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Outline	

§  Introduc)on:	Why	is	the	Λn	dynamics	important?	

§  Experimental	Facility:	Beam	source	and	the	detec)on	system	

§  Data	Analysis:	Selec)on	of	the	reac)on	and	of	yields	

§  Results:	One-fold	and	two-fold	differen)al	es)mates	of	the	

observables	

§  Discussion:	What	have	we	learned?	

§  Summary	
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Introduc)on	



The	Strong	Interac)on	

The	coupling	constant	in	QCD,	αs,	depends	on	the	scale	
of	the	strong	interac)on.	
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Fig. 1. (Color online.) αs,g1 (Q )/π obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are αs,τ (Q )/π from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and αs,g1 (Q )/π
from the Bjorken (band) and GDH (dashed line) sum rules.

in a Q 2-range from 0.06 to 2.92 GeV2 [14]. Here, Q 2 is the square
of the four-momentum transfered from the electron to the tar-
get. Apart from the extended Q 2-coverage, one notable difference
between these data and those of Ref. [6] is that the neutron infor-
mation originates from the longitudinally polarized deuteron target
of CLAS while the previous data [15] resulted from the longitudi-
nally and transversally polarized 3He target of JLab’s Hall A [12].
The effective coupling αs,g1 is defined by the Bjorken sum rule ex-
pressed at first order in pQCD and at leading twist. This leads to
the relation:

αs,g1 = π

(
1 − 6Γ

p−n
1

g A

)
, (1)

where g A is the nucleon axial charge. We used Eq. (1) to ex-
tract αs,g1/π . The results are shown in Fig. 1. The inner error
bars represent the statistical uncertainties whereas the outer ones
are the quadratic sum of the statistical and systematic uncertain-
ties. Also plotted in the figure are the first data on αs,g1 from [5]
and from the world data of the Bjorken sum evaluated at ⟨Q 2⟩ =
5 GeV2 [16], αs,F3 from the Gross–Llewellyn Smith (GLS) sum
rule [17] measured by the CCFR Collaboration [18], and αs,τ [19].
See [5] for details. The behavior of αs,g1 is given near Q 2 = 0 by
the generalized GDH sum rule and at large Q 2, where higher twist
effects are negligible, by the Bjorken sum rule generalized to ac-
count for pQCD radiative corrections. These predictions are shown
by the dashed line and the band, respectively, but they were not
used in our analysis. The width of the band is due to the uncer-
tainty on ΛQCD.

The values for αs,g1 from the new data are in good agreement
with the previous JLab data. While the previous data were sug-
gestive, the freezing of αs,g1 at low Q 2 is now unambiguous and
in good agreement with the GDH sum prediction. At larger Q 2,
the new data agree with the world data and the results from the
Bjorken sum rule at leading twist.

We fit the data using a functional form that resembles the
pQCD evolution equation for αs , with an additional term mg(Q )

that prevents α f it
s,g1 from diverging when Q 2 → Λ2 and another

term n(Q ) that forces α f it
s,g1 to π when Q 2 → 0. Note that the lat-

Fig. 2. (Color online.) The effective coupling constant αs,g1 extracted from JLab
data, from sum rules, and from the phenomenological model of Burkert and Ioffe
[20]. The black curve is the result of the fit discussed in the text. The calcula-
tions on αs are: top left panel: Schwinger–Dyson calculations Cornwall [21]; top
right panel: Schwinger–Dyson calculations from Bloch et al. [24] and αs used in the
quark model of Godfrey–Isgur [27]; bottom left: Schwinger–Dyson calculations from
Maris–Tandy [25], Fischer et al. [23] and Bhagwat et al. [26]; bottom right: Lattice
QCD results from Furui and Nakajima [28].

ter constraint is a consequence of both the generalized GDH and
Bjorken sum rules [5]. Our fit form is:

α f it
s,g1 = γn(Q )

log(
Q 2+m2

g (Q )

