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Yg!| Overview:

= What are the polarization observables?
= Explain what C, and C, and P represent
= Brief survey of recent data and models:
= P J. McNabb et al, Phys. Rev. C 69, 042201 (2004).

= C,, C,: R Bradford et al, Phys. Rev. C 75, 035205 (2007).
= GRAAL (P), LEPS (), CLAS electroproduction.

= CLAS finds: P?+C2+C201

for K*A

= The A is produced fully polarized off a circularly

polarized beam . Whyl?

= A quantum mechanical interpretation
= R.S,, to be published Eur. Phys. Jour. A, arXiv:nucl-ex/0611035

= A semi-classical interpretation

6-20-2007 R. A. Schumacher, Carnegie Mellon Univers
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Ygt| Helicity Amplitudes
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16 Pseudoscalar Meson
Photoproduction Observables

Table 1

Observables

Usual Helicity Experiment Type
symbaol  representation required a)

dofdt NP+ P+ 402 (- o)

Lo
. . . T dojdr 2Re(S1S; — ND*) {f(’j”g’ =}
Slngle POIGrIZGTlon Tdﬂfdt EIM(SIN*—S D*) {_';]V’;_} S
e {LG7,0):0;y}
~; ¥}
_Pdofclr Am(S,N* — §,D%) . & Lo yi -}
Gdoldt —21m(5;S,* + ND*) {Leim;z; -}
Hdo/dt -2Im(S,D* + S,N*) {Legmsx; 1
eam & Target 2 Sy DN BT
Eda/dt  1Sa12 =181 — 1DI*+ IV {e;2; -}
Fdo/dr 2Re(S;D* + §1V%) {eyx; -}

Oydafdi —2Im(S;D* +S;N*)  {L5m; —5x'}
B & R I O,dofdr —2Im(S;Sy* +ND*)  {L(zfmy; —;2'}
eam ecol Cydo/dr —2Re(S;N* + §1D%) e BR
C,dofdr 1S3~ 1S, —IN?+ D> {e; 12}
Tydo/dt 2Re(S;5;* + ND¥) {—;x; x'}
T,dafdr 2Re(S;N* — S2D%) {-3x;2'}

T(lr'ge'r & R@CO'I L,do/dt 2Re(S;N* — S1D*) {-iz;x'} "

Lydofde 1842 +Sa° =NV —iD?  {—:z:2'}

2) Notation is {P‘r;PT; PR} where:
P_ = polarisation of beam, L(8) = beam linearly polarised at angle # to scattering plane,
C'= circularly polarised beam;
Py = direction of target polarisation;
Pp = component of recoil polarisation measured.
In the case of the single polarisation measurements we also pive the equivalent double
polarisation measurement.

6-20-2007 I. S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95 347 (1975). .
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Yg'| Polarization Observables

= Photoproduction described by 4
complex amplitudes

= Bilinear combinations define 16
observables

= 8 measurements needed to separate
amplitudes at any given W
= differential cross section: do/dQ
= 3 single polarization observables: P, T, X
= 4 double polarization observables...

CLAS FROST program aims to create a "complete” set

R. A. Schumacher, Carnegie Mellon University



Yg| Defining C, and C, and P

Circular real photon K+
polarization  _7 Wcm
3 proTon

________________________________

)A(

9
A Measure polarization
o T
i | transfer fromy to ¥
e @@) ----- g /n the production
- lane, along “z" or "x"
i )/lF—:* .-§i7:> | P J

6-20-2007 R. A. Schumacher, Carnegie Mellon University



Yg| Defining C, and C, and P

do do
pYE:K {1+GyP+PD (CX6X+CZGZ)}

K™ lunpol.

Py = (1+5 Dlsv) < density matrix; c: Pauli spin matrix

R =P C, < transferred polarization along x
Ry =P < induced polarization along y
R.=PC, < transferred polarization along z

|

R Y
X lé
y Notation: I.S. Barker, A. Donnachie, J.K. Storrow, Nucl. Phys. B95 347 (1975).

