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Beam ' H-m‘"‘*'*----,_““ ' o | Ca I Tec h; 1 IOO M e v
éfg 5 Jp e Bremsstrahlung
beam

= "Threshold" for Q°
production of kaons

y+p2 K+ Aat
E, =911 MeV

Eo = 1000 MEV Eo = 1100 MEV
SR -3 I FRINTE = Compared energy-
HETIE B SR loss dE/dx spectra
HEE AR B S 'S in Two counters...
4 Sl T = A not directly
e UL reconstructed

Pulse Height in C;

F16. 2. Correlations in the pulse heights from counters C; and Cs
showing the pion peak and the cluster of points caused by K
mesons. These data are for a momentum p= 520 Mev/c and a lab

25°, corresponding to K mesons produced v 1NAN Mo

P00 Mo e ome b Pt * Y P. L. Donoho & R. L. Walker Phys. Rev. 107 1198 (1957)



An Early Bremsstrahlung Exp't
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= Cornell 1.4 GeV
electron beam
- Bremsstrahlung
photons

= Magnetic
spectrometer
= Time-of-flight (TOF)
K/n separation
= Fixed angle &
momentum
= "steps” due to A, X°
formation

R. L. Anderson et al.,

Phys. Rev. Lett 9 131 (1962)



Yg'| The "Missing Mass" Technique

Incldent Photon:
known 4-vector

P,

Final State Meson:
measured 4-vector

/ pkaon
Interaction!
0’.
Target Proton: R
known 4-vector *e4 Final State Hyperon:

UN-measured 4-vector

pproton phyperon

From Special Relativity:

2
2 (= — —
M hyperon ( py T pproton o pkaon)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University




1st Hyperon Mass Spectrum
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Fig. 1. One of the missing mass spectra obtained from
h:.rdrogEn The upper graph (a) is a derivative of the

- e e
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PR . NI, Y

L 1. T 1 1S

Used SLAC
Bremsstrahlung photon
beam: 11 GeV endpoint

Far above the nucleon-
resonanhce domain

20 GeV Spectrometer
= Angles below 5°

Obtain integrated cross
sections at ~11 GeV for
4 hyperons

A. M. Boyarski et al.,

Carnegie Mellon University Phys Lett 3481 547 (1971)



Yg'| How is A Polarization Measured?

In A rest frame: = Pick any axis along
----------------------------------------------------- which parity allows
o the A to be spin
\@ ____________________ polarized

X ‘ ®\p s 3> 3+ +0 S-wave
Y >0 - Parity forbidden

’ Vi oton |

SR — Sl & 15 1+ 0 P-wave

= Parity allowed
1(©,) = Io(l_l_aPA COS(@p)) = S-P interference
gives cos 0 term
with o, = .642

"Hyperon weak decay asymme’rr'y

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee




Tg'| 157 Recoil Polarization Setup

s Cornell 1120 MeV
Bremsstrahlung
beam

= Detect "up-down"
asymmetry of
protons from A

SWEEPING &dE#” COLLIMATOR

CONE OF
DECAY PROTONS

o7 Kt E ﬁa‘lx"- TELEYSGOPES// SIi_E OF decaY'
G e, | o S e
K _onores D = Measured result
QUANTAMETER :@: PA ~ +O. 2 near‘

@K:900 c.m.

prague, 9-2010 ~asne H. ThOM et al., Phys. Rev. Lett. 11, 433 (1963)
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FIG. 1. Schematic diagram showing side view of one
spectrometer. C denotes a wire spark-chamber mod-
ule, S denotes a trigger counter, and H denotes a hodo-

scope.
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(Missing Mass)? in (GeV)?

1s* Electroproduction Sighting

Cambridge Electron

Accelerator (CEA)
(Massachusetts, USA)

Two-arm
spectrometer for
e+p> e + K +Y
Kinematics:
= 0.18<Q%<1.2 GeV?
= 1.85<W <2.60 GeV
= O< O 28°
m gV 085

Found X%A ratio
smaller than in
photoproduction

Prague, 8-2010 ~» C. N. Brown et al. Phys. Rev. Lett. 28 1086 (1972).



Kaon Photoproduction

yp — KY cross section

Prague, 9-2010

vy

ToK
RESONANT "\ N °*

(+BACKGROUND) A \x YL&X / K

L
s T BACKGROUND : K

} Fy. v
"high—energy"” |
region . perturbative
. QCD

resonance
region

— — — -

911 3-4 photon energy (GeV)

R. A. Schumacher, Carnegie Mellon University 11



Contributing Processes

Prague, 9-2010

R. A. Schumacher, Carnegie Mellon University

+ channel

couplings...

12



Yg'| Resonances in Quark Models

N* Status | SU(6) ® O (3) | Parity | A* Status | SU(6) ® O (3)
Py, (938) [ **** (56,07) + [ P33 (1232) [ **** (56,0T)
S11 (1535) [ ¥*** (70,17)
Si1 (1650) | **** (70,17) S31 (1620) | **** (70,17)
Dy3 (1520) | **** (70,17) D33 (1700) | **** (7017}
Di3 (1700) | *** (70,17)
® Dy5 (1675) [ **** E)
; Py; (1520) | %%+ (56,07) P3; (1875) | **** (56,27T)
¢-o Py (1710) | *** (70,0%) + | Pa (1835) (70,0%)
P1; (1880) (70,2%)
’ Py (1975) (20,1%)
P13 (1720) [ **** (56,27) P33 (1600) | *** (56,07)
O P13 (1870) * (70 0+) P33 (1920) Tk (56, 2+)
P53 (1910) (70,2%) + | P33 (1985) (70,2F)
P13 (1950) (70,2%)
P13 (2030) (20,17F)
F5 (1680) [ **** (56, 27) F35 (1905) | **** (56,2T)
Fy5 (2000) | ** (70,2%) + | Fs5(2000) | ** (70,2%)
Fi5(1995) (70,27)
Fi7(1990) | ** (70,2T) - Fa7 (1950) | *¥*** (56,27)

= niN decay angular momentum state
(maSS) | = isospin x 2

Prague, 9-2010 J = total spin of resonance x 2



Y ¢'| The "Missing Baryon" (N*) Problem

.— Center of mass energy of baryonic system

E w

=y L

23 & 2.28
- N to Ny, Nz, and AK model amplitudes
e [ I [ dl= :— [ seen in NI
r = ==
weak of missing
2100 = | e | e | '
f— = [ E— r—— .
| = My amplitudes
— =
2000 o s — 1] D.f.nml.n
E - | — Mev e
— -
— =
1 -5 _(:b 1 .92 1900 -__ I ] M amplitudes
L 3 | P — 1
- 0 5 1D
Mev U<
1500
e Be— AK amplitudes
oo 0 5 1D
' MeV M-
.......................... AKX ABssbeld. | ...
1600
o 7 1 48 L5000 _—
. = . - _ .

1400 - L l ] ! ! ! |
N1/2 Ni/2 Ns/2 N7/2 N1/2 N33 Ns/2 N2

N baryon model states

Prague, 9-2010 S. Capstick and W. Roberts, Phys. Rev. D 58, 074011 (1998).
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Meson Photoproduction Cross Sections

—
y i 1000

1 1 T T T T T 1 T 3
100 -
10 E
) : &
° : K*A ]
| 3 E
0.1 <

0.01 A I |
" 0.5 | 15 2 2.5 3

E { GeV)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University



Yg'| N* Physics via KY Channels

s N*>KY decays are significant two-
body decay channels in the mass range
of the "missing” resonances (few ub
near 1.6 to 2 GeV).

= Hyperons have PV weak decays, "self-
analyzing”, induced and transferred
polarization are measured easily

= Full experimental decomposition of
reaction amplitudes - models can
divine the N* content of the reactions.

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University
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Yg'| The Observables: 0" mesons

= Photoproduction described by 4
complex amplitudes

= Bilinear combinations define 16
observables

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

* W-T. Chiang and F. Tabakin Phys Rev. C 55 2054 (1997)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University



Prague, 9-2010

4 Helicity Amplitudes
L =
Yy AN — |
- . N No overall helicity flip
A K = ly—=(p-MI

51 Single helicity flip

y AN —— P
= S Single helicity fli
A —— —ooo- > K 2 g9 Y Thp

D  Double helicity flip

R. A. Schumacher, Carnegie Mellon University
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. 16 Pseudoscalar Meson
YK'| Photoproduction Observables

Table 1

Observables | For, v + pel K.,. A:
Usual Helicity Experiment
symbol  representation required

R. Bradford et a/. PRC 73
035202 (2006), M. McCracken et al,

PRC 81, 025201 (2010).
C. Paterson et al. (Glasgow),

to be published
J. McNabb et al. PRC 69 042201

(2004), M. McCracken et al, PR C 81,
025201 (2010).

FroST (g9a) under analysis

FroST (g9b) data in 2010

C. Paterson et al. (Glasgow),

to be published

R. Bradford et al. Phys. Rev. C 75
035205 (2007)

FroST (g9b) data in 2010

Single Polarization

Beam & Target

Beam & Recoil

Target & Recoil |
FroST (g9a) under analysis

I. S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95 347 (1975). 19



Modern Facilities

ggggggggggggg

s CLAS at Jefferson Lab

= Hall A and C Spectrometers at JLab
« LEPS at Spring-8

s GRAAL at Grenoble

= SAPHIR at Bonn

s KAOS at Mainz (near future)

In this talk I will feature JLab setups...

R. A. Schumacher, Carnegie Mellon University



| CEBAF accelem’ror at JLab

Continuous Electron Beam

* Energy 0.8 — 6.0 GeV

« 200 pA, polarization 75%

* 1499 MHz operation

« Simultaneous delivery 3 halls

~!

