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Part	1	
Jets	at	EIC	
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Why jets?	
Ø  Partons	produced	in	hard	

scaPering		
Ø  Parton	radia<on	
Ø  Hadroniza<on	

Ø  High	possibility	to	get	a	spray	of	
collimated	par<cles	with	high	
momentum		

Ø  And	also	low	momentum	
par<cle	under	wide	angles	

Ø  The	evidence	of	di-jet:	two	sprays	of	
par<cles	are	detected.		

Ø  Jets	carry	more	informa<on	on	the	original	
partons	than	hadrons	
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Di-jets at EIC from PYTHIA 
Resolved	

Photon-Gluon	Fusion	&	QCD-Compton	

Direct	

Ø  PYTHIA	is	used	in	the	event	genera<on.	FastJet	is	used	for	jet	reconstruc<on.	
Ø  AnC-kT	algorithm	is	applied.		
Ø  Di-jet	events	are	selected	by	the	cuts:	trigger	jet	and	associate	jet	pT>4.5	GeV.	
Ø  Do	geometry	matching	in	the	simula<on,	we	can		tag	quark/gluon	jets.		
					 ΔR{parton − jet} = Δφ 2 + Δη 2
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q/g jet discrimination 
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1.  Gluon	jet	mass	is	a	liPle	
higher	than	quark	jet	one.	

2.  The	pT	of	leading	hadron	is	
higher	in	quark	jet	than	in	
gluon	jet.	

3.  Quark	jet	is	more	
collimated	than	gluon	jet.		

profile = pT
i

pT
jet

i∈cone
∑

Leading	hadron		
pT	frac<on	
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TMVA Method 

Toolkit	for	Mul<variate	Data	Analysis	with	ROOT(	TMVA)	
For	current	study,	place	cut	where	signal	purity	=	signal	efficiency	
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Plots	are	from	Brian	Page:		
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Underlying events (region method) 

Underlying	events:	everything	except	the	par<cles	fragmented	from	the	hard	scaPed	partons		
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Toward:	|ΔΦ|	<	60	degree,		
Transverse:	60<|ΔΦ|	<	120,		
Away:	|ΔΦ|	>120	

Trigger	Jet	is	Jet	with	highest	pT	
	ΔΦ=	Φ_part-	Φ_Jet1	

Measurements:	
1.  charged	mul<plicity	density,		sum	pt	density	
2.  Density	difference	in	3	regions	
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off-axis method 
ü  In	each	event,	we	analyze	jets	with	high	momentum,	jet	by	jet.	
ü  For	each	jet,	we	define	two	cones	(r	=	0.4).	
ü  Each	cone	is	centered	at	the	same	as	the	jet	but	±π/2	away	in	Φ	

from	the	jet	Φ.	
ü  Take	the	par<cles	from	the	two	cones	as	underlying	event.	
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Results	from	the	two	different	
methods	are	consistent.		
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[Phys.	Rev.	D	91,	112012	(2015)]	
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Zilong	Chang’s	talk	tomorrow.	[arXiv:1107.4891]	
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Part	2	
Photon	structure	@	EIC	
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“Resolved process” 
•  Hadronic photon (with 

strcture) 
•       is smaller than 1 
•  Di-jet production 

Di-jet in resolved/direct process 

“Direct process”   
•  Point-like photon  
     (no substructure) 
•        is equal to 1 xγ xγ

PGF: Di-jet produced Similar with pp collision 

§  Separate di-jet produced in resolved and direct processes, to get 
clear resolved process 

§  Reconstruct      by using di-jet as observables: 
§  Two jets with highest  
§  Parton densities in the photon can be extracted by measuring 

di-jet cross section 
 
 

pT
xγ xγ

rec = 1
2Eey

(pT1e
−η1 + pT 2e

−η2 )

d 2σ
dxγ dpT

= γ flux ⊗ PDFγ (xγ ,Q
2 ,µ )⊗ PDFp (xp ,µ )⊗ dσ ij (θ

∗ ,Q2 ,µ )
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Strong correlation observed between                  
        and the input         in the 
simulation indicates the di-jet 
observable is ideal to reconstruct 
 
Reconstruction provides a good way 
to separate direct/resolved 
contribution(        < 0.75) 
 
