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Why	Study	KΛ	Photoproduc)on?	
•  The	study	of	nucleon	resonance	excita)on	plays	an	important	role	

in	building	a	comprehensive	picture	of	the	strong	interac)on.	

•  The	 theore)cal	work	on	quark	models	 in	 the	 intermediate	energy	
range	predicts	a	rich	resonance	spectrum.		

	
•  Besides	have	been	observed	reac)ons	involving	pions	 in	the	ini)al	

and/or	final	states,	those	“missing”	resonances	may	couple	strongly	
to	other	channels,	such	as	KΛ	and	KΣ	channels.		

	
•  Many	experimental	results	for	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	have	been	published,	

from	total	cross	sec)on	to	polariza)on	observables.		
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	Importance	of	QF	Study	in					

•  Sca[ering	off	quasi-bound	neutrons	 is	used	to	extract	
observables	for	sca[ering	off	the	free	neutron.	
–  Final-state	interac)ons	(FSI)	effects.	
–  Off-shell	and	nuclear	effects.	

	
•  We	present	an	experimental	study	of	the	effect	of	FSI	
and	 Fermi	mo)on	on	observables	 off	 the	 free	 proton	
obtained	 from	 data	 off	 the	 bound	 proton	
in																								.		

•  Studied	 observables:	 induced	 Λ	 polariza)on	 and	
polariza)on	transfers.	
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Experimental	Observables	
Helicity-dependent	polarized	differen)al	cross	sec)on	for	hyperon	photoproduc)on	
off	the	nucleon.			

Λ	self-analyzing	power:	α = 0.642 ± 0.013 
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Experimental	Facility:	CEBAF	and	
Photon	Tagger		
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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Ee:	2	GeV,	2.65	GeV	
Pe:	~85%	
Eγ:	[0.9,	2.6]	GeV	
Pγ:	[30%,	85%]	
Currently,	12	GeV	upgrade	has	been	
completed	and	a	new	hall	D	is	in	service.	
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Experimental	Facility:	CLAS	
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pπ −

CLAS:	Mul)-par)cle	
charged	final	state	
Acceptance:	Almost	4π	
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K+,	p,	π-	are	detected.	

Figure	from:	B.	Mecking	et	al.	Nucl.	Instr.	Meth.	A	503,	513(2003).	



The	removal	of	events	with	pn	<	0.2	GeV/c	provides	a	
sample	that	is	by	far	dominated	by	FSI	events.	Standard	
analysis	procedure.	

co
un
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pn	(GeV/c)	

QF:	Paris	Poten)al	

Paris	Poten)al	describes	well	low	pn	data.	
High-momentum	tail	drops	off	at	~0.6	GeV/c:	effect	on	
data	interpreta)on.	

QF / FSI : 7 / 3
QF / FSI :
99 /1

Selec)on	of	QF	Mechanism	

pn (GeV/c)	
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Comparison	with	model	Distribu)on	Event	distribu)on	over	spectator	momentum	
pn (�d ! K+⇤n)

Quasi-free	mechanism	
#	of	events:	1.9×106	

Final-state	interac)ons	
#	of	events:	3.1×105	

Backgrounds	are	subtracted	
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cosθKCM:	[0.15,	0.35]	 cosθKCM:	[0.15,	0.35]	

cosθKCM:	[0.15,	0.35]	 %	of	FSI	at	various	missing	momentum	cuts	

pn (GeV/c)	



Evolu)on	with	Target	Nucleon	
Momentum	(pp	=	pn)	

0<cosθKCM<0.5 

Eγ (GeV)	 ΔCx ΔCz ΔPy 

0.9	-	1.3	 46%	 0.4%	 0.3%	

1.3	-	1.7	 2%	 4%	 0.5%	

1.7	-	2.1	 4%	 12%	 10%	

Δ:	Difference	between	es)mate	at	pp=0	GeV/c	from	
linear	interpola)on	and	average	over	0.	-	0.2	GeV/c.	