Prague, 9-2010 21



= Most versatile detector system at
Jefferson Lab

= Beams of up to 6 GeV real photon and
electrons (=>virtual photons) on
hydrogen or light nuclear targets

s Detect multiple particles per "event”

= ~200 physicists from [FEEEEEE T
~35 institutions from | :’st-ff*; T
~8 countries 1 ey b A




Yg'| The CLAS Detector 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

Gas Cherenkov counters
e/n separation, 256 PMTs

Time-of-flight counters
plastic scintillators, 684 photomultipliers

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 23






Prague, 9-2010

= Built at Carnegie Mellon and
Pitt, then installed at JLab
in Newport News

s /776 "sense wires" and
readout electronic channels

= View is of the 3 assembled
structure, oriented sideways

= ~$750k, ~5 year project

= Has been in operation since
1998

R. A. Schumacher, Carnegie Mellon University

25
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The CLAS Photon Tagger

electrons

Prague, 9-2010

— BREMSSTRAHLUNG TAGGING SYSTEM

1
: photons
1 : Flux Return Yoke
) Radiator @
-2 — :‘H\
E Focal Plane, s, S\ _—Full-energy (Eo)
= 384 Front . o X Electrons
> 3 Counters ~
( — energy)
-4 — 48 Backing
Counters =) ~,
{ — timing) . =
5= [WEo=0%5 I"_I IA_I I‘a R )
o 2 R | I I I I I I I I I i

X [m]

— CESAF
v, burkertbremssirCim 22093

R. A. Schumacher, Carnegie Mellon University
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Yg'[Tagged Polarized Photons in CLAS

tagged photon facility simulated coherent brem. spectrum

deftectdys =
chamber  tagger collimator = 50um diamond
——— I - F B, = 1.2 rmrad
o 5 0, =11.7 mrad
: T o
I target : 2E o Beam Energy = 4.4GeV
goniometer, ; ol E - — polarised photon peak
diamond R = .
:_;;ao‘*‘hii{'}ﬁ:b E = collimated
L ' R B uncollirnated
TDC's S = /
gate . E_ .
mlscalers [T e TS
""N{a‘é‘.t,Unr‘u:‘,n:ll'llr‘r‘IEL"L‘:-I o R T R N e
0 photon energy (GeV) 4.4

- E=E-F
« Circular Polarisation: polarised electron beam, amorphous
radiator

« Linear polarisation: Crystal (diamond) radiator



Y; g9 FROST - FROzen Spin Target (Butanol = C,H,OH)

Y
K Meson photoproduction with linearly and circularly polarized photons on polarized target

9E02-112: vp—KY (K*A, K0, KO+
°£03-105/E04-102: yp—7’p, T

°E05-012: Yp—Np

°E06-013: Yp—T TP

FROST Heat shield and holding coil

1 K heat shield

Frozen Spin Mode

- Microwaves OFF

- Polarizing magnet OFF N, : ‘
- Holding magnet ON : P ' . : _
- Temperature <0.05 K e

- Photon beam ON

Heat sink for coil leads

Racetrack coils for
transverse polarization

I holding field at 22.3 Amps.

METERS

g9a running conditions

¢ November 3, 2007— February 12, 2008

¢ Longitudianally polarized target

¢ Circularly and linearly polarized photon beam 0.5-2.4 GeV
¢ Trigger: at least one charged particle in CLAS
-

Target Pol > 80%, Relaxation time > 1600hrs — better that design goals

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 28



¥ ©'| CLAS Single Event: y+p—K+A—K"+p+r-

CLAS Single Event Display

= e le—rC
& wsl-Pion.15

o - =

Forward Electromagnetic Calorimeter

Beam Photon: 1.58 Gel

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University
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YK'| Analysis Steps to get Cross Sections

d_a(ec.m) N (E Q}Em) Tc
4o N.(E,) AE,.6"™)

We need:

1. Event sample

2. N, = hyperon yield

3. N, = photon normalization

4. A =acceptance & efficiency
D, T.= TargeT consTanTs

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee



Yg'| Analysis Ingredients

o(y,K*)Y missing mass
200 : :

1. If require K* & p detection:

2. Yields from Missing Mas 5=200eV
= (Gaussian + polyomial fits 30
= sideband subtractions o

3. Standard CLAS photon O | . |
normalization procedure Nissing moss (Gev/c}

GFLUX . K'A Acceptance

= based on counting/scaling
accidental hits in photon
tagger 2
4. Full GEANT/ 6SIM/GPP- based
simulations for acceptance

0.225

0.2

0.125

E, (Ga&V)

0.075

0.05

0.025

1 1 1
-0.5 0 0.5
Prague, 9-2010 R. A. Schumacher, Carnegie Mellon | cos(Ou)



vp=2K*A Cross Sections

S = Two-bump
3L e CLAS (05) .
{ e structure seen
] T b 'm Resonance-like
9 o} structure at
— 19 GeV.
6? = D13 (Bennhold & Mart)e
1 F Y N .**ﬁ‘;g.? {! . s P35 (Bonn-Gachina)>
(A e = Py; (Ghent "RPR" model:
3 A | = KKN bound state
A - (Valencia model)d
O L L L | L L L | L L | L L | L L
1.6 1.8 9 29 5 4 5> = Coupled-channel

Energy, W (GeV)

R. Bradford et a/. Phvs. Rev. C73 035202 (2006)
K. H. Glander et al. Eur. Phys. J. A19 251 (2004)

effects (Giessen)

a) T, Mart, C. Bennhold, Phys Rev C 61, 012201(R) (1999).

b) V. Nikanov et al, Phys Lett B 662, 245 (2008).

c) T. Corthals, et al., PRC 73, 045207 (2006).

d) A. MartinezTorres, et al., Eur. Phys J. A 41, 361 (2009).

e) R. Shyam,y0.Scholten & H.Lenske, PRC 81, 015204 (2010). 32
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Fit to SAPHIR ‘04  memm
Fit to CLAS ‘06 "™

Ax? (%)
0 2 4 6 $1.01.21.4

e e e e

1990

i e it

.}
5
5
7
-

)

_— o o e oy = =R = e ey ey e

D
F
F
F
G
G

T. Mart, arXiv[nucl-th]0808.0771 (Aug. 2008)

vp=2K*A Cross Sections

= Example of recent

work:
T. Mart et a/. found:

Single channel
effective Lagrangian
analysis

Bump in total cross
section traced to
"missing” D;5(2080)
Two experiments yield
Inconsistent resonance
parameters

Recent CLAS C, C,
results change the
story (see later)

see also: P. Bydzovsky and T. Mart Phys Rev C 76 065202 (2007).
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Compare CLAS'05, CLAS'09, SAPHIR
I 0.35 < co®) < 0.45 vp2 KA

® (Qllaaverage

} A CLAS(glcBradford 2005
O  SAPHIR Glander 2003

do 16
dcosf, **

(ub) |

O
\J

o

2.6 2.8
W (GeV)

s CLAS ‘g1l data: broader energy range, better statistics, good
agreement with ‘glc’ (Bradford et al)
= Different data set, different trigger, different analysis chain
= M. McCracken et al. Phys. Rev. C 81, 025201 (2010).

= PWA analysis underwa

Prague, 9-2010 R. A. SChumacher, Carnegie Mellon University 34
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74| Photoproduction of K'A

R. Bradford et al., Phys.Rev.C73, 035202 (2006)

11.628 Cev $1.642 Cev §1.657 Gev $1.671 Gev 11.685Gev 11.699 Gev 1.712Gev 31.726 Gev i} 1.74 Ge\/ 1,753 Cev |
3 1 1 . . MM%M&_ - ] 3 ]
TN Faeatiseis - ' ) ? il w0
1.766 GeV _$1.78 Gev 1,793 Gev _41.806 GeV }1.819 GeV, 11.832 Gev, 11.845GeV 11.857 GV, }1.87 Cev 1 83 Gev
1.895 GeV W\iﬁ/ 932 Gev $1. 944 Gov 1B 956 Gev 'l;iGS/Gei/ 1.98Cev 1 992 Gev r_2,004 eV
1 | 1

12.016 GeV  12.028 GeV  }2. 039 GeV I 2.051 GeV }2.063 GeV _2.074 Gev 12, 085 Gev 12.097 GeV 2 108 Gev 12.119 GeV

2.13 GeV \2\111‘;/ 152 GeV 163 GeV 2 174 GeV }2.185 GeV 196 GeV }2.206 GeV f2.21 7 GeV 2 228 GeV
_2‘23BGJ\/ 2.249 GeV 2 2593/ 2.27 Ge\/ }2.28 GeV }2.291 GeV }2.301 ?{ 2.332 GeV [}2. 342 Ge\/ [2. 352 GeV
.
S P . Lo,
12.362 GeV }2.372 GeV 2. SSZy 2.392 GeV __2.401?_2 411 Ge\/ 12.421 GeV [§2.43 Gy j 2. 449 GeV

-R

I
o
4
S

-@,
<
-Q.

K

-&f
k

do/dcos(0;y™) (ub)

\\
\.\

{

i

\\
x\

a9
3 3
g: 2 _2.459?1_2}468 Gyz 477 (ieV/ 2.487 (31_2,496 Gev _2,505 GeVv 12.514 Gev J2.523 GeV $2.532 GeV
o)
7 4 f
o
g 0 A L K —t \ L . . P L
5
© -1 0 1

cos(OF™) Q @ C,m,>

cos( 0Oy

csplots_c_1_amp

" Forward peaking indicates t-channel processes at high W
= Angular dependence at lower W consistent with s- and u-channel

Prague, 9-2010 Processes- R. A. Schumacher, Carnegie Mellon University



vp=2K*A Cross Sections

-l
o)

z:i ' éﬂ[ﬂ -II.SSSG()SE':'II:;II,T:"- % : wm -0.75 < cosOp™ < -0.65 m Kaon_MAID model
éi il L Iurl-l'*""! Fig, B E_-P.\Ei.-\m —é " ﬂ 1 %‘%“w-‘ (9 r‘ ee n)
T T B o IF;}.“X.Lee()eg‘rsal.2,3l\7|u(c2|.O o)
S. A
. 2 -0.45< cosB"™ < -0.35 s, ' '
ERp K = Single-channel BW
D resonance fits
z 305 = No longer up-to-date
= .
X Se— = Bonn-Gachina model
SR T ()
. I Lﬁ = A.V. Sarantsev et al.,
D L Eur. Phys. J., A 25, 441
o o[ BEER III (2005).
> %ﬁﬁ% = Multi-channel, unitary,
: I . . | L5 (GeV) BW resonance fit
¥ 1.6 1.8 2 22 24 26 28 = Large suite of N*
I contributions
=i """"%ﬁ%&& = Was not predictive for
| ; e recoil polarization

Prague, 9-2010 M. McCracken et al, (CLAS) Phys. Rev. C 81, 025201 (2010).
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Y| Yp2KZ? Cross Sections
@ M Single-bumF:
L3 . cias (09 resonance-like
= & SAPHIR (04) structure near
Py { A SAPHIR (98) 1.9 GeV
ABBHHM
. « N*& A
% o+ . resonances: both
= isospins 1/2 and
3 3/2 contribute
S
' ! 1= CLAS & SAPHIR:
""" fair agreement
6 18 2 22 24 26

Energy, W (GeV)

R. Bradford et al. Phys. Rev. C73 035202 (2006)

Prague, 9-2010

r A scumacher, ca K.H. Glander et al. Eur. Phys. J. A19 251 (2004)



Photoproduction of K*ZO

R. Bradford et al., Phys.Rev.C73, 035202 (2006)
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-
cos B, = -0

T yh
1|4
‘?"5'5.

