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Energy dependent approach

In many cases an unambiguous partial wave decomposition at fixed energies is

impossible. Then the energy and angular parts should be analyzed together:

A(s,t) = ZAQB (s )Q(BH Fr- Q(B)
BB'n

1. Correlations between angular part and energy part are under control.
2. Unitarity and analyticity can be introduced from the beginning.

3. Parameters can be fixed from a combined fit of many reactions.
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Resonance amplitudes for meson photoproduction

YP—oR, >R, t—=pnn
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General form of the angular dependent part of the amplitude:
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Orbital momentum operator

The angular momentum operator is constructed from momenta of particles k1, ko and

metric tensor g, .
For L = 0 this operator is a constant: X" = 1

The L = 1 operator is a vector X&l), constructed from: k,, = % (k1, — k2,,) and
Py = (kp =+ ko).

P,P
1 1 14 . vl v )
X,L(L ) — kﬂ = k‘ygl/u7 gy/,b (gl/,u p2 )
Recurrent expression for the orbital momentum operators X/S?-)--/Jn
n 2 n
n) _2n—1 1 o (n-1) 2k1 (n—2)
Xul---un _Tzkﬂi){#l Mg —1 41 - o F Z gMzMgX Y PR TP PRy VY R Y R ey 17}
1=1 2,7=1
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7 /N interaction

States with JJ = L — 1/2 are called - states (1/27,3/27,5/27,...) and states with
J =L+ 1/2arecalled '+ states (1/27,3/27,5/27,...).

N-I- _ X(n) N— ,L,YV,.Y X(n—l-l)

Pl Pl fin P1-e o VL. fhn

A =a(k) Ny, o Fotobi U NG, (@) BWE(S) s 0™ [G(s, t) + H{(s, £)i(07)] o'

H1i...4L > V1...VL—1 c.m.s

G(s,t) = > [(L+1)F/ (s) — LF (s)] Pr(z) ,

L
H(s.t) = S [Ff (s) + Fy ()] PL(2)
FE= )RR R e
Fy = (MR s S By ().
L

2z —1_ (2L—1)!
===

BW (s) ,

=1



Bonn-Gatchina Amplitude Analysis Methods... ECT workshop, 12-16 October 2015, Trento

~v NN interaction

Photon has quantum numbers J©¢ = 17—, proton 1/27. Then in S-wave two states
can be formed is 1/27 and 3/2~

Then P-wave 1/27,3/27 and 1/27,3/2% 5/2T.

In general case: 1/27, 1/27 described by two amplitudes and higher states by three

amplitudes.
1 1— n+1
VA — i X, Var 4t = e Xen D,
V( +)M — ’YVZ’VSX/(JJZZ:J Oty V(2 )M X/(Jzi_l)an y
3— n—1
V( +)M = Y175 XISO: )ang,uoz 9 V( )M — X( 0‘)n oLy

For the real photons:
2+ _ =E 3+
enVaro, = CHeu VTl

where C* do not depend on angles.
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Reggezied exchanges:

L4
‘o “
’ *
., “
., .
L4
’

p(ky) p(ay) p(ky ™(q,)

The amplitude for t-channel exchange:

exp(—i1mo 1% a(t)
A = gi(D)g2()R(E, v, ) = g1 (1) ga(t) = imﬁfa(t)) (1)) ( ) v = 55— u).

Here a(t) is the reggion trajectory, and £ is its signature:

—iZ o(t) a(t)
R(+,v,t) = : <V> |

sin(Za(t))T (#) Yo
—1 5 a(t) a(t)
1€ 2
R(=wt) = n a(t) | 1 (I/()) |
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t,u-exchange subtraction procedure
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t,u-exchange subtraction procedure
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1700 1800 1900 2000 2100 2200 1700 1800 1900 2000 2100 2200 1700 1800 1900 2000 2100 2200
M(rp), MeV M(np), MeV M(np), MeV



Bonn-Gatchina Amplitude Analysis Methods... ECT workshop, 12-16 October 2015, Trento

N/D based (D-matrix) analysis of the data

10
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In the present fits we calculate the elements of the Béf using one subtraction taken at
the channel threshold M, = (M1 + May):