Λ2 )
, (2)

where γ = 4/β0 = 12/(33 − 8), n(Q ) = π(1 + [γ /(log(m2/Λ2)(1 +
Q /Λ) − γ ) + (bQ )c]−1) and mg(Q ) = (m/(1 + (aQ )d)). The fit
is constrained by the data, the GDH and Bjorken sum rules at
intermediate, low and large Q 2 respectively. The values of the
parameters minimizing the χ2 are: Λ = 0.349 ± 0.009 GeV, a =
3.008 ± 0.081 GeV−1, b = 1.425 ± 0.032 GeV−1, c = 0.908 ± 0.025,
m = 1.204 ± 0.018 GeV, d = 0.840 ± 0.051 for a minimal reduced
χ2 of 0.84. The inclusion of the systematic uncertainties in the fit
explains why the reduced χ2 is smaller than 1. The term mg(Q )
has been interpreted within some of the Schwinger–Dyson calcu-
lations as an effective gluon mass [21]. Eqs. (2) and (1) can also be
used to parameterize the generalized Bjorken and GDH sums.

The fit result is shown in Fig. 2. We also include some of
the theoretical calculations (Lattice results and curves labeled
Cornwall, Bloch et al. and Fischer et al.) and phenomenological
model predictions (Godfrey–Isgur, Bhagwat et al. and Maris–Tandy)
on αs . Finally, we show the αs,g1 formed using a phenomenolog-
ical model of polarized lepton scattering off polarized nucleons
(Burkert–Ioffe). These calculations are discussed in [5]. The mag-
nitude of the Godfrey–Isgur and Cornwall results agrees with the
estimate of the average value of αs using magnetic and color-
magnetic spin–spin interactions [22]. We emphasize that the rela-
tion between these results is not fully known and that they should
be considered as indications of the behavior of αs rather than strict
predictions.

The data show that αs,g1 loses its Q 2-dependence both at large
and small Q 2. The Q 2-scaling at large Q 2 is long known and
is the manifestation of the asymptotic freedom of QCD [29]. The
absence of Q 2-dependence at low Q 2 has been conjectured and
observed by many calculations but this is the first experimental
evidence. This lack of scale dependence (conformal behavior) at

Figure	from:	A.	Deur	et	al.,	Physics	LeMers	B	665,	349(2008).	

Asympto)c	freedom	
Perturba)ve	QCD	

Quark	confinement	
La`ce	QCD,	Models	



The	Baryon-Baryon	Interac)on	
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Examples	of	low–energy	phenomena	

•  Many	 low-energy	 phenomena	 can	 be	
described	 in	 terms	 of	 baryon-baryon	
interac)on	 considering	 baryons	 to	 be	
elementary	par)cles.	

•  Baryon-Baryon	Interac)ons:	
•  Nucleon-nucleon	interac)on	
•  Hyperon-nucleon	interac)on	
•  Hyperon-hyperon	interac)on	

•  If	baryons	are	non-rela)vis)c,	baryon-
baryon	 interac)ons	 can	 be	 described	
by	poten)als.	

NN	ScaMering	

BoMom	figure	is	from	Satoshi	N.	Nakamura.			



The	Hyperon-Nucleon	Interac)on	

The	 understanding	 of	 both	 hyperon-nucleon	 (YN)	 and	
nucleon-nucleon	 (NN)	 poten)als	 is	 necessary	 to	 have	 a	
comprehensive	picture	of	the	strong	interac)on.		

§  Composi)on	of	dense	nuclear	maMer	(neutron	stars	interior).	

§  Many-body	calcula)ons	of	hypernuclei.	

	 NN	 u	 d	 s	YN	 u	 d	

Very	well		
understood	

SU(3)	

must	be	obtained	from	fits		
to	YN	experimental	data	

Some	free	parameters	SU(3)	is	broken	

7	
YN	poten)al	models:	Meson-exchange	models,	Chiral	effec)ve	field	theory.	



How	to	Constrain	Hyperon-Nucleon	Poten)als	

YN	Poten)al	

YN→YN

γ d→YKN
NN →YKN

Hadronic	Atoms	

Hypernuclei	

La`ce	QCD	
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											Dynamics	of	
		

Λn	elas)c	scaMeringèconstraints	on	YN	poten)als		
through	model	interpreta)on	of	observables.	 9	
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Defini)on	of	Experimental	Observables	
General	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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						Theore)cal	Studies	of	
		

Figure	from:	K.	Miyagawa	et	al.,	Phys.	Rev.	C	74,	034002	(2006).	