N

6-20-2 Z R. A. Schumacher, Carnegie Mellon University
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Yg'| Measuring C, and C,and P

= Unpolarized beam:
= Sensitive to P only: e.m. parity conservation

= Use A weak decay asymmetry w.r.t. y axis
| (c0s®,)=3(1+aP cos®,)

= Circularly polarized beam: 5 Kk
L. RCH roton
= Sensitive to C, and C, A~AS LG
via helicity asymmetry A@/ 1.
Jo— S
e Z proton _
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Tg'| Experimental Method

= Construct beam g o —
helicity asymmetries £ e oo
from extracted yields. § m\ cos(0™)=0.05
= Slope of asymmetry z 0 Ty
distribution is prop- © %Fﬁﬂﬁ o
ortional o C,and C, =03 U
observables: S
@ o6 ' ' -
-1 —-0.5 0 0.5 1
A(cos Hpi) - I[:ll ;E =aP Ccoso, cos(8,,)

N, = helicity-dependent yields
o = A weak decay asymmetry = 0.642
P, = photon beam polarization (via Moller polarimeter)

6-20-2007 R. A. Schumacher, Carnegie Mellon University



Yg'| The CLAS System in Hall B

CEBAF Large Acceptance Spectrometer

Torus magnet
6 superconducting coils

Electromagnetic calorimeters
Lead/scintillator, 1296 photomultipliers

Liquid H, target +
y start counter; e minitorus

Drift chambers
argon/CO, gas, 35,000 cells

glc”

Gas Cherenkov counters
e/n separation, 256 PMTs

Time-of-flight counters
plastic scintillators, 516 photomultipliers

6-20-2007 R. A. Schumacher, Carnegie Mellon University 10



Yg!| P vs. W Results for A

Positive at backward Kangles —— m\
< B Tt T n 3
1F cos(OF™) = =0.7 _+_ _h
7777 et T T T
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J. McNabb et al. (CLAS) Phys. Rev. C 69, 042201 (2004). ,,

' Whaeyhen—
W (GeV) Negative at forward K angles
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v+p = K +A

Yg'| Recoil (Induced) Polarization,P
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voniprese oo the predictions of the BCC (solid line), SAPCC (dashed line) and GI (dotted line) models.
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2% C VS. W Resul’rs forA

¢
i ~..Q..o..(.).0o<3r4>.<‘|>:ac>.(.f?...4.).45 ..... _\ G520
N \~~.. _ ML
QO

1 S cos(05™)=0.65 cos(05™)=0.85

1.6 1.8 2 2.2 2.4 2.6

W (GeV
< > R. Bradford et al/, Phys. Rev. € 75, 035205 (2007).

R. A. Schumacher, Carnegie Mellon University 13
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Yg'| Model Comparisons

s Effective Lagrangian Models
= Kaon-MAID; Mart, Bennhold, Haberzettl, Tiator
- 5,(1650), P,(1710), P5(1720), D,5(1895), K*(892), K,(1270)
= GENT: Janssen, Ryckebusch et a/; Phys Rev C 65, 015201 (2001)
- 5,(1650), P,,(1710), P;(1720), D,5(1895), K*(892), A*(1800), A*(1810)
= RPR (Regge plus Resonance) Corthals, Rychebusch, Van Cauteren, Phys Rev C 73,
045207 (92086).

s Coupled Channels or Multi-channel fits
= SAP (Saclay, Argonne, Pittsburgh) Julia-Diaz, Saghai, Lee, Tabakin; Phys Rev C
73,0 5201(2086).
= rescattering of KN and nN
- 5,4(1650), P5(1900), D,;(1520), D,;(1954), S,,(1806), P,;(1893)
* = BGG (Bonn, Giessen, Gachina%: Sarantsev, Nikonov, Anisovich, Klempt, Thoma;
Eur. Phys. J. A 25, 441 (2005)
= multichannel (pion, eta, Kaon) PWA
. P,(1840), D,;(1875), D,5(2170)
= SLM: Shklyar, Lenske, Mosel; Phys Rev C 72 015210 (2005)
= coupled channels
. 5,(1650), P,;(1720), P,;(1895), but NOT P,,(1710), D,5(1895)