Our simulation results produce the 
existing data well 

Kinematics cuts from HERA: 
27.5GeV×820GeV, 0.2<y<0.83,  

|Δηjets|<1, 0<ηjet1+ηjet2<4 
Ejet1

T, Ejet2
T>7.5 GeV ,  

Ejet1
T+Ejet2

T>20GeV,  
|Ejet1

T-Ejet2
T|/(Ejet1

T+Ejet2
T)<0.25 

Reproduce HERA data 

xγ
input

xγ
rec

xγ

xrecγ

xrecγ
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[Phys.	Rev.	D	96	014001(2017)]	

[Eur.Phys.J.	1998C1:97-107]	
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Unpolarized photon structure @ EIC 

§  Di-jet method provides a good way to reconstruct  

§  Di-jet method can help us separate resolved/direct process 
     (      < 0.6) 
 
§  The simulation shows the capability to measure the cross 

section for di-jet production, with high accuracy in a wide 
kinematic range at EIC and extract the unpolarized photon 
PDFs from a global fit 
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|ηjets|<4.5, Inside the jet, stable particle pT>250MeV 
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Select jet from the photon side 

Separate jets from photon side and proton side 

hadrons																										electrons	ηLAB > 0 ηLAB < 0
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§  Jet from the photon side dominates at more negative pseudo-rapidity region  
§  ~82% of  delta pseudo-rapidity < 0 
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Polarized cross section 

 
§  The simulation shows the capability to 

measure the polarized cross section for di-
jet production, with high accuracy in a 
wide kinematic range at EIC 

§  First measurement of  polarized photon 
PDFs with high precision 

§  Flavor tagging can also be applied in 
polarized case  
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Input:	polarized	proton-PDF:	DSSV-14											
												photon-PDF:		Phys.	LeP.	B	337	373-375	(1994)	
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Input:	polarized	proton-PDF:	DSSV-14										photon-PDF:		Phys.	LeP.	B	337	373-375	(1994)	



Advantages @ EIC 
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§  High luminosity to define the uncertainty 

band 
§  First measurement of  polarized photon 

PDFs with high precision 
§  Flavor tagging can also be applied in 

polarized case  
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Summary 
•  Jets are reconstructed @ EIC 

Ø Quark jet and gluon jet discrimination 
Ø Underlying events 

•  Photon PDFs can be extracted by reconstructing  
Ø           is correlated with input  
Ø We can effectively access the underlying photon PDFs at EIC 

•  Flavor tagging can be applied to identify the flavor of  
the parton from the photon 

•  Pol. Photon PDF can the first time be measured in the 
world. 

xγ
xrecγ
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[Ref:Phys.Rev.D.96.074035]	
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Back	up	



Planed EIC @ BNL: eRHIC 

e- 

p polarized leptons 
2 & 18 GeV 

Light ions (d,Si,Cu) 
Heavy ions (Au,U) 
110 GeV/u 

70% Polarized 
protons 
25-250 GeV 

Electron accelerator 
 

to be build 

RHIC 
 

Existing = $2B 

goal: 80% e- polarization 
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Use simulation to reproduce data 

Ø  PYTHIA	is	used	in	simula<on	to	generate	each	event	:	all	par<cle	info	during	the	
whole	collision	process,	we	reproduce	the	world	data,	the	simula<on	is	reliable.	
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Proton partonic kinematics 

•  To	measure	gluon,	need	
to	probe	the	parton	
coming	from	the	proton	

	
•  Momentum	frac<on	of	

the	parton	from	proton	is	
well	reconstructed		

	

xp
rec = 1

2Ep

(pT1e
η1 + pT 2e

η2 )

Parton	momentum	frac<on:	photon	gluon	fusion	

Q2:	0.1-1	GeV2	 Q2:	0.01-0.1	GeV2	

Q2:	10-100	GeV2	 Q2:	1-10	GeV2	
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Direct Vs resolved process 
•  Plot	reconstructed	Xγ	for	

direct	and	resolved	
processes	

•  Direct	processes	should	
concentrate	toward	1	while	
resolved	processes	are	at	
lower	values	

•  Direct	processes	dominate	
at	higher	Q2	while	resolved	
are	more	prevalent	at	low	
Q2	