•  Calcula)ons	 exist	 for	 single	 and	
double	 polariza)on	 observables	 as	
well	as	the	cross	sec)on.	

•  Two	 YN	 poten)als,	 Nijmegen	 NSC97f	
and	 NSC89,	 lead	 to	 very	 different	
p r e d i c ) o n s	 o f 	 p o l a r i z a ) o n	
observables	at	some	kinema)cs.	

•  Advantage:	 NSC97f	 and	 NSC89	 both	
reproduce	 the	 binding	 energy	 of	 the	
hypertriton.	

•  Exclusive	 hyperon	 photoproduc)on	
off	 the	 deuteron	 can	 place	 unique	
c on s t r a i n t s	 o n	 YN	 po t en)a l	
parameters		

�!� d ! K+�!⇤n

11	



Dispersion	Integral	Method	

•  Allows	to	extract	a	spin-average	YN	scaMering	length	from	Λn	invariant	
mass	distribu)ons.	

•  Applied	to	cross	sec)on	data	of			

•  Similar	uncertain)es	expected	for	analysis	of	photoproduc)on	data.	

•  Λp	scaMering	length	by	ESC-model:		
																																																

	

Figure	from:	A.	Gasparyan	et	al.,	Phys.	Rev.	C	69,	034006(2004).	
12	

Spin-average	Λp	scaMering	length:	
pp ! K+X

a	=	-1.5	±	0.15	±	0.3	fm	

a1s0	=	-	2.20	±	1.10	fm;	a3s1	=	-	1.75	±	0.10	fm	

	
						Theore)cal	Studies	of	
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Experimental	Facility	



	
	The	Con)nuous	Electron	Beam	
Accelerator	Facility	(CEBAF)	
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•  S imu l taneous l y	 p rov ides	
electron	 beams	 to	 halls	 A,	 B,	
and	C	

•  Polariza)on:	Up	to	85%	

•  Energy:	Up	to	6	GeV		

•  Currently:	 12	GeV	 upgrade	 has	
been	completed	and	a	new	hall	
D	is	in	service	



The	Hall-B	Photon	Tagger			

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

!

264 D.I. Sober et al. / Nuclear Instruments and Methods in Physics Research A 440 (2000) 263}284

E�E

E
0

E�/E

E� = E � E
0

15	

Energy	resolu)on	(GeV):	
Time	resolu)on:	110	ps		

0.001⇥ E

�!��!
e�

Figure	from:	D.	I.	Sober	et	al.,	Nucl.	Instr.	Meth.	A	440,	263(2000).	



The	CEBAF	Large	Acceptance	
Spectrometer	(CLAS)	

16	

CLAS characteristics is given in Table 3.1. A description of each system is provided in the

sections below.
CHAPTER 4. CEBAF, CLAS, AND THE G13 EXPERIMENT 57

(A)

Region 3

Region 1

Region 2

1 m

TOF

CC

EC

beam

(B)

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Figure 4.5 : (A) Cross section of the CLAS detector along the beamline. Typical charged particle
tracks are shown with corresponding hits in the detector equipment. The torus magnet is outlined
by the dotted line surrounding the Region 2 drift chambers. The Cherenkov counters (CC), time-
of-flight scintillators (TOF), and electromagnetic calorimeters (EC) are also illustrated. (B) Cross
section of the CLAS detector perpendicular to the beamline. The mini-torus shown in the middle
is only used for electron runs [81].

torus coils are located between the Region 2 drift chambers of each sector. The magnetic field is

concentrated around the Region 2 drift chambers, while Regions 1 and 3 of the drift chambers are

relatively field-free [81].