- (R) (L)J

ij ij ds’ ga ipa(slamlommZa)ga
B () = BI(MZ) + (s — 12) [ SR et te e

2
mg,

In this case the expression for elements of the B matrix can be rewritten as:

g . 7 ds' Pa (s, mia, Mmag) L)j - L)j
B _ (R)i b o M2 / a\® > o o (L)J _ (R)zBa (L)J
« (S) ga + (S a) T (S/ _ g — ’LO)(S/ L Mg) g@ ga g@

and D-matrix method equivalent to the K-matrix method with loop diagram with real part

taken into account;

A=K(I - BK)™! B = 605 Ba

11
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Minimization methods

1. The two body final states 7N, YN — 7N, nN, KA, KX, wN, K*A: x? method.
For n measured bins we minimize

n

s (05 (PWA) — 0;(exp))’
=2 (Ao, (exp))?

J
Present solution \? = 54634 for 33988 points. y*/Np = 1.6

2. Reactions with three or more final states are analyzed with logarithm likelihood

method. 7N, YN — 7w N, 7nN. The minimization function:

) N (data) l o) (PWA)
f - Z nN(rec MC)
j S o, (PWA)

This method allows us to take into account all correlations in many dimensional

phase space. Above 1 000 000 data events are taken in the fit.

12
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Baryon data base

DATA BG2013-2014 added in BG2014-2015
N — N ampl. SAID or Hoehler energy fixed

vp — TN %o 3, T,P,E,G, H E,G,T, P (CB-ELSA, CLAS)
yn — N 2o, 8, T, P 9o (MAMI)

yn — nn dd—g, > 3—6 (MAMI)

Yp — Np g—g, b3 T, P, H, E (CB-ELSA)
P = n'p do %

vp— KA 49 33, P,T,Cy,C2,04r,0, >, P, T,0,,O, (CLAS)
vp — K130 49 33, P,Cy, C. >, P, T,0,,O, (CLAS)
vp — KO8+t 425, P

T p—nNn dd—g

7~ p— KOA 3—6, P, 3

T p— K020 do P (K0%0) 42 (K+%-)

rtp - Kttt 4o P,

T p— 7070n

T p— Tt n

99 (Crystal Ball)

99 (HADES)

vp — mOnVp dd—g‘gl,E,E,Ic,Is

,.yp_>7.‘.0,r}p ﬁazafcals

Yp — T p 99 1., Is (CLAS)

Yp — wp 95,0y, pi, p2:, E, G (CB-ELSA)

vp — K*(890)A

d
98125, pY; (CLAS)
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CBELSA/TAPS: Helicity Asymmetry E for pn?°

reaction: ¥+ p— p + 7°

Gipp - O
£ - Oz ~Osp
O F O3

Partial wave analysis |

prediction:
___BnGa

__ SAID

__ MAID

CBELSA/TAPS, M. Gottschall, PRL 112 (2014), 012003

630-660 MeV 690-720 MeV

PR PR PEEPEEE PR

750-780 MeV 810-840 MeV

930-960 MeV
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Bonn-Gatchina Amplitude Analysis Methods...

CBELSA/TAPS: Asymmetry G for pn’

linearly polarized beam, longitudinally polarized target:

l I : . _
%((5)) il (1- P,I},'" Y cos(20) + P,I},'" P. G'sin(20))

dQo
CBELSA/TAPS, A. Thiel, PRL 109 (2012), 102001

‘ PWA predictions:
- MAID

Y : : SR / Ny 4] - BnGa
. ‘ - SAID

15
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Target asymmetry for vp — 7TOp
MAID, SAID, Bonn-Juelich, Bonn-Gatchina

— 1.460 < W < 1.481

1.481 < W < 1.501

1.501 < W < 1.524

1.524 < W < 1.542

1.971}< wW <

2.