= Regge Exchange Model

= M. Guidal, J.M. Laget, and M. Vanderhaeghen; Phys Rev C 61, 025204 (2000)
= Kand K*(892) trajectories exchanged

6-20-2007 R. A. Schumacher, Carnegie Mellon University
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Saclay, Argonne, Pittsburgh

C, vs. W Results for | -S-h;;y-j'-f;f;;f;ggf‘-gf

6-20-2007

cos(@ )=0.65

1.6 1.8 2

M
W (GeV)

R. Bradford et al/, Phys. Rev. € 75, 035205 (2007).

R. A. Schumacher, Carnegie Mellon University
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BARYONS 2007, E. Klempt

C C Fit: Bonn-Gatchina multiple channel fit
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Yg'| K*A Electroproduction
e

X (hadron plane) yA
electron
scattering plane |

Z

hadron reaction plane

The same large polarization
transfer along photon direction
(not the z' helicity axis) is seen in
CLAS electro-production. ey E 20

W (GeV)
ATWES TnSU
0.3 < Q%< 1.5 (GeV/c)? Wiceo  TMFE TMo2
D. S. Carman et al. (CLAS) Integrated over all K angles wicoz

Phys. Rev. Lett. 90, 131804 (2003). (Dipole A, K FFs)

6-20-2007 R. A. Schumacher, Carnegie Mellon 1.5, Carman = F99—Ma Analysis 17



Yg'| Beam Asymme’rry ))

v+p > KT+A 08 =

02 — I___i__“‘r‘—o:i

[ G.ﬁ_ I T -0.2
os | i g a8 15<E<16. dCT dCT
by L e | R - {1+2P, cos 24}
0.0 [ty ae /4
02} W 8 L hy” oe [ 1.6<E,<1.7 dQ N dQ N
ik esomev L I A K unpol.
0.4 80 MeV [ 1027 MeV r 1074 MeV 0=
S| S NS | | B | N [ B t2 e TN e
N T 223_2_17<E,§1 8 )
. N ey, GRAAL threshold range,
G I o B e Eg <15 GeV
: v
02 ATV 1 Bt T S 'ﬁ -0.6—1?<E1$2 .
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r HIIII‘III"II_IVI‘II IIIIII 6‘0";'2'0"}80 CUU-G* | . . ® )
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H Nl 3 A S N R
w1 GRAAL .. > is smooth and featureless
o F 0.2 — .
i TR S v B e at all energies and angles.
0 60 120 80 60 120 180 e ; ; ;
®cm oz |- i " he
02—
Tig, L Aol Gl tions o s b seremti 7o e KAl g g et s 08 [ 2SEFEY) LEPS
models. 0.6 a7 08 0.9
cos(GcT)
F]G 3. B eam pn]irlmtmn Asymme 111 es for the p(§, KT)A
“ ction of
R. G. T. Zegers et al. (LEPS) Phys. Rev. Lett. 91 092001 (2003). oo

dashed lines) and by Jdnss n

A.Lleres et al (GRAAL) Eur. Phys. J. A 31, 79 (2007). wasca witn tne experimenta

6-20-2007 R. A. Schumacher, Carnegie Mellon University



Y¢'| Unexpected Result / Puzzle

J  What is the magnitude of the A hyperon's
polarization vector given circular beam
polarization?