•  Cut	of	Xγ	>	0.7	enhances	the	
direct	frac<on	at	all	Q2	

Accepted	Region	

Q2:	10–100	 Q2:	1	–	10	

Q2:	0.1	–	1.0	 Q2:	0.01	–	0.1	

xγ
rec = 1

2Eey
(pT1e

−η1 + pT 2e
−η2 )
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PYTHIA	Input	Set	

Q2	 10-5	-	1	

Proton	PDFs	 CTEQ	5M	

Photon	PDFs	 SAS	

PYTHIA simulation 

Polarized	proton	PDF(delta	f_b)	 DSSV	

Polarized	photon	PDF(delta	f_a)	

Minimal	polariza<on	

Maximal	polariza<on	

Δfa
γ ∗

(xa ,µ
2 ) = 0

Δfa
γ ∗

(xa ,µ
2 ) = fa

γ ∗

(xa ,µ
2 )

UnPolarized	photon	PDF(f_a)	 CTEQ	5m	

UnPolarized	proton	PDF(f_b)	 SAS	

w = a
∧
(s
∧
, t
∧
,µ 2 ,Q2 )• Δfa

γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

• Δfb
N (xb ,µ

2 )
fb
N (xb ,µ

2 )
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Flavor tagging: quarks 
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Hera	

JLab,		
Compas
s	&	

HERMES	

RHIC	

Colliders:	Large	
kinema<c	coverage	

DIS:	Kinema<c	
precision	

Polariza<on:	Spin	
observables	

EIC!	

EIC:  Polarized ep collider 
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Motivation 
H1 and ZEUS

xBj = 0.00005, i=21
xBj = 0.00008, i=20

xBj = 0.00013, i=19
xBj = 0.00020, i=18

xBj = 0.00032, i=17
xBj = 0.0005, i=16

xBj = 0.0008, i=15
xBj = 0.0013, i=14

xBj = 0.0020, i=13
xBj = 0.0032, i=12

xBj = 0.005, i=11
xBj = 0.008, i=10

xBj = 0.013, i=9
xBj = 0.02, i=8

xBj = 0.032, i=7
xBj = 0.05, i=6

xBj = 0.08, i=5

xBj = 0.13, i=4
xBj = 0.18, i=3

xBj = 0.25, i=2

xBj = 0.40, i=1

xBj = 0.65, i=0

Q2/ GeV2

σ
r,

 N
C

 x
 2

i

HERA NC e+p 0.5 fb–1
HERA NC e  p 0.4 fb–1–

√s = 318 GeV
Fixed Target

HERAPDF2.0 e+p NNLO
HERAPDF2.0 e  p NNLO–

10
-3
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-2

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10 7

1 10 10 2 10 3 10 4 10 5 Q2=Q2
eff	

 

d2σ e∓ p
NC

dxdQ2
= 2παem

2 Y+
xQ4

(F2 −
y2
Y+
FL ±

Y−
Y+
xF3)

q(x,Q2 ) − q (x,Q2 ) g(x,Q2 ) q(x,Q2 ) + q (x,Q2 )

§  Does the kink occur at the same Q2 
for eA and for polarized ep  

§  Photon structure as fct. of  Q2 
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Kinematics cuts for di-jet methods 
20GeV×250GeV, 0.01<y<0.95, two highest pT jets, , pjet1

T>5 GeV, pjet1
T>pjet2

T>4.5 GeV,  
|ηjets|<4.5, Inside the jet, stable particle pT>250MeV 

 
	
	
	
	
	
	
	
	 cosΔφ < −0.5
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§  At positive        , especially              , the cross 
section is dominated by resolved process 

§         distribution of  associate jet shows the 
same result 

ηLAB ηLAB > 2

η asso
LAB

resolved	

direct	

η ≡ − ln[tan(θ
2
)]
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Probe the proton structure 

Same method of  
probing the photon 
structure 
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Accessing proton with di-jets 

Di-jet	

q  Gluons	can	be	probed	in	DIS	via	the	higher-	
order	photon	gluon	fusion	process	

q  Also	have	the	QCD	–	Compton	process	
which	probes	quarks	at	the	same	order	

q  Both	processes	produce	2	angularly	
separated	hard	partons	->	Di-jet	

q  At	lower	Q2,	resolved	processes	in	which	
the	photon	assumes	a	hadronic	structure	
begin	to	dominate,	interested	in	the	parton	
from	the	proton,	would	like	to	suppress	the	
resolved	component		
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Direct Vs resolved process 
•  Plot	reconstructed	Xγ	for	

direct	and	resolved	
processes	

•  Direct	processes	should	
concentrate	toward	1	while	
resolved	processes	are	at	
lower	values	