018
~
\
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Impact of the new Polarization Data

var(1,2,3)[mfm?]

var(1,2,3)ithout

4

var(1,2,3)vit

1800
WIMeV]

Clear convergence between
different PWA’s

Preliminary work:
JuBo: D. Ronchen, M. Doring
U. Meil3ner

1 SAID: R. Workmann

BnGa: A. Sarantsev

17
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NP — pn - Polarization Observables: FE

~4+ CBELSA/TAPS 1 CLAS

Ef i z
1 + 7
: B / | - L]
0.5E == il NS S S S . Circularly polarized
- 1 i photons, longitudinally
o DA T T ~ -
- 1 1 polarized target
-05F 1660 MeV < W < 1716 MeV + 1769 MeV < W < 1822 MeV 1 (only a few selected bins
- 1650 MeV < W < 1700 MeV T 1750 MeV < W < 1800 MeV . shown)
_1_ T .
i ————— T ————— ]
(2017 MeV < W <2108 MeV T . 2195MeV < W <2279 MeV ]
/ Predictions :
0.5 ¥ I —Maid,
AN S /[ —said,
0= X R\ < —Bodij,
g ﬁ _ys _VX\/ 1 o 1  —BnGa 2011
-0.5F T N\£ -
- I ~ ! 1 — new BnGa-fit
TE 2050 MeV < W < 2100 MeV T + ] : -
f o oprer s s ey oo o= 1 =-=-=Wwithout new 5/2
0.5 0 05 0.5 0 05 coso, at 2200 MeV
e

<> Large sensitivity!
= approaching also the high mass region

U. Thoma, Bonn: - Light Baryon Spectroscopy , Recent Results from Photoproduction Experiments

18



Bonn-Gatchina Amplitude Analysis Methods... ECT workshop, 12-16 October 2015, Trento

YD — PN - Polarization Observables: T, P, H

~+-CBELSA/TAPS T MAMI  —+ PHOENIX

= T 1514 MeV : 1558 MeV 1617 MeV
o linear pol. photons,
: | o , transv. pol. target
: 1796 MeV 1993 MeV 2290 MeV
05t L } 72N (only a few selected bins
’ ¥ A TN RO \ shown)
0 = T A
05t A G, /
N THET4AMeV 533 MeV T i589 MeV Predictions :
0.5F - i} — Maid ,
03 : : o — Said ,
: ' E 5 — Bodi,
0.5 - - — BnGa 2011
T 1514 MeV 1533 MeV 1589 MeV — new BnGa'ﬁt
0.5 s s
i F r - - - without new 5/2—
o - :
- 3 : =1 ¢ by -~ at 2200 MeV
: : f i
0.5r - - 4
%50 o5 W05 0 05 05 0 05

cos 6,

U. Thoma, Bonn: - Light Baryon Spectroscopy , Recent Results from Photoproduction Experiments 19
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- Results including newdataon £, G, T, P, H

Determination of pn-branching ratios for various resonances, e.g. :

N(1535)1/2— | N(1650)1/2— | N(1710)1/2t | N(1720)3/2t
BnGa 0.424-0.04 0.321+0.04 0.27+0.09 0.0314-0.02
PDG 0.42+0.10 0.05-0.15 0.10-0.30 0.021+4-0.014
[

large and heavily discussed difference in the pn-branching ratio of
N(1535)1/2 and N(1650)1/2— now significantly reduced

= Hints for a new resonance around 2200 MeV with J©=5/2—

N, 50¢ ~, F
i : T
< < 20:_

15F

40F
30f
: 10F
oF | | |

2100 2200 2300 2100 2200 2300
M(5/27), MeV M(5/27), MeV

20F
10F

0'_

U. Thoma, Bonn: - Light Baryon Spectroscopy , Recent Results from Photoproduction Experiments 20
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Parity doublets of NV and A resonances at high mass region
Parity doublets must not interact by pion emission

and could have a small coupling to w/V.