As seen in Figure 4.6, the magnetic field from the superconducting torus coils is negligible in

the region near the beamline, allowing the use of polarized targets. The coils are approximately five

meters in length, and produce a field about five meters in diameter. At the maximum coil current of

3860 A, the integral magnetic field reaches 2.5 T ·m in the forward region, and drops to 0.6 T ·m at

a 90� scattering angle [81]. All non-active parts of the detector, such as the photomultiplier tubes

from the Cherenkov counters, electromagnetic calorimeters, and time-of-flight system, as well as the

drift chamber support structures, are confined to the shadow of the torus coils to provide maximum

angular acceptance.

4.2.4 The Drift Chambers

The six superconducting coils split the detector into six separate tracking sectors. In each sector the

drift chambers are divided into three regions, each at a di�erent distance from the beamline. The

chambers span from 8� to 142� in polar angle from the beamline and cover 80% of the azimuthal

Figure 3.7. The CEBAF Large Acceptance Spectrometer (CLAS) in Hall B. It is composed

of three regions of drift chambers (DC), electromagnetic calorimeters (EC), Čerenkov counters
(CC), and time-of-flight scintillators (TOF). (A) Cross section of the CLAS along the beamline,
with typical charged-particle tracks shown. (B) Cross section of the CLAS perpendicular to the
beamline. The mini-torus shown in the middle is used only for electron runs [81].

Torus magnet

The torus magnet is composed of six superconducting coils (dashed lines in Fig. 3.7A)

which separate the detector into six independent magnetic spectrometers (sectors). The

magnetic field produced by the magnet bends charged particles, which are then tracked

through the three regions of drift chambers for momentum determination. Figure 3.8

shows the magnetic field produced by the superconducting torus coils. The coils are ap-

proximately five meters in length and they are wound into a kidney shape using 216 layers

of aluminum-stabilized NbTi/Cu wire. The shape of the magnet is such as to provide op-

timum curvature for the highest-momentum particles that are emitted at forward angles.

Thus, at forward polar angles the magnetic field is the highest, whereas at backward polar

angles the magnetic field is lower. When the magnet operates at the maximum design

current of 3860 A, the integral magnetic field reaches 2.5 T·m in the forward region, and

drops to 0.6 T·m at a 90� polar scattering angle. Since the center of the CLAS is relatively

51

sc	

Speed	of	a	Par)cle:	

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

�meas =
lsc
ctsc

lsc
tsc



The	E06-103	Experiment	(g13)	

•  Circularly	polarized	photon	beam	(g13a)	
•  Ee	=	1.987	GeV;	2.649	GeV	
•  Electron	beam	polariza)on:	[77%,	85%]	
•  Photon	beam	polariza)on:	[27%,	80%]		
•  Target:	LD2,	unpolarized,	40-cm	long	

�!� d ! K+�!⇤n

pπ −
Detected	in	CLAS	

17	
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Data	Analysis	
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•  Events	 with	 two	 posi)vely-charged	 and	 one	 nega)vely-charged	

par)cles	were	selected	for	analysis	of																											.				

•  PID	control	variable		

Proton	ID	

�� = �meas � �calc = �meas �

s
p2

m2 + p2

�!� d ! K+�!⇤n

3σ	
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p:	[0.7,	0.8]	GeV/c		
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Photon	Selec)on	
Electron	beam	delivered	as	
bunches	 every	 2.004	 ns	
from	CEBAF.	
	
High	 beam	 current,	 wide	
t a g g e r	 T D C	 r e a d o u t	
window.	
	
On	 average	 14	 photons	
were	 recorded	 for	 each	
event.	
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Results	
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Observable-Extrac)on	Method 
			The	maximum	likelihood	method	was	used	to	extract	the	observables.	

Probability	density	func)on	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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Axis	Conven)on	
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Data	are	binned	in	Eγ, θ’
Λ,	pK, θK,	and	IMΛn.		
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One-fold	Differen)al	Es)mates	
Bin	Setup	
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Sta)s)cal	uncertain)es:		
•  Cx:	[0.020,	0.045]	
•  Cz:	[0.024,	0.051]	
•  Py:	[0.016,	0.029]	

•  Overall,	 Cx	 is	 small	 and	 varies	
around	0,	Cz	varies	between	0.4	
and	0.8,	and	Py	varies	between	
-0.4	and	0.1.	