- CLAS (2010)
4 CLAS (2005)

2

Prague, 9-2010 R. A. Schumache

2.2

24

ﬂ,!. v SAPHIR (2004)

26 2.8

Y| Yp2KZ? Cross Sections

New results from CLAS

Unbinned maximum
likelihood method

Excellent agreement
with previous CLAS
publication (Bradford etal.)

Resonance-like
structure at 2.3 GeV at
back angles

PWA analysis underway

B. Dey et al. (CLAS) Phys Rev C 82 025202 (2010)



7K+ Regge-scaling in T and u in yp>K*X"

- * \s=2535GeV 1'33:_ ® \J5=2535GeV
¥5% "\ =2.585GeV - " 5 =2.585GeV o ™
10 ¢ o™ \s = 2.635 GeV B \s = 2.635 GeV . =
C g ¥ \fs=2.685GeV Y s =2685GeV
& C b} 0 s =2.785GeV & B ] o 5= 2.785 GeV s "
% B 0 s =2835GeV % - o s =2815GeV
Q i 4 I 1’ E ] ) ,kl * L
2 T M EHL['I 2 102 J{lml .
= i . =
C ‘J_'!‘ i 4 ' w i
5 LR AS T%L} ’ 3 I %ﬁ}?ﬁiéi'f}i i
| stigRfe b 3 b TEEEM G,
°r : i i E ! ¥
% t : % 10 % ' %
107 i 1 5 h%
- P [ T Lo, [ 1 [T R [
0 05 15 2 25 3 35 4 0o 05 1 15 2 25 3 35
-t (GeV?d) -u (GeV?)

do/dt ~ s~
~0,t—>0

aeﬁ‘

=, ,6 +ta
K

K *(892)

do / du ~ s

aeﬁ‘

=a, +a, ~—-1.4,u—>0

= Cross section scales as ~s2 = Cross section scales as ~s*

R. A, schumacher, camegiet B. D€Y e al. (CLAS) to be submitted (2010)
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Prague, 9-2010

yn=>K*>~™ on bound neutrons

First "complete”
look at Y
production of f
neutron

Deuteron
target, proton
spectator, FST
~ 100/0

Modeled with K*
and K*(892) in
Regge tra-
jectories (no
resonances)

= Ghent model,
Ryckebusch
et al
Hint of back-
angle rise > u-
channel
contribution

S. Anefalos Pereira et al., (CLAS) PhysLett B 688, 289 (2010)



2| Define the Spin Observables
y K (for target polarization zero)
P, K+
”‘@a -, :,\//" .
3 proTon
9
Z
o A (1- PyZ cos2¢ )

I 1@ | 3A - %00 :
- X ‘ ﬂ . (dQ —acost, sin2¢P.O, —acosd,P.C,

+acost,P—acosf, P.T cos2¢

o T :
| \‘ ' |do —acosf, sin2¢P.O, —acosd P.C,

7 proton™=" k y Y7 )

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 42



0.5

e glla

L I A CLASMcNabb 2004
u ; $ O  GRAAL Lleres2007
B @ 19 kel SAPHIR Glander 2004
NP Al
5 e +

L 1

B

W (GeV)

- e glla
— .05 < cosO < .15 GRAAL L2007

SAPHIR Glander 2004

-0.5

- + g, i
— #‘L&iﬂ ’ #ﬁ%{##ﬁﬂ*ﬁ lﬁﬂ ¥ +

K*A Hyperon Recoil Polarization

s Recent CLAS results
show fine structure
in P,

= Good agreement
among older CLAS

results (mcNabb glc,
Paterson g8b), and GRAAL

= PWA analysis
underway

- ;— H J McNabb et al. Phys Rev C 69 042201 (2004)

L6 L8 ? #2 M McCracken et al, (CLAS) Phys. Rev. C 81, 025201 (2010)



Yg'| Polarization comparison

. Kz - . . K'z'
~ cos 6, =0.8 TS KA = cos 6, =-0.1 . TBIKA
| s T I
=1 [ A S e
- ) - - [
- —_,— ] 1 -
0.5 ZO I - 'l].:\j " I ﬁaﬂ-—' }T "%“L_'
- - = e Y "I“'¢7|T_ LTl b LT {_‘J_
::q 0‘ I‘l‘l-.[ﬂJ G‘ m—{‘:ﬂﬂl E wl* L L}
N n T
R\ i
055 mgr, L o 0.5
B Rl VTR, St TS L *“Wf%w . B
-1 | l l l l -1 L | | l l l
2 2.1 2.2 2.3 24 2 2.1 2.2 2.3 24
s (GeV) Vs (GeV)

= Naive SU(6) expectation: P = —P20
= True in forward direction
s False in backward direction

orague, 92010 « a soumacne B+ DEY €L al. -(CLAS) Phys Rev C 82 025202 (2010)



Yg'| Beam Asymmetry

Af /,, K+

Azimuthal angle w.r.t.
beam polarization

- i (1-P os2¢” ‘

. ,

\@ ------ A do —acosd,sin2¢pP.O, —acosb,P.C,
i )/Z \\\/\/ @ i _— = O-O < . .
ﬂ@ - 1dQ —acosf,sin2¢P.O, —acosd,P.C,

+acosf,P—acosd PTcos2g

J
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Yg'| vp>K'A Photon Beam Asymmetry

| Photon Asymmetry 1.475GeV yp -> K'A | _Photon Asymmetry 1.95GeV yp -> K'A |
1 1
¥ 8F- D osf %
.6 0.6 b F
u B ——
0.4 %ﬁi;ka l 0.4} + + e : : i{*
— 1 N
0.2F f;:\% * % 0.2 + ++++ XY 4
U <& °F ??'
Nl S
- N i N
0.4 \é Photon Asymmetry 1.475GeV 0.4 \é Photon Asymmetry 1.95GeV
- \/ —%— CLAS g8b 0 6:— \/ —#— CLAS g8b
-0.6:_ Q'@ . ) Q'@ —— LEPS (Zegers 03)
-0.8:— Q —x— GRAAL (Lleres 07) 08— Q
_lllllll‘llllllllllllll\|IIl|IJI|\|||l|| -1_IIJIIIIIlI\IILI|IIIJII\|JI[|III[III|III
1708 06 04 02 0 02 04 08 08 1 1 08 -06 -04 -02 0 02 04 06 08 1
cos(6)Kem cos(6)Kem

= Good agreement among CLAS, GRAAL
and LEPS

= Results for yp>K*=° coming as well

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University Cralg Pate rson (G |aSgOW) 46



N Polarization Transfer for Linear
Y&'| Beam Polarization

_______________________________

—acosf, sin2¥P  —acosd P.C,
] X' O TX §
—acost,sin2gP —acosd,P.C,

+acosd,P—acosd PTcos2g

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University



=l
’?‘i

yp2>K*A Beam-Recoil O, and O,

[

+1 150MeV 1250MeV 150MeV 1250MeV
-ﬂ=ﬁ‘— ,,,,,,,,,,,, ————— e R —— e E-“Fll —
= +++ 3 - = R AN
|1:;amglur| | |usnnn\.r|; 1m9v| | |14sune\r|

+1

1 preliminary | 5 preliminary

zusnne\r|% + S~ ‘

- -7 = :
ST Tt T

KaonMAID; RPR2-Regge only; RPR2- core RPR2-w/D13
Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University Cralg Paterson (Glasgow) 48



N Polarization Transfer for Circular
Y&'| Beam Polarization

(1-P.Zcos2¢
—acosf, sin2¢P.O, —acosd, P

—acosf,sin2¢gP O, —acost,F

+acosf,P—acosd PTcos2g

\ J

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 49



T C VS. W Resul’rs forA

% Lenske
: Mosel

@
( s Uoo<;¢oo.9...¢.¢. ..... N ..\.\
C,

cos(OF™)=0.65 cos(0™)=0.85

1.6 1.8 2 2.2 2.4 2.6

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

R. A. Schumacher, Carnegie Mellon University 50
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Tg'| C, vs. W: Results forA

Saclay, Argonne, Plttsburgh

I o YT J Kaon MAID
cos(Of

____________________________

Shklyar' Lenske Mosel

Regge+Resonance ' GE NT

) T T s oo T T T T

i S “ ___________ -

Tiny transfer along x

I~

cos(@”’) 0.65

RN
cos(@ﬁ'm'):O.iS_//

cos(OF™)=

1.6 1.8 2 2.2 2.4 2.6

W (GeV)

Prague, 9-2010

R. A. Schumacher, Carnegie Mellon University

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



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 (9208

= Coupled Channels or Multi-channel fits

c SAP acla , Argonne, Pittsburgh) Julia-Diaz, Saghai, Lee, Tabakin; Phys Rev C
73,05520 208
. r'esca‘r‘rermg of KN and nN
- 5,(1650), P,;,(1900), D,;(1520), D,5(1954), 5,,(1806), P,5(1893)

* = BG gBonn Gachina): Sarantsev, Nikonov, Anisovich, Klempt, Thoma; Eur. Phys. J.

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,,(1895)
= Regge Exchange Model

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

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University
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s Tor

Prague, 9-2010

R=,/P?+C2+C>

t ¢

/ w=1.67 Gev {f w=1.73Gev {f W= 1.78CeV ]

S T R o e SRR

- © W= 1.83GeV 1f W = 1.88 GeV {f " W= 1.93CeV 1
:_+_,_o_._._.#._._:_+_¢;.._-._--:: 4._,’,_,_,_,_._._:

- " W= 1.98 GeV W =2.03 GeV f W = 2.08 GeV -
;—++_+_U_‘T°'¢— ++*¢‘;.'—0——— *¢++¢.0—0—0—;

- o W=2.120Cev 1f W':Z,M'Gev;;+ C W =2.21CeV |
:+++—+¢.++—o—::+*++¢—¢+-—.—‘: +++,,°ﬁg

- : W;:ZZS:Ge\/:: : W::2,29:GeV: | | | o
ST Iyt ‘o The A appeaps 100%
N ot ot 1 polarized when created
1

1

with a "r/cularly

_ polarized beam.

r A scumacne R. Bradford et al., Phys. Rev. C 75, 035205 (2007).