Linear	interpola)on		

Weighted	average	
over	0	-	0.2	GeV/c 

pp  (GeV/c) 

									free	proton,	pp=	0	GeV/c 

0<cosθKCM<0.5 

0<cosθKCM<0.5 
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pp  (GeV/c) 

pp  (GeV/c) 
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Sta)s)cal	uncertainty	
Systema)c	uncertainty	



0 0.50

0.5

1
: [0.9, 1.24] GeVγE

0 0.50

0.5

1
: [1.24, 1.33] GeVγE

0 0.50

0.5

1
: [1.33, 1.39] GeVγE

0 0.50

0.5

1
: [1.39, 1.45] GeVγE

0 0.50

0.5

1
: [1.45, 1.5] GeVγE

0 0.50

0.5

1
: [1.5, 1.55] GeVγE

0 0.50

0.5

1
: [1.55, 1.59] GeVγE

0 0.50

0.5

1
: [1.59, 1.64] GeVγE

0 0.50

0.5

1
: [1.64, 1.7] GeVγE

0 0.50

0.5

1
: [1.7, 1.75] GeVγE

0 0.50

0.5

1
: [1.75, 1.81] GeVγE

0 0.50

0.5

1
: [1.81, 1.87] GeVγE

0 0.50

0.5

1
: [1.87, 1.96] GeVγE

0 0.50

0.5

1
: [1.96, 2.11] GeVγE

0 0.50

0.5

1
: [2.11, 2.3] GeVγE

0 0.50

0.5

1
: [2.3, 2.6] GeVγE

Cz	(g13	Results)	

Cz	

cosθKCM	 12	

Sta)s)cal	uncertainty	
Systema)c	uncertainty	



0 0.5-1

-0.5

0

0.5

1
: [0.9, 1.24] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.24, 1.33] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.33, 1.39] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.39, 1.45] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.45, 1.5] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.5, 1.55] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.55, 1.59] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.59, 1.64] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.64, 1.7] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.7, 1.75] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.75, 1.81] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.81, 1.87] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.87, 1.96] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [1.96, 2.11] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [2.11, 2.3] GeVγE

0 0.5-1

-0.5

0

0.5

1
: [2.3, 2.6] GeVγE

Py	(g13	Results)	

Py	

cosθKCM	 13	

Sta)s)cal	uncertainty	
Systema)c	uncertainty	



Comparison	With	g1c	Results	

Cx	and	Cz	from	Robert	K.	Bradford	
Py	from	John	W.C.	McNabb	
•  Dataset:	g1c	
•  Reac)on:	�!� p ! K+�!⇤

cosθKCM:	[0.35,	0.55]	
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Summary	
•  Comprehensive	results	for	Cx,	Cz,	and	Py	in	the	kinema)c	bins	of		Eγ	(0.9	–	

2.6	GeV)	and	cosθKCM (-1,	1)	have	been	obtained	for	K+Λ	photoproduc)on	
off	the	bound	proton.	

•  The	contamina)on	of	FSI	events	is	about	1%	for	target	nucleon	momenta	
below	0.2	GeV/c.	

		
•  The	 dependence	 of	 an	 observable	 on	 the	 target	 nucleon	momentum	 is	

different	for	different	photon	energy	ranges.	Polynomial	extrapola)on	to	
p	=	0	GeV/c	could	allow	to	obtain	more	accurate	es)mates	of	observables	
for	sca[ering	off	the	free	nucleon	than	integra)ng	over	a	range	of	p.	Can	
be	easily	applied	to	high-sta)s)cs	samples.	

•  Theore)cal	 studies	 of	 quasi-free	 observables	 are	 very	 important	 to	
understand	how	to	extract	unbiased	free-nucleon	observables.	
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Photon	Polariza)on	
The	electron	polariza)on	for	some	special	runs	
were	measured	by	the	M		ller	polarimeter.	