•  The	observables	have	a	weaker	
dependence	 on	 Eγ	 than	 on	
other	kinema)cs	variables.	



Two-fold	differen)al	es)mates		
Bin	Setup	in	IMΛn and θ’

Λ 	
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Two-fold	differen)al	es)mates	
	Cx(IMΛn, θ’

Λ), Cz(IMΛn, θ’
Λ), and Py(IMΛn, θ’

Λ) 	
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Sta)s)cal	uncertain)es:		
•  Cx:	[0.022,	0.056]	
•  Cz:	[0.028,	0.061]	
•  Py:	[0.024,	0.037]	

•  Cx	 is	 small	 and	 varies	
around	0.	

•  Overall,	 Cz	 decreases	 as	
θ’
Λ increases.	

•  P y	 s h ow s	 d i ff e r e n t	
varia)on	 tendency	 as	 θ’

Λ	
increases	 for	 different	
IMΛn bins.	



Systema)c	Uncertain)es	
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CHAPTER 5. SYSTEMATIC UNCERTAINTIES 99

Table 5.1: Summary of the systematic uncertainties for C
x

, C
z

, and P
y

.
The total uncertainty is obtained by adding all the uncertainties in quadra-
ture and taking a square root of the sum. Overall, the total systematic
uncertainty of each observable is less than 10%.

Source C
x

C
z

P
y

CLAS Acceptance 5.5% 0.3% 3.5%
Fiducial Cut 0.1% 0.3% 0.1%

Photon Polarization 4.1% 4.1% 0%
PID 2.7% 2.7.% 0.2%

Vertex Cut 1.4% 0% 0.1%
Photon Selection 0.1% 0.3% 0.1%

IM Cut 1.4% 0.7% 0.3%
MP Cut 0.6% 0.2% 0.1%
MM Cut 1.6% 3.2% 2.1%

⇤ Self-analyzing Power 2.0% 2.0% 2.0%
Total 8.1% 6.2% 4.6%



30	

Discussion	
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Discussion:	Comparison	to	CLAS	g1c	
Results	

Cx	and	Cz	from	Robert	K.	Bradford	
and	Py	from	John	W.C.	McNabb	
•  Dataset:	CLAS	g1c	
•  Reac)on:	�!� p ! K+�!⇤
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cosθKCM:	[-0.2,	0]	

cosθKCM:	[0.55,	0.75]	
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Comparison	Between	QF	and	FSI	
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•  Cx: At	 lower	photon	energy,	there	 is	a	big	
difference	 between	 QF	 and	 FSI.	 At	 higher	
photon	energy,	the	differences	are	small.	

•  Cz:	 QF	 values	 are	 close	 to	 1,	 and	 are	
systema)cally	larger	than	FSI.	

•  Py:	FSI	values	are	larger	than	QF	values	for	
all	Eγ.	



Effect	of	Missing	Momentum	Cut	

The	 missing	 momentum	 is	 cut	
within	different	 ranges	are	not	
overlapping:	 0	 −	 0.05	 GeV/c,	
0.05	−	0.1	GeV/c,	and	0.1	–	0.2	
GeV/c.	

cosθKCM:	[0.15,	0.35]	
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Effect	of	the	Quasi-free	Mechanism	

34	

§  Observables	are	extracted	from	two	simulated	
samples:	

•  Sample	1:	Clean	final-state-interac)on	
events	

•  Sample	2:	Sample	1	plus	a	small	sample	of	
quasi-free	events	

§  Sample	2	is	smeared	with	12%	of	the	quasi-free	
mechanism	
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Theore)cal	Predic)ons	and	Data	
§  Due	to	limited	sta)s)cs,	in	a	small	range	of	

kinema)cs,	 the	 background	 subtrac)on	

method	 is	 not	 applicable,	 and	 yields	 are	

extracted	by	means	of	a	missing-mass	cut.	