(P*+C2+C,5)'?
© O o O
O N B~ O OO

Average R Values for the A

T RE\/P2+C3+C22

R=1.01x£0.01

"Fully
Polarized A"

Angle average vs energy

Energy and
angle averages
are consistent

i

1.7 1.8 1.9 2 21 2.2
W (GeV)

No model predicted this CLAS result.

R A schumacher, camegie v R. SChumacher, Eur.Phys.J.A35, 299 (2008)

Prague, 9-2010

with unity.

P E
2.3

Confirmed by GRAAL.:
A. Lleres et al. Eur. Phys. J. A 39, 149 (2009).



Yg'| Quark-Picture Explanation

Quark-level dynamics

manifest at the baryonic =
level. unpolarized
Y 35, ¢ meson proton
P SR TN
s ! ﬂ .......
e T S O diquark

- s-quark is produced polarized in a VDM 3S;

b picture. The hadronization process pushes
its direction around, but it retains its full
polarization magnitude.

R. S., Eur.Phys.J. A35, 299 (2008)

5=0 dlquar'k

Alternative quark-level S=0 (spin singlet) scenario:
D. Carman et al., Phys Rev. Lett 90 131804 (2003).

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University
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Yg'| Hadronic-Model Explanation

2] [ T T A T

e e I et E P

= Y SN RN ey i M2 P, N = N s v N . Y
L ﬂ'[:]' 'rl"rLr:j—r.—"_'.l—é?] L‘?L;'?,:,—;}Q'-J "-"':_*‘-::l—-'ili_% - '::E:I {JU*Q_C)_J‘:EE_& W C‘)‘DD-C)%?%%;[:IIA}‘%EJF:
1.0}~ s ST T
i e e

=0T rmultipole mogel” . 1994

R R N S WIS . - Y i |
L0 =dpoengantloitotoond Re. ﬁﬁ'ﬁmﬁf 2 el
E__) 0.0 _]_____ — ——""# I"'L o . -

Y SR —Kaon-MAID~—_ |~ 1
o, - lﬁ?'} T 1.889 1 "D"ll T 2.255-- 2.4115-
_—lﬂ—{}qﬂ{}ﬂql{}—{}‘iﬂ{}ﬂ‘?lﬂ—{]i{}ﬂ{}“?lﬂ ﬂi{}ﬂ{}ilﬂ ﬂ‘?{}{}ﬂ":l{}

cos 0

4#L“

s Mart et al's refit of isobar and multipole models
= mix includes: S;,(1650), P,,(1710), P,5(1720), P,5(1900)
= second resonance "bump"” no longer consistent with a D;5(2080)

T. Mart, nucl-th 0808.0771 (Aug 2008)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 56



C, C, vp2 KA , , :

T LI e F; = Nikanov et al.'s refit

:’ £s,ari] | Fhy tasns of Bonn-Gachina

| L hese=r coupled-channel

o e »L-—r;a-hh—-*: e isobar model

Laart it 70l m o mix includes:
ST T Sy -wave, Pi3(1720),

= K*X% cross sections

also better described
with P;5(1900)

= Promote this "missing”
resonance from ** to

05 0 05

| I I PR PR
05 0 05 05 0 05 0.5 0 05

cos 6, - | ~ cos 6, **x* status.

C,C, without N*(1900)P,;  C,C, with N*(1900)P,; irﬁguar.k_)dliqggrkfoun

models.”

V. A. Nikanov et al.,, Phys Lett. B 662, 246 (2008). " E. Santopinto Phys Rev. C 72, 02201(R), (2005).
see also: A.V. Anisovich et al., Eur. Phys J. A 25 427 (2005).  ion university 57



Future prospects: n*'s

Prague, 9-2010

CLAS “913" data set - analysis in progress...
= 40cm LD, DEUTERON target

= Circular polarized beam, 206G two-sector triggers
« E, up to 2.6 GeV (2006)

= Linear polarized beam, 306 one-track triggers
= E, in 6 bins between 1.1 and 2.3 GeV (2007)

yn (p)>K°{A,Z% (p) neutron cross sections, spin observables
= Completes the set of isospin channels e noseiminsio

yn (p) 2> KO A, K™ £*(1385) (p) neutron target cross sections

yp (N)>K*{A,X% (n) quasi-free proton cross sections, spin obs.
= Raw linear polarization asymmetries seen  smstore mowert
= AN potential from rescattering: high missing momentum

R. A. Schumacher, Carnegie Mellon University 58



Yg'| Further future prospects
= FroST (g9b) e [

= Polarized target (C,H,OH)

= Polarized photon beams: ¥ p

= ‘complete” experiments

= Runs 3-10 to 7-10 (recently...)
« HD-ice (g14)

= New polarized target (HD)

= Neutron target: 7 1

= Runs 2011 spring...

= CLAS12
= RICH detector in discussion stage




—

Y K+

Seeking New S=0 Baryons via Mesons off the Proton:
published, acquired, FroST(g9b)

pn’

pn

p’

pw

KA

K*X0

KO*Z*

Prague, 9-2010

2 T P E F G H T T L L @) @) C C CLAS run

X V4 X z X V4 X V4 Per‘iod
v v v v v v gl, g8,
g9
v v v v v v gl, g8,
g9
S v J/ v v v v gl,
gll,
g8, g9
S v J/ v v v v gl,
gll,
g8, g9
v v v v v v gll,
g8, g9

N A A Y S Y Y A Y S A S S S A S S )

gll

v v v v v v v v v S S S LS AL gl e,

gll

v v v v v gl g8,

gll

Source: V. D. Burkert

R. A. Schumacher, Carnegie Mellon University
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Y K+

Seeking New S=0 Baryons via Mesons off the Neutron:

published, acquired, HD-ice

pT

pp

K°A

K0%0

K%

KO0*%0

<

NSRRI NEEN

NN N NN

Y ESENES

E

NN N

F

Y ESENES

G H T, T, L L, O, O, C, C,
v /
v  /
v v v v v v vV VvV VS
v v v v Vv v vV vV VS
v  /

CLAS run
Period

g2, g10,
gl3, gl4

g2, ¢10,
gl3, gl4

gl3, gl4

gl3, gl4

gl0, g13,
gl4

gl0, g13

The combination of all of these measurements on
proton and neutron targets represents an extremely
powerful tool in the search for new baryon states.

Prague, 9-2010

Source: V. D. Burkert

R. A. Schumacher, Carnegie Mellon University
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Y K+

Summary: Hyperon Photoproduction

= KY photo- (and electro-) production offer

kinematic and analysis benefits in N*

searches

= Published CLAS KY results on proton (o,
P, C,, C,) have favored a P,5(1900) (ot

P,,(1900) or D,;(2080))

= More observables to be published soon
(more s, P; %, O,, O0,). others (G, E, L, L,)
are in the analysis pipeline (FrosT)

= Results on the neutron (D) coming in 1-2
years (g13, HD-ice..)

ggggggggggggg
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End of Day 1 Talk

R. A. Schumacher, Carnegie Mellon University
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Y¢| Outline /Overview

= DAY1
= History of Strangeness Electromagnetic Physics
= Strangeness
= Earliest experiments
= Physics issues
= N* searches
= Reaction mechanisms
= Amplitudes
= Spin observables
= Photoproduction of elementary hyperons

= DAY 2

Electroproduction of elementary hyperons
Electroproduction of hypernuclei
Structure of the A(1405)

Y* (S5=-1) production

Cascade (S=-2) production

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University
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Yg'| Strangeness Electroproduction

= Moving toward
QZ:qZ-VZ > O:
"massive” virtual
photon

CLAS:ep ->eX ,E=4 GeV

e

W/
= First Measurements of
GLT Cmd GTT

= First Polariza’rion)
Transfer: € > A

= A(1520) J"=3/2" Decay
Angular Distribution

Real Photons<l

1.0 2.0 2.8
(GeV)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 65



7K+

With unpolarized beam, target, recoil,
kinematic variables:

Q2, W, cos(0x), ¢, &.

we have five

Given Q? and W, for any pseudo—scalar meson, the (virtual)

one—photon exchange cross section is:

:?U =e-::05(2 b)+y2e (e+ 1}05(¢)

where 0)

Prague, 9-2010

Electroproduction Formalism

With CLAS one detects:

do . da

— = I'(Q°.W) — (0", W,0,.¢
dQ"dWdQ ( ) dQ ( w9

K
where the virtual photon flux, I, is

rigew) = = %

41 Eimi, ! Q: l—e

R. A. Schumacher, Carnegie Mellon University
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Yg'| A look at p(e,e’K*)A... Ay

: @) 2.567 GeV

W (GeV) ‘

Kinematic
Coverage in

Q2% and W

Prague, 9-2010

50000 - m=p/gy ©
103 I 180 .
mt [ (a) ' &P elastics
K* : '
40000 |-
P
) L
10% 30000 |
20000 |-
Rrg o %' | {10
Pt AR 10000 |-
O k-*:l\r|IIII|"'|I|I||||I|II|IIII O ||||||II|III |||I
D65 1 18 2 25 0 025 05 075 1 MM (ek™) (Gev)
Momentum {Gev) Mass (Gev)

Hyperons
Masses from revealed in

"Time of Flight" Missing Mass
and Momentum  Off e e'k*

r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)



Fitting 'radiated’ lineshapes

-l
o)

= Hyperon mass distribution affected by
(computable) photon radiation of f electrons

7000 (@) A Fi 301 (b) | No. of Data Events = 297
5 A 50 e No. of Fit Events = 297
6000/ 1 B I Fit 25 No. of A Events = 201.1
ps —— Bg Fit ‘ No. of £° Events = 53.4
5000 .
=2 | * Full Fit £ 20 _ + Data Points  —— Total Fit
B a0t r ﬁ il AFit  EE £ Fit
e g s OF = 1.0 GeV*
G 000, 5] W = 1.850 GeV
S Il cos (g™ L': 0.65
2000 i =-105
1000/ __,..-3“3 3 i [
nE= = 0 o
Fos fF 102 104 1te FI8 12 122 124 126 T8 f0 112 f04 116 118 12 122 [24 126
Missing Mass (GeV) Missing Mass (GeV)

FIG. 6. (Color online) Signal and background fits from the 2.567 GeV data for the ¢' K missing mass spectrum (a) summed over
all kinematics and (b) for a typical cos@%/® bin at ¢° = 1.0 GeV? and W = 1.85 GeV to demonstrate the typical fit quality in our
data.