•  Direct	processes	dominate	
at	higher	Q2	while	resolved	
are	more	prevalent	at	low	
Q2	

•  Cut	of	Xγ	>	0.7	enhances	the	
direct	frac<on	at	all	Q2	

Accepted	Region	

Q2:	10–100	 Q2:	1	–	10	

Q2:	0.1	–	1.0	 Q2:	0.01	–	0.1	

xγ
rec = 1

2Eey
(pT1e

−η1 + pT 2e
−η2 )
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Proton partonic kinematics 

•  To	measure	gluon,	need	
to	probe	the	parton	
coming	from	the	proton	

	
•  Momentum	frac<on	of	

the	parton	from	proton	is	
well	reconstructed		

	

xp
rec = 1

2Ep

(pT1e
η1 + pT 2e

η2 )

Parton	momentum	frac<on:	photon	gluon	fusion	

Q2:	0.1-1	GeV2	 Q2:	0.01-0.1	GeV2	

Q2:	10-100	GeV2	 Q2:	1-10	GeV2	
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Hard subprocess 
asymmetry depending on the 
type of  the 2-2 process, the 
parton kinematics described 
by Mandelstam variables and 
photon virtuality. 

Based on the unpolarized data from PYTHIA, we add a weight on an event-by-event basis just 

in analysis code to make it polarized. 

Ø  In resolved process, For each event, ab             cd process, the weight is calculated as: 

w = a
∧
(s
∧
, t
∧
,µ 2 ,Q2 )• Δfa

γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

• Δfb
N (xb ,µ

2 )
fb
N (xb ,µ

2 )

a
∧
(s
∧
, t
∧
,µ 2 ) = Δσ

∧
/ (2σ

∧
)

Histogram ->Fill(variable, weight) 

Polarized photon PDFs 

Unplo photon PDFs and Unpol proton PDFs, 
from LHAPDF to get the unpol photon PDFs 

the input pol 
photon  and 
proton PDFs, we 
can get delta_f  
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w = a
∧
(s
∧
, t
∧
,µ 2 ,Q2 )• Δfa

γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

• Δfb
N (xb ,µ

2 )
fb
N (xb ,µ

2 )

 Hard process Asymmetry       a
∧

a
∧
(s
∧
, t
∧
,µ 2 ) = Δσ

∧
/ (2σ

∧
)

s
∧
= (pa + pb )

2 , t
∧
= (pa − pc )

2 ,u
∧
= (pa − pd )

2

[ref:	10.1007/JHEP08(2010)130]	
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          Depending on flavor Δfa
γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

[ref:	Z.	Phys.	C55	(1992)	353;	C57	(1993)	309;	Phys.	LeP.	B337	(1994)	373;Phys.	LeP.	B386	(1996)	370]	

w = a
∧
(s
∧
, t
∧
,µ 2 ,Q2 )• Δfa

γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

• Δfb
N (xb ,µ

2 )
fb
N (xb ,µ

2 )
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[ref:	Phys.	Rev.	LeP.	101	(2008)	72001;	Phys.	Rev.	D	80	(2009)	034030]		

Δfa
γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )          Depending on flavor 
w = a

∧
(s
∧
, t
∧
,µ 2 ,Q2 )• Δfa

γ ∗

(xa ,µ
2 )

fa
γ ∗

(xa ,µ
2 )

• Δfb
N (xb ,µ

2 )
fb
N (xb ,µ

2 )
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•  Low	Q2	tagger	

	
	
	

z =   - 45m              - 35m                             - 15m                - 4m  0m   4m                         18m                                    38m 

hadrons																													electrons	

q  acceptance for electrons down to 
Q2~1x10-5 GeV2 

	

q  pythia events with electron 
reconstructed in the tagger 

 

R.	Pe|		

EIC Advantage  

q  advantage compared with HERA: 
tag the outgoing electron directly 
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 R∆
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ts