J=3  Nip;o+(1880) *  Nyjo-(1890) **  Ay,9+(1910) »* Ay /5-(1900) *
J=3  N3/o+(1900) **  Nz/jo- (1875) **  Ag;o+(1940) **  Ag/p-(1990) *
J=2  Ns/o+(1880) *  Ngjo-(2060) **  Agjo+(1940) »  Agp- (1930) *=*
J=L  Nyjo+(1980) **  Npjo- (2170) * Ay s (1920) » Ay - (2200) *
J=5  Ngja+(2220) ***  Ngjo-(2250) **  Ag/p+(2300) *  Ag/p-(2400) **
J=2  N5/9+(2090) **  Nsjo-(2060) *  Agjo+(1940) »  Agp- (1930) **
J=L  Ng7j9+(2100) **  Npjo-(2150) ** Ay (1950) »  A; - (2200) *
J=3  Ng/a+(2220) **  Ngjp-(2250) ***  Ag/5+(2300) *  Ag/o-(2400)* **

21
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Precise Measurements of Polarisation Observables

CBELSA/TAPS, CLAS-data

(only a few of the measured bins shown:)

0 . E(yp—nn*) (CLAS)
T(yp—pr°) (CB-ELSA) Y(yp—nr*) (CLAS) W20
W=2040 T W=2061 ol |
0.5F P
L 0 - % \
ok [ Sb kb
i -0.5F + N ¢'¢,¢
'05 B 1 1 1 1
. W=2191
1 1 1 " 1 " 1 1 0-5 L
W=2085 I
0.5 0.5F or
ok [ N ok -0.5 '
0.5 0.5} . W=2227
¢ 0.5}
105 0 05 1 105 0 05 1 ol
J. Hartmann et al. cos 6 M. Dugger et al. (CLAS), cos 6 H
(CBELSA/TAPS), PLB 748, 212 (2015) PRC 88, 065203 (2013) -0.5}F
. . . ] 1 05 0 05 i
data included in the multi-channel BnGa-PWA:
S. Strauch et al. (CLAS), cos 0

fit with (—) / without (- - - ) A(2200)7/2"

arXiv:1503.05163 (2015)

U. Thoma, Bonn: - Light Baryon Spectroscopy , Recent Results from Photoproduction Experiments 22
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Search for Parity doublets

Idea (L. Glozman): chiral symmetry restoration o J400
in highly excited baryon states. 1200
< Mass-gaps due to spontaneous chiral symmetry : f200
breaking like: ;
p(770) <> a1(1260) or N(940)1 /21 «» N(1535)1 /2~ 1200
no longer present in highly excited baryon states N N O
— ALL high mass states should have a parity partner! 0} s o4 04200
J 2000f E ;100
A(1910)1 /27 A(1920)3/27 A(1905)5/2" A(1950)7/2" ok, vy 1o
A(1900)1/27 A(1940)3/27 A(1930)5/2 ?2?2? 7/2™ 150
1000 ]
Search for the parity partner of the well known [ 125
A(1950)7 /2T (4%) = ok, = 1o
o 1000 _100
= JP = 7/2— -state found at a significantly _ 50
higher mass: m = 2200 MeV ok lo
(7/27 (2200) - (1*)-resonance (PDG) confirmed ) l '.
200 _5
<> No parity-partner found I
ol | | | T o n:.ol_e, o 1o
1800 1900 _ 2000 _ 2100 2200 _ 2300
V. Anisovich et al. (BnGa-PWA), arXiv:1503.05774 (2015) A(1950)7/2 * 727 M, MeV

U. Thoma, Bonn: - Light Baryon Spectroscopy , Recent Results from Photoproduction Experiments 23
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Fit of the new polarization data on yp — K A (CLAS Preliminary, courtesy of D. Ireland )