Prague, 9-2010 r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)



Results for p(e,e’K*) A

nb/sr

Q2 = 0.65 GeV?

Prague, 9-2010
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Simple Regge exchange model works best

r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)



W=1.775

W=1.825

W=1.875

W=1.925

Results for p(ee’K*) X0
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Q2 = 0.65 GeV?
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COS ""IE

cos ”IE

cos r’JIE

All models fail...

cos r’JIE

cos r’JIE

cos ”IE

r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)
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Y| W Dependence A
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Q2 = 0.65 GeV?
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r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)

W (GeV)

Qualitatively, o, similar to pho‘r_opr'oduc‘rion

W (GeV)
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Tg'| Q¢ dependences
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= Observe that Q? dependence of =0 "falls
faster” than for A at forward angles >large
role for longitudinal piece of cross sec’rion%?)
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Yg'| Separation of L and T Responses

400 K W=1.65 GeV 400 TR W=175 GeV KA W=165GeV (KA W=175GeV
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FIG. 23. Structure function or vs cos@% for the K+ A final state

for our different W points at|Q? = 1.0 GeV?|from the e-® fit. Rosenblu.rh SeparaTion:

Inner error bars are statistical only; outer error bars are combined

statistical and systematic. Curves are from calculations of MB [44] _Measurle a-'- mul-‘-iple 8 a-‘- SGme QZ

(dot-dashed), JB [45] (solid), and GLV (dashed) models. The parallel

kinematics data point comes from Mohring e al. [14] (open square). _LO ng i-‘-ud i nal pClr'T is Smal I

r A schun P. Ambrozewicz et al. (CLAS), Phys. Rev. C 75 045203 (2007)
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Y K+

y
electron
scattering plane

e P’ o0
: 0.5
= Electro-production analog
C,~P,and C,>P, 10
= Large polarization transfer 10
along virtual photon ,
direction P’ 05
(not the Z' helicity axis)
= Beam dgpolar'iza‘rign]gij.é)
is not divided out in figures.
= Qualitatively consistent with 5
hotoproduction: hints at
'simple” reaction mechanism 10

D. Carman et al., Phys Rev. C 79 065205 (2009).

D. Carman et al., Phys Rev. Lett. 90 131804 (2003).

<W>=1.75 GeV
<Q%=261 GeV*

<W>=1.99 GeV
<Q%=2.56 GeV*

CLAS p(€,e'K")A Transferred Polarization

<W>=2.31 GeV
<«Q%=2.41 GeV?

RPR+P,,(1900)
M M M 1 M M M

' RPR+D5(1900)
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Elementary Electroproduction Summary

ggggggggggggg

Electroproduction (Q? > O) “looks like"
photoproduction (Q? = 0), to a good
approximation

= Q2 fall-off of A and X° are not the same
= W dependences are similar

Role of the longitudinal response is not
settled

Interference response functions are
substantial

Modeling effort has lagged in recent years

R. A. Schumacher, Carnegie Mellon University



Hypernuclear Electroproduction

0000000000000

K+

R. A. Schumacher, Carnegie Mellon University



Experimental Physics Issues..

Strong Q¢ dependence of cross section
= Minimize electron scattering angle, ©,,,~6°

Minimize momentum transfer to target

= Detect kaon along virtual photon direction
= q> ~250 MeV/c

Tiny Electroproduction cross sections
= Order of mb for (=,K) and (K,x); ub for (e,e'K)
= Compensate with high beam intensity

= ~100 milliAmps for (ee’), vs. ~107/sec for (K, «)

= Rate limitations of detectors

= Particle ID crucial: K/x separation
Sub-MeV resolution has been achieved



Yg'| YN Interaction & Light Hypernuclei

DETECTOR STACKS:

TRACKING / TIMING :

1. DRIFT CHAMBERS
2. HODOSCOPES

PARTICLE ID :

3. GAS CERENKOV

4. LEAD GLASS CALORIMETER
5a. ACRYLIC CERENKOV (SOS)
5b. AEROGEL CERENKOV (SOS)

= E91-016

oS Collaboration, Hall C

Spectrometer

(Hadron arm) = HMS and SOS used

p,K*. in "standard” setup
= 2H, *He, *He, and C

- :D:.
Incident
beam
TARGETS:

H,D, 3He, 4He cryo targets ~ High Momentum
Spectrometer
(Electron arm)

Al dummy targets

Prague, 9-2010

targets

= First demonstration

e of the feasibility of
light hypernuclear
electroproduction

r assuma . DONrmann et al., Phys. Rev. C 76, 054004 (2007).



Electroproduction on the Deuteron
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e =
S
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i 1 1 1 1 A 1 I 1 1 1 1 l 1 i I A

d{e,eKYN

Quasifree Monte Carle

sememes d(e,eKN)En
"""""""" d{e,ek L p
An+In+Lp

''''

An thresh
™n thresh

j — 1 IIIl L il i1 i 1
205 21 215 22 225 23 235
missing mass (GeV)

Quasi-free production
= E=3.245 GeV
= Q%=0.38 GeV?
Access to A, ', and 3~
cross section

Access to YN final
state interaction -2
scattering lengths and
effective ranges

No "cusps” or
"“dibaryons” seen near
the X° threshold

R. A. Schumacher, Carnegie Mellon University



Yg'| YN Interaction and Hypernuclear Structure

An FSI from *H(e,e'K™)

o
E owl d(e,eK" YN
s £ (e.eK")
- L & i
= i d(e,eK")YN r, 1000 [ Monte Carlo with FSI
g L A N L A T LD d(e,eK*)An
b3 L Monte Carlo simulations il i s d{e,eK*)z’n
400 - quasifree G e0 - 4 d(e, ek )Ep
. Yerma 4 . An+n+Ip
L Julich A :
I Julich B wr
300 |- a0 | _ .
I |t £
; IR
200 i
i 0%\‘\|\\
- 2 /205 21 215 22 225 23 235
- missing mass (GeV)
100 Table 1: Scattering length and effective
I range for the three hyperon-nucleon poten-
L tials used in the simulations.
" - Model State a (fm) r (fm)
i s | s | s | . | s Verma 1S, -2.29 3.15
2.05 2.055 2.06 2.065 2.07 2.075 2.08 3 =
. . Si -1.77 3.25
missing mass (GeV) Jilich A 'S, -1.60 1.33
IS -1.60 3.15
Jiilich B 'S, -0.57 7.65
38, -1.94 2.42

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University



Yg'| YN Interaction & Light Hypernuclei
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counts/d4 MeV
8 5 8

=

counts/2 MeV

g

=

3.9 4 a1 a2
M, (GeV)

A, X0 3
Bound,

» Quasi-free Hyperon
electroproduction
on light nuclei

= Simple QF model
fits data well

s Bound states seen

= First non-emulsion
"reaction” data for
3,.Hand 4, H.

r assuma . DONrmann et al., Phys. Rev. C 76, 054004 (2007).



Y¢' >*He(e,e' K')’* H Hypernuclear States

2=(0.35 GeV?
3 H >
A

4 H W=1.91 GeV

8 1.7° 2 177 t —~t..
= | min
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Prague, 9-2010 = as F. Dohrmann et al., Phys. Rev. Lett. 93, 242501 (2004).



High Resolution Hypernuclear
Electroproduction

Prague, 9-2010

Physics goals:
= Measure P-shell AN spin-orbit splitting - not achieved...

= (v,,K") spectra favor high J, unnatural parity (spin flip)
states

= Precision binding energy measurements

Hall C: E89-009 L. Tang, E. Hungerford, R. Chrien et al.
= Showed A(e,e'K"),A with 3E ~ 900 keV is possible
= Tour-de-Force demonstration of 12C(e, e’ K")!2,B

Hall A: E97-107 P. Markowitz, F. Frullani et al.
High resolution using 2 HMS spectrometers; septa; RICH

Hall C: E01-011, E05-015 0.Hashimoto, J.Reinhold, L.Tang

et al.

= Strive for x250 in event rate, 8E < 400 keV

= Replaced SOS with "HKS" built by Japanese team; Erbge
“tilt" method (E01-011) > HES spectrometer (E05-015)

R. A. Schumacher, Carnegie Mellon University 84



Yg'| Hall C: E89-009 Setup

Side View
Q

Target

Splitter
? Magnet
SOS Spectrometer(QDD) 0 ]flggar%? I\B/eam
5 K+ 1.2GeV/c D D

Target

Enge ™\ 0.3GeV/c
put=roic Focal Plane
Spectrometer ( Ssp -+ Hodoscope )

Beam Dump L. Yuan et al., Phys Rev C 73, 044607 (2006).
Prague, 9-2010 = ascum 1. Miyoshi et al., Phys. Rev. Lett. 90, 232502 (2003).

Original Beam Dum ;
(Y
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ue, 9-2010 R. A. Schumacher, Carnegie Mellon University
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¥t| °Cle, e K)'*,B (E89-009)

-2
.

o7 UBEgxAMs)  UBEs)<A0p) Bound states resolved!