§  Four-fold	 differen)al	 es)mates	 can	 be	

obtained	 with	 reasonable	 sta)s)cal	

uncertain)es.	

§  Qualita)ve	comparison	of	general	features	

only	

•  Data:	FSI,	Model:	QF+FSI	

•  θK,Data	>	θK,Model	

Range:	Eγ	:	[1.1,	1.5]	GeV,	pK:	[700,	1150]	MeV/c,	θK:	[14,	27]	deg	
Average:	Eγ	=	1.38	GeV,	pK	=	856	MeV/c,	θK	=	23.2	deg		

Eγ	=	1.3	GeV,		
pK	=	900	MeV/c,		
θK	=	17	deg		

K.	Miyagawa	et	al.,	Phys.	Rev.	C	74,	034002	(2006).	
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Figure 1.7: Unpolarized di↵erential cross section and polarization observ-

ables for �!� d ! K+

�!
⇤n as a function of the hyperon polar angle ✓0

Y

. The
kaon lab momentum is fixed at p

K

= 870 Mev/c, and the kaon polar angle is
fixed at ✓

K

= 17 deg. The results obtained from two YN potentials (NSC89
and NSC97f) are compared with the results from a Plain Wave Impulse
Approximation (PWIA) [23].
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Data	for	Λn	ScaMering	Length	Determina)on	
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Offer	an	opportunity	to	extract	a	spin-average	Λn	scaMering	length	
using	Gasparyan’s	method.			



Contribu)on	of	QF	in	FSI	Sample	
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7 EXTENSION 1: VARIOUS MISSING MOMENTUM CUT

Table 1: Values of A, B, A
0
, B

0
, A

0
QF

and A
0
FSI

with missing momentum cut at 0.2, 0.25, 0.3 and 0.35 GeV/c separately.

Cut (GeV/c) A B A
0

B
0

A
0

QF

A
0

FSI

0.20 2879393 148935 1820989.5 296275.3 1797914.1 23075.4
0.25 2955592 72736 1875976.5 241288.3 1841156.4 34820.1
0.30 2988819 39509 1909253.7 208011.1 1860931.6 48322.1
0.35 3005483 22845 1935972.6 181292.2 1872809.2 63163.4
0.40 3015664 12664 1960527.8 156737.1 1881382.4 79145.4

Table 2: Values of R1, R2, �, f , pQF

, p
FSI

and plost
FSI

with missing momentum cut at 0.2, 0.25, 0.3 and 0.35 GeV/c separately.

Cut (GeV/c) � f plost
FSI

0.20 1.27% 31.39% 10.19%
0.25 1.86% 18.78% 15.09%
0.30 2.53% 11.83% 20.85%
0.35 3.26% 7.85% 27.44%
0.40 4.04% 4.94% 32.69%

Figure 7: R1 as a function of cut-point.

7

:	FSI	contribu)on	for	data	sample	with	missing	momentum	less	than	cut	point.	
:	QF	contribu)on	for	data	sample	with	missing	momentum	larger	than	cut	point.	
:	How	much	percent	of	FSI	events	will	be	lost	a|er	applying	missing	momentum	
cut.	

�
f

plost
FSI



Summary	
•  First	es)mates	for	the	polariza)on	observables	Cx,	Cz,	and	Py for	the	final-

state	interac)ons	in																									were	determined.	

•  One-fold,	two-fold,	and	four-fold	differen)al	es)mates	were	obtained.		

•  FSI	 and	 QF	 were	 separated,	 and	 the	 corresponding	 observables	 were	
extracted.		

•  Effect	of	FSI	on	the	observables	were	studied.	

•  Data	points	of	 this	work	will	be	used	to	constrain	 free	parameters	of	YN	
poten)als	and	to	extract	a	spin-average	value	of	Λn	scaMering	length.	