S
N
S
8

N N [ N F N [ X F X F X F X F
ok w=1721 ok w=1741 ok w=1761 ok w=1781 O w=1721 o= w=1741 O w=1761 o= w=1781
- - ° - - — - — —
°F Y YY e o or 08400000807 of % 90n 50T OF %wa_,00a 0e5v® or or or 0 4
B B B B A o 5955500° aE ¢49¢0oTTTTO00 L e$veeeeevurio bk S rrorresssens
o | o | L | TR R R R o L. o P PRI R BRI
-1 0 Z’l -1 0 Zl -1 0 Z’l 1 0 Zl 1 0 z'l -1 0 z’l 1 0 z'l 1 0 z’l
N N N N x x x x
OF W=1800 OF W=1820 OF W=1840 OF W=1860 O W=1800 o] W=1820 O W=1840 o] W=1860
o o =20 o appatoo o L&z., boed o M o~ o o~ =
[ % vop00lgensoo® E E E E ¢ E E > o
c C c C C = c C B
ab A afF 1 1= oo a %000 1= °"o0% 1
R R R R R R R R R R R R R R R R R R R R iR R R R R o R T T T R R T R R T T R R R
-1 Z‘l 1 0 Z‘L -1 0 Z‘l 1 0 Z‘L 1 [ Zl -1 [¢] Zl 1 0 Z‘L 0 Zl
N [ N [ N [ N [ X FE X [E X FE X [E
O W=1880 O W=1899 O W=1918 O W=1940 O W=1880 OF » W=1899 O e W=1918 O W=1940
- - - - - - ° - -
r C C F e r Q E 3 F 2
OEM OEM OEMW" oF w oE oF oE oF
E °° s ° E °%e E DG E s £ %2000 £ £ o
1 1 1 Bl B 1 A 1
R R R R R R R R R R T R R R R R R i R R R R o R T T T iR R T R R o R T T T
-1 0 Z‘l -1 0 Z‘L -1 0 Z‘l 1 0 Z‘L 1 [ Zl -1 0 zl -1 0 Zl -1 0 zl
N [ N [ N [ N [ X [E X E X F X F
ol W=1960 oE W=1980 ol W=2000 oE W=2018 OE W=1960 o= W=1980 OE W=2000 o= W=2018
c C c C C c Q C c
o E s [ s o L o o o ¢ 3
() ol o 3 () ol o ° o () ol o (o o
c oo E ¢ c E E c E 3 ° ® 00
1 1 1 1 A a1 A a1
R R R R R Lo v by R R R R R R R R R R R R R R R T T T R R R R R T T N R R
-1 0 Z’l -1 i -1 0 Z’l 1 0 i -1 0 Z’l -1 0 Z’l -1 0 Z’l - 0 Z’l
N N N N x x x x
Ok W=2040 Ok W=2060 Ok W=2080 Ok W=2100 O W=2040 [ W=2060 O W=2080 [ W=2100
C ¢ E C E E Q C E
o % o o o o o o o o o o R
£ £ £ £ £ o £ 29 400 £ 2%a00 LT
1 1 1 1 ap ° a1 ap a1
R R R R R R R R R R R R R R R Lo 1wy R R T R R T R T T R R R R R T T N R R
-1 0 Z’l -1 i -1 0 Z’l -1 0 i -1 0 Z’l -1 0 Z’l 1 0 Z’l -1 0 Z’l
N [F N [ N F N [ X F X F X FE x
(o'} = W=2119 O W=2140 (o'} = W=2160 O W=2180 Q- W=2119 O W=2140 Q- W=2160 O W=2180
E . = ¢ E = Eoo s Eoed :
or o000 o= o o °E \\%\Qa“ i3 v\r(w i3 i
C E ° E E ] E o3
1= 1= B B B = ¢ A ° A= A=
o P o P | o P R SRR | o | |
-1 0 Z’l -1 0 Zl -1 0 Z’l 1 0 Zl 1 0 z'l -1 0 z'l 1 0 z'l -1 0 z'l

The best improvement is also from 5 state:
M~2260 MeV, T ~ 300 MeV, A2 /A2 ~-1.0
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Photoproduction of vector mesons. Spin density matrices

do do

— ec,q) ec
00 At~ d, Y (008 Ouee, Pace)

Yp — pw(7r+7r_7ro)

3 (1 1
W(cos®, P) = py (5(1 — poo) + 5(3,000 — 1) cos® ©—

V2Rep1o sin 20 cos ® — py_1 sin® © cos 2<I>> :

: : + 7= 70
cos O, P direction of the vector n = 57;jk:mp§ P Pm in the w rest frame.