0 Expect: R? = P? +Cf +C22 <1

d Ris not required to be close to 1, BUT angle &
energy average turns out to be:

R=1.01+0.01

d How does A come to be 100% spin
polarized?

d  Not required to be polarized in hadrodynamic
models

R. A. Schumacher , Carnel gie Mellon University



7K+ R V S TOr RE\/P2+CX2+C22
)

/' W= 1.67GeV f W= 1.73CeV qf C W= 1.78CeV
4 I ]

++—*"'—‘—’—;;+—+¢¢.‘—*’

arized beam.

6-20-2007 R. A. Schumacher, Carnegie Mellon University 20




%
Yg'| Average R Values for the A
1.2 17— L L T T RE\/PZ-I'C)?—FCZZ
« : S ;i
TH71 I S B f
0.8 | |
G 06¢L D —
7 0s: Energy average vs angle \ ; R=1.01£0.01
L 02F :
0 3" =08-06-04-02 '<6' ')'oé 0.4 06 08 1 1%y~ 1.18 (good)
cos(O™
1.2 17— T T T T ] T — T ]
T S SN S S o S S
S ost __\Energy and
+ o E
U ..0  Angle average vs energy angle averages
% ook are consistent
0 i3 with unity.
W (GeV)

No model predicted this CLAS result.

6-20-2007

R. A. Schumacher, Carnegie Mellon Uni
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Yg'| Ansatz for the Explanation

Quark-level dynamics K+ -
manifest at the baryonic =
level. unpolarized
Y 35, ¢ meson proton
P Su— -
s ! ﬂ .......
e T S O diquark

s

iy "\
S = 0 diquark *: h s-quark is produced polarized in a VDM
picture. The hadronization process pushes

its direction around, but it retains its full

polarization magnitude.

6-20-2007 R. A. Schumacher, Carnegie Mellon University 22



Tg'| Quantum Mechanical Model

Fact: a spin-orbit or spin-spin type of Hamiltonian leaves
the magnitude of an angular momentum vector invariant.
I.e. the spin polarization direction, P, is not a constant of
the motion, but its magnitude is. -
B :<&>: Xy OX _ X,5 05X
Y t ot
Ay Xy ZOS S Yo

Scattering matrix:

<[ 9O h@e"
-h(9)e”  g(6)
n:normal to reaction plane

g(d) : spinnon-flip ampli’rude} | |
h(6) : spin flip amplitude Key ingredients

R. A. Schumacher , Carnel gie Mellon University

j: g(8) +ih(8) A



C,,C

,, and P in terms of amplitudes

Yg'| 9(8) (non-flip) and h(8) (spin-flip)

Measured
components
of A hyperon -
polarization

/V

"\

P

do

——=g'g+h'h

dQ

YXx

Yy~

Y z

thrth__CP

gg+hh
gh h"g

gg+hh

_99-11p _cp

g'g+h'h

N

7

yA

n

>"Observables

Can solve for g(0) and h(6) magnitudes and phase difference
using the measured values of C,, C,, P and do/dQ.



Tg'| amp

iItudes

C,, C,,and P in terms of helicity

1

Measured
components of

hyperon —

polarization \

do

<o =INF (s s, +[D[

ol

Y X

Yy

Y z

~ —2Re(FN"+FD)
N[ s +fs [ +[of
N[ -8\ +[s,| +[Df
\N\2+\Sl\2 + 82\2+ D\Z
+2Im(F,N"-FD")
S

/

=C,P

X'

N\

/

z

> “*Observables"

Work in progress: relate gand h to N, S;, S,, and D. Make
predictions for other observables such as X, O, and O,.



Yg'| Quantum Mechanical Results

= Thus, the polarization observables C,, C,, and P
are "explained” in ferms of two complex
amplitudes

= g(0) -spin non-flip transition amplitude for a spin %
quark described in a z-axis basis.

= h(B) - spin flip transition amplitude for...(etc).
= g(0) and h(6) arise from a "deeper” theory of the
hadronization process that we do not have.
= By construction, any g and h leaves |2,| unchanged.