�!� d ! K+�!⇤n

38	



Backup	Slides	
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Data	Analysis:	Vertex	Determina)on		

Distance	Of	Closest	Approach	 Vertex	Cut	

40	

L1#

L2#
L#

P1#

P2#

M#

Z-component of Vertex (cm)
-50 -40 -30 -20 -10 0 10

 C
ou

nt
s

0
50

100
150
200
250
300
350
400

310×



Run number
53200 53300 53400 53500 53600 53700 53800

e
El

ec
tr

on
 B

ea
m

 P
ol

ar
iz

at
io

n 
P

76

78

80

82

84

86

88

90
hwp=in
hwp=out

Data	Analysis:	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		
	
Pcir =

E�(E + 1
3E

0
)Pe

E2 + E02 � 2
3EE0

�

Wien-angle:	92.2460		 90.8440	 90.0430	
Ee:	2	GeV	 	2.65	GeV	
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Background	Subtrac)on:	
Eγ	vs	MM	
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Background	Subtrac)on:	
Procedure	of	Simula)on	

43	

•  Generator	for	different	channels	

	
•  Raw	data	a|er	generated	data	processed	through	GSIM	
•  Skimmed	data	a|er	filtering	raw	data	

Channel First step Second step

Quasi-free for signal �p ! K+
⇤ n is spectator

⇡0
mediated for signal �n ! ⇡0n ⇡0p ! K+

⇤

⇡+
mediated for signal �p ! ⇡+n ⇡+n ! K+

⇤

Kn re-scattering for signal �p ! K+
⇤ K+n ! K+n

⇤n re-scattering for signal �p ! K+
⇤ ⇤n ! ⇤n

⌃n re-scattering for ⌃ production �p ! K+
⌃ ⌃n ! ⌃n

Quasi-free for ⌃ production �p ! K+
⌃ ⌃ ! ⇤�

Quasi-free for ⌃

⇤0
production �p ! K+

⌃

⇤0
⌃

⇤0 ! ⇤⇡
Quasi-free for ⌃

⇤�
production �n ! K+

⌃

⇤�
⌃

⇤� ! ⇤⇡�



Background	Subtrac)on:	
Comparison	Between	Simulated	and	Real	Data	
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Background	Subtrac)on:	
Distribu)on	of	Accidental	Events	

45	)2MM (GeV/c
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•  The	 accidental	 track	was	 produced	 randomly	
to	 replace	 the	 corresponding	 track	 of	 our	
reac)on,	such	as	kaon,	proton	and	pion.	

•  The	missing	mass	was	then	recalculated	using	
the	informa)on	of	the	accidental	track.	

MM	for	different	accidental	tracks:	
Accidental	kaon:		
Accidental	proton:	
Accidental	pion:	

q
(p̃� + p̃d � p̃K � p̃pacc � p̃⇡�)2

q
(p̃� + p̃d � p̃Kacc � p̃p � p̃⇡�)2

q
(p̃� + p̃d � p̃K � p̃p � p̃⇡�

acc
)2
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Background	Subtrac)on:	
An	Example	for	One	Kinema)c	Bin	
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Physical	Background	

Mn=0.9396	GeV/c2	

Accidental	Background	

MM =
q

(ep� + epd � epK+ � epp � ep⇡�)2
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Extrac)on	of	Cx,	Cz,	and	Py 
•  The	maximum	likelihood	method	was	used	to	extract	the	observables.	

Probability	density	func)on	defined	from	the	polarized	cross	sec)on:		

Total	likelihood	is	the	product	of	the	likelihoods	for	all	individual	events:	

•  Simultaneous	extrac)on	of	polariza)on	observables.	
•  Reliable	extrac)on	even	with	a	small	number	of	events.	
•  Bias	 is	 negligibly	 small,	 while	 bias	 of	 observables	 extracted	 from	 a	 binned	

method	is	much	larger.	

•  The	maximum	likelihood	method	has	advantages	compared	to	binned	
methods.	
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Extrac)on	of	Cx,	Cz,	and	Py 
			The	maximum	likelihood	method	was	used	to	extract	the	observables.	