N—"

vp — pw(yw’

3 (1

W(cosO,d) = — (5(1 + cos® ©) + =(1 — 3cos” ©)poo+

DO | =

8
V2Rep10sin(20) cos ® + p1_1 sin” © cos 2<I>) :

cos ©, ® angles of photon from w decay in the w rest frame

25
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YD — pW

Pion exchange Pomeron exchange Pion+Pomeron
poo pOO pOO
o I ! [, o0 I b r r ! [, e r s o ol s Y I b
o5 go0tbo® RTEACT b ey +¢¢¢ vy 05°¢o¢¢o° NIRRT st o, +¢¢¢ ¢y sootbo +°¢o° N $00 oy +¢¢° ¢y
& B B 3 B D B B ¢ B ¢
OMMMM ol 1756 ¢+_ 1783 ¢+J‘,_%§\+¢_M; OMMMM
1B \ b \ A \ b \ L b \ i \ A \ i \ L B : L Lh ¢¢‘ a L Lh L L
0A5»“MM+ ¢¢°M¢¢ ,M°°M¢ ¢“M° 05MMM+ 7+¢¢¢¢¢° ,M°M¢ § ¢¢¢Mo 4o ¢¢¢++ b0 h ¢¢°¢M¢ ¢¢°¢¢
0_,1869—“\%’ A@&&—%JT, 19300 % OMMM 4 oot M ’L'%\wr% —1030—eu 2ot
1 Il 1hl Il 1hl Il 1l 1 1 1 1 1kl 1 1kl 1 1kl 1 1 1_' L Lp L Lp L L L L
1f = 1f o o o
44 % L) 6
0.5 ‘HH“‘) M #‘? ’+¢°¢¢{¢ ’§¢¢¢¢¢¢ 0.5 ++H+°¢ (499 ¢j[° ’+¢°¢¢ ¢ ’¢¢¢¢¢¢ ++ e 't "l 00 bo! ¢¢°°c bee ¢°¢oo-:.=
O-W- °°_/2966'—°°\°°_ 0 ¢ O-M- °°°°-_209_6_°,°°f_ 0 600 O-M 0o 20060
1f 5 5 1f o o o
8 R X: XX AR
0sfbe, ety faothe, ’¢¢¢M¢¢o YL ostbe,fety Pttty ’MWHM et by M con] L tens t;ow& /éztz&
0 0% °°o 00 s 008, ¢o° ° s [ L N 0_ °
0_/2<a5"r—\¢ o097 | s % ok —2052 ¢_ 2075 | 2097  °[ 2120 T o iR AR . ih .
1 ! i ! i ! i ! 1 1 ! 1h ! 1h ! 1h ! 1 1r B B B
1f 1f o o o b 3 }
¢ °M+¢ AREY o, ¢¢¢ b 40 pot bog0
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vp — pw Fit of the Crystal Barrel data
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vp — pw Fit of the Crystal Barrel data
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The analysis of vp — K™ A (CLAS).
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D15: M~2280 MeV, I ~ 170 MeV, A2 /A3 ~-0.8
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But there are three solutions: S11 + D15, D13 4+ D15 and S11 + Di3
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Density matrix elements yp — K*A (CLAS, Preliminary)
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The third shell 30 N*'s and 15 A*’s expected in a large number of multiplets:

(70,37 );(56,37); (20,37 ); (70,27 ); (70,17 ); (70,17 ); (56,17 );(20,17)

(56,17) : | A(1900)1/2~

N(1895)1/2~

A(1940)3/2~ A(1930)5/2~
N(1875)3/2

, Trento

(70,37):

A(2223)5/2~  A(2200)7/2
N(2150)3/2~ N (2280)5/2~ 2 N(2190)7/2~ N(2250)9/2
N (2060)5/2~ missing
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Do we have a proof for the resonances in the region 1.9 GeV
from the yp — n'p data?

The description of the GRAAL beam asymmetry.

With CLASS differential cross section With CB-ELSA differential cross section
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colorblue Interference between N (1895)1/27 and N (1875)3/27.

ECT workshop, 12-16 October 2015, Trento
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The data on vp — 7TO7TOp and vyp — 7T077p
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The vp — 7t 7~ pdata should define the decay amplitudes of the resonances into
p(770) — N and practically saturate the unitarity condition in the region up to W=1.8

GeV. We include in our data base the data on:

1) vp — 7T+7r_p differential cross section (SAPHIR, CLAS)
2)yp = w7 p, I, I (CLAS)
3) New HADES dataon 7~ p — w7 m 1.
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I. and I polarization data are very important for the partial wave analysis
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I.and I for yp — 7wt~ p from CLAS (Preliminary)

Courtesy of V. Crede, Florida State U
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~v NN interaction