= BUT, we can do better, using a physical picture
based on a semi-classical model (see next).

R. A. Schumacher, Carnegie Mellon University



Y| Semi-Classical Model

» Fact: the expectation value of a quantum mechanical
spin operator evolves in time the same way as the
classical angular momentum "spin” vector does.

= (cf. Cohen-Tannoudji p450, or Merzbacher p281).
= For any interaction of the form H., =QUo one gets

d<5‘_ dIS(t)_* B = Ot x5
hT=hT—Q(t) P(t) =Q(t) <U>

= For this discussion (j —>B . where B is the external field of
proton and/or magnetic moment of another quark.

= Use a spin-spin and spin-orbit type of interaction to
model polarization evolution during hadronization.
= use classical electromagnetic field interaction
= scale up strength to model strong color-magnetic interaction

6-20-2007 R. A. Schumacher, Carnegie Mellon University 27



Tg'| Semi-Classical Model ..

unpolarized
V4 35S, ¢ meson ) proton
_ ' , ST B ,'/4_-;\\‘
| reall the picture o 520
. 4 =" diquark
iterally . "
5=0 g
diquark

= The virtual S S pair in a spin “triplet” state is
subject to a spin-spin dipole interaction

= The approaching charged proton serves to precess
both spins via spin-orbit interaction:

—

Tquark — /uquark X Bproton

= Spins interact with moving proton and each other
during hadronization length/time: R, ~1fm

= A carries spin polarization of s at freeze-out time

6-20-2007 R. A. Schumacher, Carnegie Mellon University 28



Yg'| Contents of the Model:

= Quark g s triplet spaced according to photon +1/4 in
{v.p} c.m. frame, A=hc/p,,

» Field of quarks: classical dipole form:

B B} g 2m [ en
B=F[3(y[r)r—y] where yzgyoh:[asm:](zmpj ;(;+1)

—r/r

= Proton charge distribution: p(r) = p.e . and

r,=R_ /<12 whereproton R_. =0.86fm

= Proton motional B field in c.m. frame:B(F) =— (¥, xE(7))

C

= Impact parameter, b, maps onto scattering angle 6,
via the Rutherford-like form 0 =2tan(2b/r,)

6-20-2007 R. A. Schumacher, Carnegie Mellon University 29
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Yg'| Demonstration animation...

= (Hope this works...)

= Proton knocks spins
of f axis initially...

= ..then spin-spin
interaction rotates
spins out of
reaction plane.

= Impact parameter
maps to scattering
angle

= Spin direction is
frozen after one
hadronization
time/length elapses

6-20-2007 R. A. Schumacher, Carnegie Mellon University 30



B Quark Torque [= J|= || I Quark Torque

Initial Configuration Constant external field iny

==X

nnnnn
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(%

6-20-2007 R. A. Schumacher, Carnegie Mellon University



Yg'| Preliminary Result, W=2 GeV

M Cx (red), Cz (blue), and P (green) H=IEl «  Observed phenomeno-
logy is reproduced:
1.0 €xCz P = C,is large and positive

= C, is small and negative

= P is negative at
forward angles,
positive at backward
angles

_ = The electromagnetic
] interaction not strong
enough to account for
observed magnitude:
scale up strength by
x30

= Suggests that color-
magnetic effects are
what we are actually
modeling

1.0

6-20-2007 R. A. Schumacher, Carnegie Mellon University
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Conclusions

The 100% polarization of the A in K*A
photoproduction is a remarkable new fact.

Ansatz: Photon couples to an ss spin triplet,
followed by spin precession in hadronizing
system.

Spin flip/non-flip amplitudes can model this
phenomenon quantum mechanically.

Dipole-dipole & spin-orbit interactions (e.m.
or color-magnetic) offer a physical picture of
spin precession during hadronization.

Continuing program at CLAS (FROST, HD-ice)
will pin down more hyperon polarization
observables.