Probability	density	func)on	defined	from	the	polarized	cross	sec)on:		

Total	likelihood	is	the	product	of	the	likelihoods	for	all	individual	events:	
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Observable-Extrac)on	Methods		

•  One-dimensional	fit:	

•  Two-dimensional	fit:	
	
	
•  Maximum	likelihood	Method:	
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Results	for	Cx	and	Cz	from	Different	Methods	

cosθK:	[0.35,	0.55]	

cosθK:	[0.35,	0.55]	
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Comparison	With	g1c	Results	

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

cosθK:	[0.35,	0.55]	
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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.	
•  A|er	 raw	 data	 were	 skimmed,	 the	 observables	 were	 extracted	 using	 the	

maximum	likelihood	method	and	the	binned	methods.		
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		Eγ:	[1.5875,	1.6875]	GeV	and	cosθK:	[0.35,	0.55]		
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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	fi`ng	can	reduce	the	effect	of	the	acceptance	to	some	extent.	
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Effect	of	Missing	Momentum	Cut	

The	 missing	 momentum	 was	 cut	 at	
points	0.2,	0.1	and	0.05	GeV/c.	

cosθK:	[0.15,	0.35]	
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Results:	Axis	Conven)on	of	the	Quasi-free	
Mechanism	
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Results:	Results	for	the	Quasi-free	
Mechanism	
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Results:	One-fold	Differen)al	Es)mate	
of	Cx	for	the	Final-State	Interac)ons	
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Results:	One-fold	Differen)al	Es)mate	
of	Cz	for	the	Final-State	Interac)ons	
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Results:	One-fold	Differen)al	Es)mate	
of	Py	for	the	Final-State	Interac)ons	
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Two-fold	differen)al	es)mates	
	Cx(Eγ, θ’

Λ), Cz(Eγ, θ’
Λ), and Py(Eγ, θ’

Λ) 	
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Results:	Two-fold	differen)al	es)mates	
	Cx(pK, θ’

Λ), Cz(pK, θ’
Λ), and Py(pK, θ’

Λ) 	
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Results:	Two-fold	differen)al	es)mates	
	Cx(θK, θ’

Λ), Cz(θK, θ’
Λ), and Py(θK, θ’

Λ) 	
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Results:	Two-fold	differen)al	es)mates	Bin	
Setup	in	Eγ and θ’

Λ 	
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Discussion:	Effect	of	Missing	
Momentum	Cut	

The	missing	momentum	 is	 cut	 within	 different	 ranges:	 0.2	 −	 0.1	
GeV/c,	0.05	−	0.1	GeV/c,	and	0	−	0.05	GeV/c.	

cosθKCM:	[0.15,	0.35]	
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Discussion:	Examples	of	1D	Fit	
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 / ndf 2χ  132.8 / 8

Prob   7.532e-25

p0        0.00592± 0.07179 

p1        0.00334± -0.1187 

 / ndf 2χ  132.8 / 8

Prob   7.532e-25

p0        0.00592± 0.07179 

p1        0.00334± -0.1187 

Simulated	Data	
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Sta)s)cal	Uncertain)es	
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Number of Events
210 310 410 510 610

σ

0
0.1
0.2
0.3
0.4
0.5

p0        0.03731± 2.645 

p1        0.002113± 0.5031 

p2        5.101e-05± 0.000147 

p0        0.03731± 2.645 

p1        0.002113± 0.5031 

p2        5.101e-05± 0.000147 

Number of Events
210 310 410 510 610

σ

0
0.1
0.2
0.3
0.4
0.5

p0        0.03511± 2.569 

p1        0.002048± 0.5064 

p2        4.642e-05± 0.0002039 

p0        0.03511± 2.569 

p1        0.002048± 0.5064 

p2        4.642e-05± 0.0002039 

Number of Events
210 310 410 510 610

σ

0
0.1
0.2
0.3
0.4
0.5

p0        0.03589± 2.671 

p1        0.002022± 0.5044 

p2        4.935e-05± 0.0001422 

p0        0.03589± 2.671 

p1        0.002022± 0.5044 

p2        4.935e-05± 0.0001422 
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A	 study	 by	 simula)ons	 is	 used	 to	 test	 if	 sta)s)cal	 uncertain)es	 of	 the	
observables	extracted	by	a	computer	program	are	reliable.	
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