Photon has quantum numbers J©¢ = 17~ proton 1/2T. Then in S-wave two states

can be formed is 1/27 and 3/2~
Then P-wave 1/27,3/27 and 1/27,3/2% 5/2T.
In general case: 1/27,1/2% are described by two amplitudes and higher states by

three vertices.
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General structure of the single—meson electro-production amplitude in c.m.s. of the

reaction is given by

eniioiks . (GK) . . (3]) .
J,=1F16,+F2(5Q) K L +iF35—Gu+iFa-—="Gqy
k| q k|| q] q°
(ck) . <aci>

+HF 5 _,—Qk?u-FZ./—"
|| 1% \

where ¢’is the momentum of the nucleon in the m/N channel and k the momentum of the

nucleon in the v/N channel calculated in the c.m.s. of the reaction. The o; are Pauli

matrices.
ok
1 o \k|2 1
i ik
G = Qu— =Zku=0q.— 2k,
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The functions J; have the following angular dependence:

0. @)
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Here L corresponds to the orbital angular momentum in the 7N system, P} (z), P/ (2)

are derivatives of Legendre polynomials z = (kq)/(|k||q]).
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For the positive states J = L + 1/2 (L=n):

At = a(gn) X,
F —
F —
Fat =
Fo=
F —
F —
where
" 2n+1(\ el xix
Therefore

(gh)FS s VI (e yu (k)

S
A\ P

n
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The correspondence of the vertices and multipoles (J = n + %):

E M S
1 An An An
Vol | iy iy
2+ An __An An
Vn n+l n(n+l) ntl
ot 0 —Sn i
Al I~
V2| —A, 0 —A, 72111
Vn:,%_ —0On—1 0 Qn—lTl
a mn
An = 2n+1(\k||cﬂ) XiXf A, = n(n+1)2 <|kH(ﬂ> Jr1XzXf
— Q —
o= ORI Yo en = oy R
gn — (n—|—2o)ézbn—|—1)‘k|n+2|mnxixf
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The Reggezied t and u-exchanges are treated with the prescription from
M. Guidal, J-M. Laget and M. Vanderhaeghen Nucl.Phys. A627,(645) 1997.

However it can be wrong....
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SUMMARY

e The number of new photoproduction data sets are included in the fit and
successfully described.

e The new precise data on 7 and 77 photoproduction provide a strong constrain on the
partial wave amplitude decomposition.

e The analysis of photoproduction of vector mesons like wN and K*(890)A
provides an important constraint on the branching ratios and reveals signals from

resonances above 2 GeV.

e The fit of the 797° and 777~ final state should provide an important information
about resonance properties and almost saturate the unitarity condition up to
invariant masses 1.8 GeV

e The decay properties of the resonances via cascade decays can provide an
important information for systematization and classification of observed states.

e The formalism for the analysis of the electro-production data is almost developed
and encoded (but not tested yet).

44



Bonn-Gatchina Amplitude Analysis Methods...

1 Boson projection operators

In momentum representation:

2n—+1
P12 b (1 \POYMLH2.. un _ E ( u(D*
P o ( ) O UM1M2 Uy v,

VilV2...Unp Vviva..

The projection operator can depends only on the total momentum and the metric tensor.

For spin O it is a unit operator. For spin 1 the only possible combination is:

1 PuPv
Ollj :g/u/ :g/u/ o ;2

The propagator for the particle with spin S > 2 must be constructed from the tensors

gW this is the only combination which satisfies:
1
puguy — O
Then for spin 2 state we obtain:
OH1P2 — 1 1 L 1

vive 2(9“11/19/1,21/2 +g/J,11/g.9/J,gl/1) o gglJfl/JQngVQ

ECT workshop, 12-16 October 2015, Trento
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Recurrent expression for the boson projector operator

1

()Ml pHrL — T E : oMi—1fid1e D
VL LQ g,u'z’/_y 1/1 .vj_1vj+lovg
1,7=1
4 g g O coofbi—1Hi41 -
(2L _ 1) 2L 3 Z Hilbj IVEVm Vg 1VE41--
’L<] k<m
Normalization condition:
Hi1-. ML V1 ,ul ML
Ol 4L QUi VI = Oh1--HE

M-
Vm—-1Vm+41--.