:_ \ e = 3E ~0.75 MeV FWHM

: &/ \ = Compare to 1.5 MeV using
(n*,K*) reaction

= 1 month data taking

= Calculation by Motoba &
Millener

= A in S-shell doublet
(1B ground state)
« 3/2°+1/2°=1,2
= A in P-shell states
« 3/2°+{1/27,3/2 }=1",2",3"
= Core excited states

oo
[

-]
=1
L |

(=)
=

do /d€2 (nb/st/0.3 MeV)
n
=]

I
=]

30

0 5 10 Ex Energy (MeV)

0 5 o IB:,\(I:JIe‘lu?)
L. Yuan et al., Phys Rev C 73, 044607 (2006).
= ascum 1. Miyoshi et al., Phys. Rev. Lett. 90, 232502 (2003).
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(nb/sr 0.3 MeV)

do

dQ dE

rague, 9-2010

Y| °Cle, e K)*,B (E89-009)

50 [

= Bound states resolved
" / = 3E ~0.75 MeV FWHM
l (\ = Compare to 1.5 MeV using
(n*,K*) reaction
= 1 month data taking

: _ Final Spectrum = Calculation by Motoba &
ot ' J Millener
|

W 11B(gs)xA(0s) 11B(gs)xA(0p)

80

= A in S-shell doublet

(!B ground state)

« 3/2°+1/2°=1,2
.| m AinP-shell states
| AvcdenalBackerowd « 3/2°+{1/27,3/2 }=1",2",3"

60 [

40 :_
_ I—15 ary 0 5 10 15 .
B (Me) » Core excited states

L. Yuan et al., Phys Rev C 73, 044607 (2006).
r ascum 1. Miyoshi et al., Phys. Rev. Lett. 90, 232502 (2003).



Hall A: E94-107 Setup

The to ngh Resolu’rlon SpecTromeTer (HRS) in Hall A @ JLab

E94-107 collaboration added:

+ 2 superconducting septa
* Ring Imaging Cherenkov

Prague, 9-2010

HRS - QDQ characteristics:
Momentum range: 0.3-4.0GeV/c

+5 09
5—-6 msr

M|n|mum Angle: 12.5°

T T

AT

1 ST,

r A scumacher, « P. Markowitz, Florida International, private comm.
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1B 1g.s)®s,,, 17,2
2

)

nb
sreGeV- MeV

do

axc (

Prague, 9-2010

dQ, do, dE, dE

o

Hall A Results:

o

|
0 10 20

Excitation Energy (MeV)

R. A. Schumact

37 + + +
”B(; 59.8)® Piyyyay = 17,27,3

0.0 £0.03

2.65+0.10

592 +0.13

9.54 £ 0.16

10.93 +0.03

12.36 £0.13

12
1B

1.15+0.18 19.7 448 +0.29 £+ 0.63

0.95+0.43 7.0 0.75+0.16 £ 0.63

1.13+0.29 5.3 0.45+ 0.13 +0.09

0.93+0.46 44 063+020+0.13

0.67+0.15 200 3.42+050+0.55

1.58 +0.29 73 119+036+0.35

P. Markowitz, Florida International, private comm.
M. lodice et al., Phys. Rev. Lett. 99, 052501 (2007).



Results on 160 target — Hypernuclear Spectrum of16, N

=

g | Fit4regions with 4 Vmgt
g> | functions z

o -

N; 4_% /ndf:1-19

(

do

dQ. dQ, dE, dE_,_
no
|

Binding Energy B,=13.76+0.16 MeV
Accuracy for 16, N unmatched!
(ambiguous interpretation from

emulsion data; interaction involving A

production on n more difficult to

normalize)

Within errors, the binding energy and the
excited levels of the mirror hypernuclei

6, 0and °,N

(this experiment) are in

0 I.' l L] L] L]
L | | agreement, giving no strong evidence of
20 -10 10 =
Binding Enoegy (MeV) charge-dependent effects
E; Width Cross section E,. Wave function J7 Cross section
_Ae— (FWHM, MeV) (nb/sr®/GeV) (MeV) (nb/sr*/GeV)
0-0/13.76i0.16 1.71 1.45 + 0.26 0.00 pl_.fll 2] S],"".L‘\ 0 0.002
0.03 1’1_;12 ® 81724 1 1.45
6.83 + 0.06 0.88 3.16 + 0.35 6.71 p_.;.l._a ® 81724 1~ 0.80
6.93 Da o ® 81724 2” 2.11
10.92 £+ 0.07 0.99 2.11 £ 0.37 11.00 p;},z ® Pasan 27 1.82
11.07 p;,; ® P1y2a 17 0.62
17.10 + 0.07 1.00 3.44 + 0.52 17.56 i’:u ® P1y2A 27 2.10
Saead 17.57 Dy @ D3san 37 2.26

(cf. A. Gal talk discussion)

~—

- ‘\\

mj.‘ it
f'
‘F

A

A

F. Cusanno et al., Phys. Rev. Lett. 103, 202501 (2009)

!
I



Results on 160 target — Hypernuclear Spectrum of16, N

E Fit 4 regions with 4 VOIgt Theoretical model (D.J.Millener) based on :
g | functions X SLA p(e,e’K*)A (elementary process)
“ﬁ 47U e = 1419 AN interaction fixed parameters from KEK

(

do

dox, dﬂ-&“ dE, dE_, .
4]
|

P e e mm momm =mmm==

o R R R

and BNL '®, O spectra

Four peaks reproduced by theory

The fourth peak (A in p state) position
disagrees with theory. This might be an
indication of a large spin-orbit term S,

0 "I |
L | | (under investigation)
20 -10 o 10
-Binding Energy (MeV)
E, Width Cross section E,. Wave function JT Cross section
_Ae— (FWHM, MeV) (nb/sr®/GeV) (MeV) (nb/sr*/GeV)
0-0/13.76i0.16 1.71 1.45 + 0.26 0.00 pl_.nlg 2] S],’".L'\ 0 0.002
0.03 pl__,.lz ® 81724 1~ 1.45
6.83 + 0.06 0.88 3.16 + 0.35 6.71 Dy iy ® 81724 1” 0.80
6.93 Da o ® 81724 2” 2.11
10.92 = 0.07 0.99 2.11 + 0.37 11.00 pl"},z ® D3 2 2" 1.82
11.07 p;},z ® P1y2n 17 0.62
17.10 = 0.07 1.00 3.44 + 0.52 17.56 f"wz ® D124 27 2.10
17.57 Dy @ D3san 37 2.26

(cf. A. Gal talk discussion)

F. Cusanno et al.,

Phys. Rev. Lett. 103, 202501 (2009)




Evidence of a 5%"peak in the quasi-free regions (already observed in KEK'®,O data)
is now investigated. Results from newfits are PRELIMINARY.

Theoretical effort is ongoing to investigate s, ,/ coupling to core excited states

5

—— fitl (Speaks, qfthr=11), chi2=1.014
- — - fit2 (Speaks, qfthr=13), chi2=1.035
== fit3 (4peaks, qfthr=11), chi2=1.052

fitted with Gaussians

, l
The Final Data -

25th May 2009

e

Cross-Section [nb/0.25MeV|

93Structure of Hadrons a

CoreExcitedStates &, ,/

Excitation energy [MeV]
5 10 15 () 25 30
. - — .

185 190 195 200 205 210

MHYP o MA[MEV] A\
N
AN

P. Markowitz, Florida International, private comm.
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Hall C: EQ1-011

i

X
-

g

100

Counts /0.15 MeV

8

(cf. T. Gogami talk discussion)

= Detector upgrades:

sa(271) JLab - E01-011
Preliminary
I Pa(3'/2Y)
| C.E. #1 (1)

‘ C.E. #2(2/1)| ‘

Ik v 'il
LLL'JH iw" "Ul {f "I JL s HFTL [ r’"“ﬂﬂfuﬁ_’i 7.
Accldentals esssecasates
s A FFFTI SRS EDEESS R, 'LL. el
12 10 b ‘.1 = 0 25
B, (MeV)

= New splitter magnet

= SOS->HKS for kaons
(E01-011)

Enge>HES electron
spectrometer (E05-015)

= Data (fall 2009) on “Li,

°Be, 10B, 12C, 92Cr (new)

= Goal: precision ground
state mass
determinations (<200
keV), without resorting
to emulsion information

* Hall A measured FWHM ~670 keV, almost background free
» Hall C measured FWHM ~465 keV, with twice the statistics!

r A scumacher, P. Markowitz, Florida International, private comm.



Related Hypernuclei Compared

7K+

Lo ) pHe 285i(e,e’K*)2 A
312 | JLab EO1-011 2o - Jlab E01-011 PTEIimina?"?
%1: Preliminary M \’ N E’m At ’I:Ebf? ’ _
U o
4 fﬁ' k}”” ’H‘ 2. gy UM&“‘W 1
S S

g

Iso-partners compared:

2t Charge symmetry breaking effects SaTeseteratetetet
.fu"”.g'”‘ﬁ"' 5'_'19 '15"29 o :'-v-:p-”-:.--,--.--.-qd..tm l.r.'[\'l'a"."."ln:;r\':-".
(" P 20 15 (4] 5
‘ . - I 1 . B Blndlng Ene:rgy,.F (MeV)
13 ?LI(TE"' K+)? |_| ; . naturaISi(ﬁ+’K+)naturalh5i
) | KEKE140a |1} -
:_ d-i-" - | -
g ® o T = KEK El140a
= - “//l-/:"'. 1 .ﬂ
=] : = iR i_-.t__'.r E
. R I 1 —
;ﬁ ,Lwﬂ it E
PN 5 “‘*-\_:_
L) IJ S > e
175 (1 1] 188 ] k ¥ — — = — — = =
Mypyp = M, [M2Y] - B Palas T >

R A schumacher, camegi. Q. Hashimoto, Nucl. Phys. A 835, 121 (2010).

Prague, 9-2010
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Y g'| Outlook for Hypernuclear Electroproduction

= Technical challenges have proven manageable
for (e,e’ K)
= High resolution of ~500 keV achieved

« High rates of > few 100/day for **,B ground state
(comparable to (n* K*) work)

= Medium-heavy targets, e.g. 28Si(e,e’K*)?8,Al, are
measurable
= Program Elements:
= Precision ground state masses
= Search for charge symmetry breaking effects

= Production of particle continuum states not
amenable to gamma spectroscopy

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 96



Creating Excited Strange States

ggggggggggggg

s K=

= A(1405)

s A(1520)

= Cascades...

R. A. Schumacher, Carnegie Mellon University



Yg'| K*OZ* Photoproduction measurement

. E.~1 .IS 125 Clie\" I E«=2.IOD[N] Clne\" I E.\='2.Il 625 Gle \" I
z | |
“—; 200 | 1} 1t .
S n | |
_;g 100 } :{ TL%{; {iﬁ\lj
= = 2sss |
_ v _Ei:z.'_:u;ﬂc".ex-': — _Ei:2.l4?5:l}C||eV: — Eq::E.::-;l)'DE[I Gle\-": .
| L = Strange vector meson
x| { | Broduc‘rlon: ho t-channel
g oo l\{}h/ omeron exchange allowed
x| | = Two K*XN couplings set b

0 e S .SU(3)-H.C(VOI"-b||n quar‘k- *
@ | E.=2.7125 Ge _E,:H.SLD Ge E.=2.9125 GeV InTer'GC'I'IOH
Y = Relate to o, p photoproduction
ig = ho N* used in the model
3 s Test for the need for scalar
= k(800) exchange: conclude that

1.0 0.5 00 05 1.0 none is needed.
cos O cos B cos O

Prague, 9-2010 r a scumacrer. 1. HlEIQAWI et al., Phys. Rev. C 75, 042201 (2007).



What "is” the A(1405)?