1
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210

310

410 trigger jet and its parton

associte jet and its parton

How	to	match	di-jet		
with	two	final	partons	

Geometric	match:	
ΔR{parton − jet} = Δφ 2 + Δη 2

ΔE{parton − jet}

beamparton	
	
tgtparton	

ü  match	
Two	final	
partons	

Di-jet	
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resolved
direct

γ
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separa<on	xrecγ
Di-hadron	method	

Di-jet	method	

If	we	choose	different								cut,	how	well	can	
we	separate	resolved/direct	processes:	

xrecγ

•  Small											:	mainly	resolved	contribuCon	
•  Large										:	mainly	direct	contribuCon	

xrecγ
xrecγ

•  Di-jet	method	shows	be]er	separaCon	of	resolved	and	direct	photon		

Di-hadron	
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Flavor	match:	beamparton	–	index	9	
																										tgtparton	–	index	10	
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hLAB	separa<on	
Di-hadron	method	 Di-jet	method	
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direct
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•      For		both	methods:	
Ø  		-	At	posiCve									,	especially																,	the	cross	secCon	is	dominated	by	

resolved	process.	
ηLAB ηLAB > 2

      distribuCon	of	associate	hadron/jet	shows	the	same	results	η asso
LAB
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eRHIC	 JLEIC	
Both	machine	designs	built	on	exis<ng	machines	

Linac	-	Ring	 Ring-	Ring	

full	√s	range	available	from	beginning	
à	staging	in	luminosity	

Luminosity	1033	to	1034	cm-2s-1	
à	staging	center-of-mass	energy	

Both	designs	take	great	care	to	have	maximal	to	full	acceptance	for	scaPered	protons	from	
diffrac<ve	reac<ons,	breakup	neutrons	and	spectator	tagging	

	

2	interac<on	regions	

reuse	Cebaf	as	full	energy	lepton	injector	
electron:	3-10	GeV				
protons:	20-100	GeV	
ions:	8-40	GeV/u	for	Pb	
polarised	ions:	p,	d,	3He,	possibly	Li	
Polarisa<on	for	both	beams:		>	70%	

Both	machines	u<lize	crossing	angles	
10	mrad																				50	mrad	
							à	need	for	Crab	cavi<es	

Bunch	frequency:	9.4	MHz	 Bunch	frequency:	476	MHz		
																				159	MHz@√s=63GeV	

arXiv:1504.07961	arXiv:1409.1633	

45	4/17/18	 X	Chu,	DIS	2018	



Introduction of  photon structure 
§  Behavior of  the exchanged photon: Bare photon state，

Hadronic photon state 
§  Photon can be superposition of  above states! 
§  The “internal structure” of  photons is a manifestation of  

quantum fluctuations：Photon splits into parton content 
§  We measure the photon structure in photoproduction：

Low Q2 events  
§  Photon Parton Distribution Functions(PDFs): Density of  

the partons	

(t ≈ E /M 2 )

§  Unpolarized photon structure: 
arXiv:9504004, arXiv:9710018, Eur. Phys. J. C 10, 363-372 
(1999), DESY 97-164 

§  Polarized photon structure: (critical input for ILC γγ option) 
Experiment: no data 
Theory: Z. Phys. C 74, 641—650 (1997) and arXiv:971125  

HERA	data:	gluon	density	of	the	photon	

    is defined as the momentum fraction of  the parton from the photon	xγ

f (x,Q2 )
q(x,Q2 )
q (x,Q2 )
g(x,Q2 )
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Parton-jet match 

§  As we have known how to separate “direct” and “resolved” process, then we measure jet 
kinematics in resolved process 

§  Basic info about resolved process and how to tag di-jet back to two final partons 

 In PYTHIA, beamparton, tgtparton 

§  “Path” to do parton-jet match: 
§  beamparton - one final parton - one jet of  di-jet 
§  tgtparton - another final parton - another jet of  di-jet 

Jet from photon side 
Jet from proton side 

§  Geometric match ΔR{parton − jet} = Δφ 2 + Δy2
ΔE{parton − jet}
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u	quark	jet	

gluon	jet	 gluon	jet	

ubar	quark	jet	

Leading	Pion	(the	highest	pt	pion)		pt	frac<on	compared	to	the	jet	pt	

•  Leading	pion	plots	show	bePer	sensi<vity	
•  It’s	easy	to	iden<fy	quark	jet,	but	not	for	gluon	jet	

Tagging gluon jet 
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