The	 polariza)on	 of	 the	
photon	beam	was	calculated	
using	 the	 Maximon	 and	
Olson	rela)on		
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Reac)on	Yields	
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Method	2	of	Observable-Extrac)on:	
The	Maximum	Likelihood	Method 

Non-normalized	Probability	Density	Func)on	(PDF)	defined	from	the	polarized	
differen)al	cross	sec)on:		

Total	likelihood	is	the	product	of	the	likelihoods	for	all	individual	events:	
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Next	side	will	introduce	how	to	set	weight	wi	and	wj	for	each	event.	
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Why	the	Maximum	Likelihood	Method	
Can	Ignore	Acceptance?		

Non-normalized	PDF	with	considera)on	of	acceptance:	

PDF = A(✓,�)�±(✓,�;C
x

, C
z

, P
y

)w

Total	likelihood:	

Equa)on	array	to	obtain	Cx,	Cz,	and	Py:	

Acceptance	is	cancelled	because	it’s	independent	of	polariza)on	observables.	
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Simula)on	Study	to	Understand	Different	Methods	

A	study	was	used	to	evaluate	poten)al	bias	of	the	maximum	likelihood	
method	and	the	binned	methods.	
•  6000	 different	 experiments,	 with	 106	 events	 in	 each	 experiment,	 were	

generated	 according	 to	 the	 differen)al	 polarized	 cross	 sec)on	with	 realis)c	
values	of	Cx,	Cz,	and	Py for																									.	

•  Generated	data	were	processed	through	GSIM	and	gpp.	
•  Axer	 raw	 data	 were	 skimmed,	 the	 observables	 were	 extracted	 using	 the	

maximum	likelihood	method	and	the	binned	methods.		
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Observable-Extrac)on	Methods		

•  One-dimensional	fit:	

•  Two-dimensional	fit:	
	
	
•  Maximum	likelihood	Method:	

Asym =

Y

+ � Y

�

Y

+
+ Y

� =

R R
d�

+

d⌦ d(cos✓

y

)d(cos ✓

z/x

)�
R R

d�

�

d⌦ d(cos✓

y

)d(cos ✓

z/x

)

R R
d�

+

d⌦ d(cos✓

y

)d(cos ✓

z/x

) +

R R
d�

�

d⌦ d(cos✓

y

)d(cos ✓

z/x

)

= ↵P

circ

C

x/z

cos ✓

x/z

Asym =

Y

+ � Y

�

Y

+
+ Y

� =

R
d�

+

d⌦ d(cos✓

y

))�
R

d�

�

d⌦ d(cos✓

y

)

R
d�

+

d⌦ d(cos✓

y

)) +

R
d�

�

d⌦ d(cos✓

y

)

= ↵P

circ

C

x

cos ✓

x

+ ↵P

circ

C

z

cos ✓

z

25	

PDF =

d�

d⌦
|
unpol

(1± ↵P
circ

C
x

cos ✓
x

± ↵P
circ

C
z

cos ✓
z

+ ↵P
y

cos ✓
y

)



Effect	of	Acceptance	
Comprehensive	studies	by	analy)cal	analysis	and	simula)on	tell	us	
•  The	effect	of	acceptance	cannot	be	ignored	in	1D	fit,	especially	for	Cx.	
•  2D	fiyng	can	reduce	the	effect	of	the	acceptance	to	some	extent.	
•  The	maximum	 likelihood	method	 can	 reduce	 the	 effect	 of	 acceptance	 to	

the	largest	extent.	
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Why	is	the	Bias	Small	for	Cz from	1D	Fit? 
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Why	is	the	Bias	Large	for	Cx from	1D	Fit? 

In	 general,	Cx	 is	 small	 rela)ve	 to	Cz	 and	Py,	 so	Cz	 and	Py	 terms	do	not	 cancel.	
Therefore,	the	asymmetry	for Cx	is	not	a	linear	func)on	of	cosθx.	

•  The	effect	of	acceptance	cannot	be	ignored	in	1D	fit,	especially	for	Cx.	
•  The	situa)on	with	Py	is	somewhat	in-between	Cx and	Cz	if	it’s	extracted	by	1D	fit.	
•  2D	fiyng	can	reduce	the	effect	of	the	acceptance	to	some	extent.	
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Effect	of	Axis	Conven)on	
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ẑ = p̂�
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x̂ = ŷ ⇥ ẑ

8
<

:
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