Prague, 9-2010

Structure - an issue since its discovery

SU(3) SlngleT 3q STGT@ | counts of MM(y,K")/5MeV, 2.4 <W <26 |

1=0,J"= 3 wb ||| A@520) ]

KN sub-threshold 2500 A(1405) E
-%(1385)

bound state

Gluonic (udsg) hybrid J" = 3~ ™

« O.Kittel & G.R.Farrar -

hep-ph/0010186 - E

. R R B R YR & SN S IR S X

Dynamically generated G K
resonance, via unitary (1K) Missing Mass (GeV)

meson-baryon channel coupling

= R.Dadlitz & S.F.Tuan, Phys. Rev. Lett. 2, 425 (1959),
Ann. Phys. 10, 307 (1960).

= J.C. Nacher, E. Oset, H. Toki, A. Ramos, < inspired CLAS exp'ts
Phys. Lett. B 455, 55 (1999).

R. A. Schumacher, Carnegie Mellon University 99

A(1670)? -

500




Energy (Mass) MeV

1200 |

1100 |~

Prague, 9-2010

The Low-Mass S=-1 Hyperons

A(1670) >(1670)

3
A(1520)2" =5

A(1405)—
=t >(1385)

>(1192)
A(1115)

R. A. Schumacher, Carnegie Mellon University 100



Energy (Mass) MeV

1200 |

1100 |~

Prague, 9-2010

The Low-Mass S=-1 Hyperons

AI670)  \ro o

thresholds:

AE5209-- Z(1385)7

ey NL1L5 JA
——————————————————— T2
A(1115)

R. A. Schumacher, Carnegie Mellon University

>(1670)

>(1385)

>(1192)

101
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Yg'| Dynamical State Generation

Do the "ground state” mesons and baryons attract strongly enough to
form mB "molecular” bound states or unbound resonances?

KN
Bound state A(l 405)

Resonance

2T

o
Unitary channel coupling via
Bethe-Salpeter equation
formalism

B’

“Weinberg-Tomozawa” driving term... + higher chiral orders...

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 102



x=1.10
—=- 1580
250+

(I=1)
200
>
]
E 150 —8— disappear o
& (I=1)
E 100 - =06
- -~ 1390
(I=0) -= 1680
50 (I1=0)
e : s 1:=l n
0—| 2 * : - | x={} |
1300 1400 | 1500 1600 1700
Singlet Octet Re z; [MeV]

Fig. 1. Trajectories of the poles in the scattering amplitudes obtained by changing the SU{3) breaking parameter
x gradually. At the SU(3) symmetric limit (x = 0), only two poles appear, one is for the singlet and the other for

the octets. The symbols correspond to the step size §x =0.1.

Yg'| Chiral Unitary Model (example)

SU(3) baryons irreps
1+8_+8, combine with O-
Goldstone bosons to
generate:

Two octets and a
singlet of 3~ baryons
generated dynamically
in SU(3) limit

SU(3) breaking leads to
two S=-1 I=Opoles
near 1405 MeV

= ~1420 mOSle KN

= ~1390 mostly nx

Possible weak I=1 pole
also predicted

D. Jido, J.A QOller, E. Oset, A. Ramos, U-G Meissner Nucl. Phys. A 725 181 (2003)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 103



’—Y>K+ Chlr'Cll Unl'l'ClI"y MOdel (different example)

— —————— = Mass distribution of the
s b S ypo> Kz "A(1405)" predicted to
M E _17GeV depend on =X decay channel

| = J.C. Nacher, E. Oset, H.

- Toki, A. Ramos, Phys. Lett. B
I 455, 55 (1999).

= Chiral Lagrangian + mB FSI
1 + Channel Coupling

. = I(nX)={0,12}-not inan
Isospin eigenstate

3.8

2.5

do/dM, (ub/Gev)

1.5

0.8

| . . . . | . | . . | .
1.35 1.40 1.45 1.50

= Interference between I=0
do(r'x )ocl‘Tmr +1\T<°>\2 2 Re(TOT)+0(T®) and I=1 amplitudes modifies
aM, 2 3 6 mass distributions
do(z727) 1 > 1 2 )
_T(l) +_T(0) R T(O)T(l) +O T(2)
do(z"X’") o l‘-l-(o) ‘2 +O(T(2))
dM, 3

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 104



Chir‘al DynamiCS = some recent refs.

Prague, 9-2010

Chiral dynamics of the two A(1405) states,

D. Jido, J.A. Oller, E. Oset,A. Ramos, U-G. Meissner, Nucl Phys A 725,

181 (2003).

Chiral dynamics of kaon-nucleon interactions,
{‘zeo\(/_)l5s)l'|'€d, B. Borasoy, R. Nissler, W. Wiese, Eur. Phys. J. A 2579

Low lying S=-1 excited baryons and chiral symmetry,
E. Osef, A, Ramos, C. Bennhold, Phys. Lett. B 527 99 (2002).

Non-perturbative chiral approach to s-wave KN
Ineractions,
E. Oset, A. Ramos, Nucl. Phys. A 635 99 (1998).

SU(3) chiral dynamics with coupled channels eta and
kaon photoproduction,

N. Kaiser, T. Waas, W. Weise, Nucl. Phys. A 612 297 (1997).

R. A. Schumacher, Carnegie Mellon University
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Y K+

Getting the three final states:

e K D)

33% o
2 n 2> n(n)x 100% Case 3
33% ' > pr’)n 52%  Case 2
>n(n)n 48%  Case 3

%

- 30 19> A(y 7°) 100%  Case 2

y+p9 Subtracted incoherently bin by bin using Monte Carlo model

Prague, 9-2010

R. A. Schumacher, Carnegie Mellon University 106
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Fit o Lineshape with MC Templates

I

m:u}:— Whin: 3 anglebin: 17
A ) 2150 <W<2250 O
- = —PpT 0.700<cos8(M<0.800
: data T
wf- + -
e H .
~ L _|
N } _
200 p i i g
: 1 i .
— Hh t .
100— 1"} H"iﬂ'l} Hy b —]
— 1 “'.rl-lll-l'.|. _|
- lI.|.|, lII-I-|,|. —

_| |.-J"."| | | | [ | [ [ | [ l|.| IE-J_I
93 14 15 L6 17 K

Prague, 9-2010

2 1 Invariant Mass (GeV)

R. A. Schumacher, Carnegie Mellon University

= Example of 1 bin out
of 150:

107
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600

500

400

300

counts

200

100

Prague,

I

- Whin: 3 anglebin: 17
— n 0 2,150 <W< 2250 -
- Y OpT 0.700<cosOM<0.800 ]
: data T
— + Z(1385)MC
il H .
N { _
oy p } i g
m } t n
l # Hitigp b +H,+ i
| 4 | | Mt _
IR e ST I i, T

3 1.4 S VR L8

2 m Invariant Mass (GeV)

9-2010 R. A. Schumacher, Carnegie Mellon University

Fit o Lineshape with MC Templates

= Example of 1 bin out
of 150:

= Subtract off
¥9(1385) (fixed by
An? decay mode)

108
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600

500

400

300

counts

200

100

Prague,

I
- Whin: 3 anglebin: 17
I . 2.150 <W<2.250
- )Y oSpT 0.700<c0s0M<0.800 ]
— data
- Y(1385) MC T
— ] A(1405) MC ver.l —]
ml H .
n } n
— y { i .
: } L m
~ Hh t u
e +*+} it mﬁmu g
- + |
— #1-.!-*-..,_‘_'__ | ‘|I-,|,I-*_|‘+ B
IR == M, I
3 .4 1.5 1.6 1.7 [.8

2 m Invariant Mass (GeV)

9-2010 R. A. Schumacher, Carnegie Mellon University

Fit o Lineshape with MC Templates

Example of 1 bin out
of 150:

Subtract of f
¥9(1385) (fixed by
An? decay mode)

Model A(1405) d la
PDG (Iteration O)

109
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Fit o Lineshape with MC Templates

= Example of 1 bin out

600

300

400

300

counts

200

L 00

"ﬂIIII|IIII|IIII|IIII|IIII|IIII|

Prague, 9-2010

I | L | L | T | T Of 150:

Whin: 3 anglebin: 17
2.150 <W< 2.250 = Subtract off

> —pmn 0.700<c0s8EM<0.800 2%(1385) (fixed by
data An° decay mode)
5(1385) MC Y ;
} A(1405) MC ver.] = Model A(14035) d la
PDG (Iteration O)
t = Subtract off fitted
A(1520)

—|-III|IIII|IIII|IIII|IIII|IIII

| 4 15 K
>  Invariant Mass (GeV)

oo

R. A. Schumacher, Carnegie Mellon University
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Fit o Lineshape with MC Templates

. Examgle of 1 bin out

-2
.

counts

I I I I | I I I I | I I I I | I I I I | I I I I Of 15
600 Whin: 3 anglebin: 17 o = Subtract Off
— . . 7150 {;:‘iﬁ,r{;: 7950 >9(138D5) (fixed by
s~ 2 —> p 1T 0.700<cosB;}'<0.800 ] An® decay mode)
= ~data 4w Model A(1405) d la
= 2(1385)MC 7 PDG (Iteration O)
400 — } AC40S) MCverl 0 gl e finto
= H o 1 A(1520)
= " ] = Subtract off fitted
m ; I K*O (incoherent)
znﬂ:— } _:
- t { # —
- + —
lﬂﬂ:— ii} mﬂﬂiﬂ#- I~l|.++ ' _:
~ +,+.§.EI='-"-.:"‘"""_ — : u
93 .4 s T A ;rs

2 m Invariant Mass (GeV)

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 111
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Fit o Lineshape with MC Templates

600

500

400

300

counts

200

100

WITTTT

Prague, 9-2010

Whbin: 3 anglebin: 17 4 ™
n 0 2.150 <W<2.250 -
2 opT 0.700<cosBM<0.800 ]
data 1 g4
X(1385)MC T
} A(1405) MC ver.l —]
| |
I I K*{l Z+ _:
L — |
1 y2/ndf: 4.16
| — =
# | it ]
‘ —]
LT " .
sl e bR -
I-—L-ﬁ_! : ._._.-|==|-;-?"'"-_|,._| T
i L4 1.5 1.6 1.7 1.8

> Invariant Mass (GeV)

R. A. Schumacher, Carnegie Mellon University

Examgle of 1 bin out
of 150:

Subtract of f
¥9(1385) (fixed by
AP decay mode)

Model A(1405) a la
PDG (Iteration O)

Subtract off fitted
A(1520)

Subtract off fitted
K*0 (incoherent)

Fit looks bad:
iteration A(1405)
lineshape
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Fit o Lineshape with MC Templates

600

500

400

counts

300

200

100

WITTTT

Prague, 9-2010

A(1405) MC ver.j !