R. A. Schumacher, Carnegie Mellon University
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¢'| Analysis Ingredients

o(l’y,K'}Y missing mass

200

1. Require K* and p detection

2. Hyperonyields from (y,K*)Y — ]
m.m. by 2 methods:
= (Gaussian + polynomial fits
= sideband subtractions 0 |

3. Beam polarization

100

e 7 % -
\ Cg)ﬁik)%;jtﬂ/ .i’,‘é ]

£ =2.0 GeV

o Tl

= Moeller scattering for electron

beam: 65i3°/o .

= Pol. Transfer to photon in
Bremsstrahlung: oisen & Maximon

4. No Wigner rotation of spins

= Polarization is the same in Y
rest frame and c.m. frame

Polarization
o
W

0

6-20-2007 R. A. Schumacher, Carnegie Mellon University

1 L
1.1 1.2
Missing mass (GeV/c)

M

0.5 1
Ratio of photon to e- energy
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Tg'| Quantum Mechanical Model

Fact: a spin-orbit or spin-spin type of Hamiltonian leaves
the magnitude of an angular momentum vector invariant.
I.e. the spin polarization direction, P, , is not a constant of

the motion, but its magnitude is.
5 _ oy X0 _X,5'05%
=(6)="F—= fgtg
YAy A X2 20

where y;, are spin 1/2 states w.r.t. the z-axis basis, i.e.

el 25z

The scattering matrix, S, has the form:

6-20-2007 R. A. Schumacher, Carnegie Mellon University 36



Scattering matrix:

— - [ 9(0) h(@)e™ B . N
S _[—h(é’)e”’ 1(6) )_g(é’)ﬂh(é’)n[b

~!

n:normal to reaction plane
g(8) : spinnon-flip ampli’rude} | |
h(6) : spin flip amplitude Key ingredients

Use a density matrix formalism and trace algebra to find:
P. (9" +h"h+i(g"h—h"g)(F,))
=(i(g"h—h"g)+2h"hR,Hi)A+(g"g —h'h)B, +(g"h+h"g)(P, x )

For the CLAS experiment P, =(0,0,P, ) , so we have
expressions for three orthogonal components of the final
state polarization P; .



Yg'| Comparison to pQCD limits

= A. Afanaseyv, C. Carlson, &

" | { + | | | ‘ '4 | C.Wahlquist predicted
- “_”_'f'_"_”_"_”_“_”_'f'_'l”_"_”j _f'_'_+f“+M_“_;'_f_”_j'_”_f_'_”_"_;'_”_fff__'_”_f*”l'”'_'_”_"__“.”_f'.' """"""""""" | [Phys Lett B 398, 393 (1997)]:
o 00T * t ¢t i} = Forlarge t, s, u
0 | P=¢C/=0
~0.5 - . C, = (s?-u?)/(s?+u?) > 1 at
R I T S large t and small u
-3.5 -3 -2.5 -2 -1.5 —1 -0.5 0
2 = Based on s-channel quark
1.5 ..E<Ge\/?,, helicity conservation
O N N | = CLAS data shows clear
sl b | helicity NON-conservation
S l = Spin of A points mostly
0 s | $ ot * along z for all production
~05 - [ * ¢ ¢ ¢ . angles
e b cnir ool w CLAS largest t/ smallest u
—-3.5 -3 -2.5 -2 -1.5 —1 -0.5 0 H_ . \\f . 1_ du
£ (GeV?) results are in “fair to goo

agreement with prediction
= ..but so what?

data from cos 6,5™ = -0.75

6-20-2007 R. A. Schumacher, Carnegie Mellon University



Average R Values for X°

-l
o)

1.85--'|"'|"'|"'|"'|"'|"'|"'|"'"'E RE\/PZ-I'C)?—FCZZ
s @ - Energy ?vercgge vs angle
T Tk ] 1=
08k f l f % i \ R =0.82+0.03
+ 88;: &
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