
)

AN l R

N

NN

———— NLO JETPHOX scale unc.
NLO JETPHOX total unc.

W

SRR
SRS S

Illllj_i_hj/lllllllll

I N

NN

3x102  4x102 5x102

m
[a)
®
S

allllll/x’-llllllll

Theory/Data

w

[ ATLAS
Vs =13 TeV, 36.1 fb™
eData | <0.6

’% 7/

—_ —_
N N

—

P /

3o s
%

S K K RRRRIKIKEELK
e SRR AR T TXR,

0.8r , N
i JETPHOX (NLO QCD; t = EY):
[ s MMHT2014

0.6 JETPHOX (NLO QCD; u = E1/2):
O waans MMHT2014

SHERPA (ME+PS@NLO QCD):

L ay vy % Ol Yo
04 I/llclf/ow
<) (X% 0 O
:1‘%‘3‘&:&.’1&'&3{3”"&% Ao eaa

#...I...I...'

N\

HANKNNNINNINN

14 NN\ N

0.4 L= NNPDF3.0, o
' 200 300 1000

2000

Er [GeV]

The ALICE measurement extends to

collaboration

Vs (TeV)  pyrange (GeV/e)

lower p; range compared to ATLAS and

CMS measurements

SC' 2022/5/25
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ALICE
ATLAS

CMS

10 <p,< 200
13 125 < py < 2000

190 < py < 1000

GDR QCD | ran.xu@cern.ch
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Summary and plans

# There is a good agreement between JETPHOX NLO pQCD calculations with pp cross
section measurements.

3

My analysis extends the p range to higher values compared to other ALICE

measurements at lower +/s and cover a lower p; range compared to ATLAS and CMS

measurements at the same /s

38

The results were shown in the Quark Matter conference last month and I will show them

on ICHEP in July

Next steps

38
3
3

36
36

IéE.SC 2022/5/25 GDR QCD | ran.xu@cern.ch

sssssssssssssss

Try to lower the p; limit below 10 GeV/c: hard due to the very low purity
Decrease the systematic uncertainty

Explore the possibility of measurement with different multiplicity interval
— check spectra normalization for QGP studies in small collision systems
Write the paper

Study jet fraction function with photon-hadron correlations




BACK UP




Calorimeter trigger %

12 EMCal superr
8 DCal superm
4 PHOS module
1 CPV module

« 8 DCal SMs
* 4 PHOS SMs

@ﬁ} R20R22/5/R5 GDR QCD | ran.xu@cern.ch
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Purity

. 10 T T r\ T T [\ . [
I ALICE prelimi s =13 TeV 1 B ]
0.9 prefiminary, pp ¥s © - - ALICE Preliminary, pp fs = 8 TeV -
L {  Statistical uncertainty 4 j i - ¥ Stat uncertainty -
0.8~ [__] systematic uncertainty N - [ syst uncertainty I
L - 08— —
0.7 ¢ _| - i
f make ] i I ]
06 E] ] L ] i
: ] -
os- g : [ ]
L -] b B i
0.4 —
i = i 04— |
0.3 - i ]
- — B B 1
0.2 — 02 | ]
-] [n"1<067 7 L N<052
0.1~ R=0.4, p ™ YE . 15GeVic | i <oz
- T . R=04, Py < 1.5 GeVic
0.0 | ! ! ! ! I M| I B ‘ ‘ 1
10 20 30 40 50 60 70 102 ) 2x102 0 10 20 30 % 50 60 70 80 90 10
Py (GeV/c) pYT (GeVic)
n. 1 .2 I T T T T I T T T T I T T T T I T T T T I T T T T I

ALICE, pp Vs =7 TeV

¢ Statistical uncertainty
[ Systematic uncertainty

—_

Particle in cone py?

0.8

pp 13TeV Charged only 1.5 GeV/e

0.6

pp 8TeV Charged only 1.5 GeV/c

0.4

pp 7TeV ~ Charge + neutral 2.0 GeV/c

-
—o—
e
— —
I NI AN AN SN B AT B

0.2 Il <0.27

R=0.4, piTs° <2GeV/c

purity is similar in different collision energy N T A R A P
10 20 30 40 50 60

N P (GeV/c)
ran.xu@cern.c 28 / 25
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Purity component

N./Ny o B4/N¢
Np/Npg dat Ng/Np

data-driven purity

purity = |1 —
MC

simulation correction factor

1.0

T
MC

purity by data-driven

GIx 10400
0.2 T 0.4 _§...XTalk type: Default

o Glon93|g [01 -OS]GIongbkg [04 24] - Iongbkg [04 24]
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