[ I | I I [ | [ [ | [ 1 | 1T 1T 1
Whin: 3 anglebin: 17
2.150 <W< 2.250

+ ' .
Y —>pn’ 0.700<cosO5M<0.800
data
* %(1385) MC
I K%'

¥2/ndf: 2.09

" A

I'f__llimﬂﬂlﬂ'l'l_ . Tt

I'I' ,:-,,..r 'ﬂwﬁﬁ +-'|'|
Alpe ' )
- B = e Lo Y MR
1.4 1.5 1.6 1.7

2 m Invariant Mass (GeV)

R. A. Schumacher, Carnegie Mellon University

oo

Examgle of 1 bin out
of 150:

Subtract of f
¥9(1385) (fixed by
AP decay mode)
Model A(1405) a la
PDG (Iteration O)
Subtract off fitted
A(1520)

Subtract off fitted
K*0 (incoherent)

Fit looks bad:
iteration A(1405)
lineshape

Fit looks good with

iterated A(1405)
lineshape
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g
— { { | ‘ { | w+ _\_ T I —
2.5 1.77 <EY <1.9:9~‘= %0;{50 weighted average:
N + fffff >t .
< I
E ~ Zthresholds ‘ ._.:/RQIGTIVISTIC BW |
2 150 | +‘¢ \“\&P\?\\(_
s JRY B\ g
% - YY++ \3@% N
L T, _
05— v'H'il ) R
B “ * ....... @ -
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03 B S

Prague, 9-2010

1.4 1.5
> m Invariant Mass (GeV)

Note that "sign” of the charge

asymmetry is opposite to Nacher

et al prediction

CLAS result for A(1405)

= Decay-channel

asymmetry of A(1405)
lineshape confirmed

Asymmetric among the
three charge states >
isospin I=0 and I-=1
processes contribute
(decomposition in
progress...)

Subtracted back-
grounds: 2(1385),
A(1520), K*(892)
Direct Spin-parity
measurement: J = %

R. A. Schumacher, Carnegie Mellon University



Vi Isospin Decomposition

Separate {Z*n~, 27, =*} into I=0 and
I=1 amplitude contributions

T =({Ex}, [T 7p) A [
TV =({Zx},, 1T" | 7p)

(2) —
T® =HEmh=yp, A

1 1 2
= ST 3T =TT cos g,

- \T«»\ SO T[T feos A,

2

po=2q9/m > © phase space factor

q(m) Mass-dependent width
F(m) — Fo CI— for relativistic Breit Wigner

0

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 115



v4 Isos

do/dm {ub/GeV)

pin Decomposition ...

2
1.8 F|
1.6
1.4 [
i
0.8 F
0.6 i /f
0.4 [ |

0.2 ¥

r

|=0 contribution

W=2.10 GeV 1

ria,
llllll

o
........
llllll

--------------------
-

=1 contributions

m(Zm) (GeV)

JoFfiernon Lab/CLAS/ Tomegm Molkon Unhmersity, Fobruary 2010

45 15 155
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Y&'| A(1405) Differential Cross Section Results

= y+p > K + A(1405)
» Clear turn-over for
¥*r- channel at
forward angles
= Lines are just 6™
order Legendre poly.
= Theory: contact
term only, no
angular dependence

= Experiment: see
strong isospin AND

‘135||||||||||||||||||| T T[T T T [ T T T T T T T 7T

1.99<E,<2.23

0.2

2.15<W<2.25

0.05

'_IIII|IIII|IIII|IIII|III
,_T_IIII|IIII|IIII|IIII|IIII

|III|III|III|III|III|II
-..-’. a

— y+.— COS QCK; angular
500 T interference effect
— Yt

— total /3

Prague, 9-2010 R. A. Schumacher, Carnegie Mellon University 117
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Y&'| A(1405) Differential Cross Section Results
O T T[T I T [T T T[T I T[T T T[T T T[T I T TT T[T TT[TT] L TheChar'ge
oief-  3.27<E,<3.56 channels "merge” at
0.14 7 65<W<2.75 -ﬁ}ﬁ h'gher W
b T = Theory: contact
2 term only, no

no energy
dependence

= Experiment: see
strong angular
dependence and

B i e Tl bl
-0 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8

,_rllI|III|III|III|III|III|III|III|III

sy COS @CK; energy dependence
_ 207.‘.0 o
Yt

— total /3

Prague, 9-2010

R. A. Schumacher, Carnegie Mellon University

angular dependence,
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Y| A(1405) Remaining tasks:

» Internal consistency checks, e.qg.
equality of
= 3 > prP
« XY 2 nt

= Tests for coherence of K™ background

s Compare A(1520) and x°(1385) cross
sections

s CLAS analysis reviews

R. A. Schumacher, Carnegie Mellon University



Yg'| A(1520) J*=3/2" Electro-Production

= t-channel dominates the
production

= Is the exchange of K" J"= 0" or
‘the exchange of K* J>0
dominant?

= Examine A(1520) decays in the
t-channel helicity frame

= 0 exchange leads to |m,|=1/2
2l | | / = J>0 exchange leads to |m,|=3/2
o . <&==== . Dominant at Q*=0: photoproduction
5\ k = D.Barber et al. Z. Physik €7, 17(1980).
|/ “Frown *

prague, 8-2010 S.P. Barrow et al. (CLAS) Phys. Rev. C64 044601 (2001)
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Arbitrary normalization

c :I LI I L | T LI I LB E
2 225F (0) 0.9<@7<1.2 E
ﬂ oF X'/v=1.45 E
T 1.75E + =
Q1.2 :
-
Eo' E
z =
o E
< 9-25¢ e
o-u|||0||5|||6||||U|5||||-1

1.31 - . .

1.4;_ ¥ /v=1.35

Arbitrary normalization

Lof (©) 1.5<a*<1.8

Prague, 9-2010

o2b “Smiles” 3
0:...|...|....|
-1 -0.5 0 0.5 1

Arbitrary normalization

ELIURSURSLIN [RRLRSUUISLIN ERLINUINLIL ]
1.8 3 xz/v=0.59 +
1.6F + .
1.4 E ]
1.2;

[ I
m
G
-
i’
f
v
—
i
1

© o o
|+ B =
IIIIIIIIIII

1I 1 II_0¥I5I 1 0I 1 Io'sl Ll

-y
]

L LENLILIL I LI l LI B
16k (d) 1.8<Q*<2.4
F X/v=096

D.z-lll | A |

COsSOy-

-1 -0.5 0 0.5

1

A(1520) Decay Result

For Q%> 0.9 (GeV/c)s,

contributions from

m,|=1/2 become big

= ~60% Imz|:1/2
parentage seen

= More K (J=0) exchange
than in photoproduction

= A caveat: Wand t
ranges differ from
photoproduction result

S.P. Barrow et al. (CLAS) Phys. Rev. C64 044601 (2001)



T =" Production: 5=-2 physics

= Cascade physics under-explored
= Only 6 states with 3 or 4 stars in PDG, most without spin-parity

= Cross sections very small (few nb)
= Narrower than S=-1 hyperons and N*

= Measured mass differences of ='s

= Model: effective Lagrangian approach:
= K. Nakayama, Y. Oh, H. Haberzett!|, PRC74 (2006) 035205
= H.Lee GlueX Workshop http://conferences.jlab.org/php2008

K- K+

o
w
}
L]
1]
I

[
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‘o { %
= - &
@ | p— e Hll“{# ) h
E 2500 ( 1 32 1() z I‘h‘uﬁ'ﬂwﬂ y
m -
-E i o ﬂﬁ“ﬂmﬂnﬂ’mu
S 2000( bt T
(& VA KAK*) (GeVic®)
1500}
1000}
500/ J '—*—(1530)
:1‘.-’NI 1 | L 1 1 L | 1 L 1 1 | 1 1 L 1 -‘l I- I. 1 L | 1 L 1 1 g
37 12 13 1.4 1.5 186 1.7 1.8

MM(K*K*) (GeV/c?)

s Detect via yp —> K'K*(X")

dﬁfdcoﬁﬂ; {nbisr

do/dcose.. (nb/sr)

i2

=t
=

.

Pt

[y
=]

=
-t ek =k

O R Ea D Do N R

=-() Production: S=-2 physics

E, =3.5GeV

E, = 3.8GeV

ps, pv couplings

= Possible production through decay of excited hyperons
= High spin hyperon resonances needed (J > 3/2)

Prague, 9-2010

L. Guo et al. Phys Rev C 76 025208 (2007)

R. A. Schumacher, Carnegie Mellon University




=0 Production: S=-2 physics

AO

=0
Do

(M=1316.6+ 0.6MeV)

Tsospin AM (MeV)
Multiplet (PDG)
mt/md 45936
D+/DO 479

p/n 1.293318
>/%0 4.807
=/=0 6.48+0.24

CLAS: M(E-)-M(E%=5.5+1.8MeV

s Deftect viayp —> KKt (X% ; Ais from =—An decay
s Mass splitting consistent with PDG value

L. Guo et al. Phys Rev C 76 025208 (2007)

Prague, 9-2010

R. A. Schumacher, Carnegie Mellon University
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=0 Search for excited = states
Excited cascades | Mass (GeV) Width (MeV) BR to =n
=9(1530) 1535 9.1 100%
=0(1620) (*) 1.6-1.63 ~22 En
=9(1690) (***) 1.69 <30 Seen

Counts/(10 MeV/c?)

Tbod T

0 oyl 155 ECE 155 e L e

M(_ ) (GeVic?)

K+ background

Non-Z= events background

Prague, 9-2010

+-E-(1620) plausible, but not significant
Interest: Dynamical generation of J©=1/2-

meson-baryon resonances a la
Ramos, Oset, Bennhold: PRL 89 252001 (2002).

Further study of excited = states:
*Higher energy/statistics CLAS

'g12' data under analysis how

*CLAS12 and Hall D in the 12 GeV

era

R. A. Schumacher, Carnegie Mellon University
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Summary

» Hypernuclear electroproduction is now
an established and essential tool in
strange-particle physics

» Elementary Y* photo- and electro-

production are probing the structure
of excited hyperon formation

s A(1405) >Zn shows non-Breit-Wigner
shape & I=0, 1 interference structure

= Known = hyperons measured in
photoproduction - new ones sought...

R. A. Schumacher, Carnegie Mellon University
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End of Day 2 Talk
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