ML

VL
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Orbital momentum operator

The angular momentum operator is constructed from momenta of particles k1, k9 and

metric tensor g,
For L = 0 this operator is a constant: X" = 1

The L = 1 operator is a vector X&l), constructed from: k,, = % (k1, — k2,,) and
P, = (ki + k2,,). Orthogonality:

4
/MXu)Xm) _ / d* ka) X)) _ep —

A 251 A7t M T T2 U
Then:
1 n
xXVp, = XM P, =0
and:
P,P,
X£L1> — k,j,_ — kvgi_,u,; gy,u, (gu,u p2 ) 3

inc.m.s k- = (0, k)
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Recurrent expression for the orbital momentum operators X( )

o 2l (n—1) 2k (n—2)
X b T kaX cHg—1 g1 2 ZQMHJX g — 11— T T e

Taking into account the traceless property of X () we have:

n

X Xil e =)D alm) =]

1=1

20—1  (2n-—1)!
) - n!

From the recursive procedure one can get the following expression for
the operator X ("):

n 4 5L 1 ki 1 1 L
X( ?--Nn — a(n) [kulkpm "'kun o Mm — 1 (9M1M2ku3 : "kun + - ) +

K o
(2n— 1)(2n_3) (glillizgug,uélkﬂg) "'kﬂ4 —I—) + |

n
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Scattering of two spinless particles

Denote relative momenta of particles before and after interaction as ¢ and k,
correspondingly. The structure of partial-wave amplitude with orbital momentum
L = J is determined by convolution of operators X (/) (k) and X () (q):

1--- L L L

M.

Ap =BWr(s)X® |, ( ! (

BW7,(s) depends on the total energy squared only.

The convolution X,Sl) (k)X< ) . (@) can be written in terms of Legendre
polynomials P (z):

X 09X, (0 = at) (V) P,

ECT workshop, 12-16 October 2015, Trento

49



Bonn-Gatchina Amplitude Analysis Methods... ECT workshop, 12-16 October 2015, Trento

7 /N interaction

States with JJ = L — 1/2 are called - states (1/27,3/27,5/27,...) and states with
J =L+ 1/2arecalled '+ states (1/27,3/27,5/27,...).

N-I- _ X(n) N— ,L,YV,.Y X(n—l-l)

Pl Pl fin P1-e o VL. fhn

A =a(k) Ny, o Fotobi U NG, (@) BWE(S) s 0™ [G(s, t) + H{(s, £)i(07)] o'

H1i...4L > V1...VL—1 c.m.s

G(s,t) = > [(L+1)F/ (s) — LF (s)] Pr(z) ,

L
H(s.t) = S [Ff (s) + Fy ()] PL(2)
FE= )RR R e
Fy = (MR s S By ().
L

2z —1_ (2L—1)!
===

BW (s) ,

=1
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~v NN interaction

Photon has quantum numbers J©¢ = 17~ proton 1/2T. Then in S-wave two states
can be formed is 1/27 and 3/2~

Then P-wave 1/27,3/2" and 1/2%,3/2%,5/2T.

In general case: 1/27, 1/2% described by two amplitudes and higher states by three

amplitudes.
— n—+1
VAl = 4, XS0 o Var ot = yevuXintt
Vol = iy X&fﬁ?;ﬁ o VETH = XYL
Vol = iy X gt o VA >“ = X&3 0,95,

Gauge invariance: €,,¢1,, = 0 where g1-photon momentum.

5uvog?.i..)aun — Ciguvog?.i..)aun

where C'T do not depend on angles.
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Resonance amplitudes for meson photoproduction

YP—oR, >R, t—=pnn
., ek, da

General form of the angular dependent part of the amplitude:

W(q1)Nay ...an (R2 wN)F“l"'““ (g1 + g2) NSPL-Fr (R 5 uRy)
F (P)vgf?_gm (Ry —~N)u(ky)e,

m

L
L L+1 L 8.8
FASE ) = (mt OB 5y (g — gy oens) [T sen 0010

1
Oajo = 5(’)/@7;70&3' - fyOéjfyOév)
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