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Search for baryon states

1. Analysis of single and double meson photoproduction reactions.
vp — TN, N, KA, KX, nn N, ™ N, wp, K*A\,
CB-ELSA, CLAS, MAMI, GRAAL, LEPS.

2. Analysis of single and double meson production in pion-induced reactions.
7N — 7N, nN, KA, KX, mnN.

Search for meson states
1. Analysis of the pp annihilation at rest and 77 interaction data.
2. Analysis of the pp annihilation in flight into two and tree meson final state.
3. Analysis of the BES lll data on .J /U decays (in collaboration with JINR Dubna).
Analysis of /V/V interaction

1. Analysis of single and double meson production NN — 7w /NN and (Wasa, PNPI,
HADES)

2. Analysis of hyperon production NN — K Ap (WASA, HADES)
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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) = ZAELB( )Q(B)Jr m Q(B)
BB'n

ABF’(s) - the partial wave amplitude with total spin .J = n for bosons and
J = n + 1/2 for fermions.
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Partial wave amplitude:
transition amplitude with fixed initial and final states

Quantum numbers: mesons /< J7¢ baryons: I.J7, decay LS basis: 2° 1L ;

/

G1 1P.C Gy 1P2Cs (2541 G 1PC /Gy 11 P/C 1Gy 11 PyCy (28" 41 17
111J11 1_|_I22J222( +LJ)—>IJ _>111111_|_12 2J222 —l—LJ

G = G1Gs G=GG,
P = P Py(—1)F P =P P(-DF
L —Li<I<hL+1L |[-Li<I<II+I
Ji— | <S<Ji+Jy |J=J < S <J + T
S—Ll<J<S+L |-L|<J<S+1L

A(s,t) =V, op, (S, L) PRk VI (ST, L) A(s)

n = .J mesons n =.J — 1/2 baryons
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Boson projection operators

The wave function of boson with J = n:

1 1pIT
\Ij,ul---,un — \/—2781&“1...“”6 p
[ W, (x)¥*(z)d*x = ap, =0 —

[ Wy () ¥ (@) = 6 (g — 2B2) =0 =

p

Properties of u,,,....,,, -

2 9
D Upipo..ppy = 0 Upy g i,

Pu;Upqpo..ppr, = 0
Gpip; Y pa..opin, =V

Uppq ooiptgeipigonprn — Wpgooipigo iy pin,
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In momentum representation:

2n—+1
P1p2 . fhn (N OYMLH2 o E (z) (2)*
Pl/ll/g...l/n _( 1) 01/11/2...un T u,ulu,g...,unuulyg...l/n
1=1
O =1
nwoo_ 4 pupu
Ol/ = Yuv = Guv — 2
p
OR1b2 1(_]_ 1 _|__L 1 )_lJ_ 1
V1V2 o 2 gM1V19M2V2 gu1ngu2V1 39M1M29V1V2
Recurrent expression for the boson projector operator
L
1 N .
O,ul...,uL — Z O,Ujl.../JﬂL 1/JJTL_|_1...,U,L_
Vi...VL LQ g/,bq;l/j vi...vj_1vj+l.vg
1,7=1
4 L
E gJ— gJ— OM1 - Hi—1 i1 —THj 41 L
il TV Vm vy...Vg—1Vg+41---Vm—-1Vm+1---VL

(2L —1)(2L — 3) i<ihem

Normalization condition:
M1 L, vy...vy, __ M1..-LbL,
Ol/l...I/L Oal...aL T Oal...aL
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Orbital momentum operator

The angular momentum operator is constructed from momenta of particles k1, k> and
metric tensor g,,,..

For L = 0 this operator is a constant: X" = 1

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

d*k d*k
/ TExmxo _/ TRy xt-) _¢p, =0

41 41
Then:
1 _ n _
xX\Vp, = X" P, =0
and:
P,P,
Xlgl) o k,j,— kl/gj_lu,a gli_,u — <gl/,u p2 ) )
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Recurrent expression for the orbital momentum operators X L(Zf)un

(n) 2n—1 (n—1) Q’H X (=)
Xul Mmoo ZkMzX M — 1M1 B D ngﬂg Mg — 1M1 M — 141

=1 i,7=1
1<

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

n

n n n 2% —1 (2n— 1)

: ) n!
1=1

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

H1 T2 2,n .

n k=
X( ?'-Nn :a(n) [kJ_ kJ_ ki_n o —J_l (g,i_l,u2k/i_3 liL_n +) +

Kl T
(2n —1)( 3) (g”luzgusmk%'”km+'°'> +--- .
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Scattering of two spinless particles

Denote relative momenta of particles before and after interaction as ¢ and £,
correspondingly. The structure of partial-wave amplitude with orbital momentum
L = J is determined by convolution of operators X (%) (k) and X (1) (q):

A =BWr ()X, (K)o -#r XD (q) = BWL(s)X (™, (k)X . (q)

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

The convolution X ,(,f) ur (k)X L(f) 1.1, (@) can be written in terms of Legendre

polynomials Py, (2):

10



A covariant approach to the partial wave analysis of the hadron reactions

The pp — 37 reaction

N
A(S — wave) = Z X (L)
=0

L=
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J /W decay into three pseudoscalar mesons

x P, P,
A=V, A, ZVMVV:giV:gW—%

LU (k23)XBV2...VJ (kf_)P,uAJ(323) kf_lu — kll/g,i_y

x10° x10° x10°
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15 15
I
+ L +
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1»
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Data Fit
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Structure of the fermion propagator

The orthogonality condition has a different form in a fermion case:

/ U, (2)U* (2)d*z = Ap, + B 7,

where A and B are matrices in spinor space.

It means that we have an additional condition:

VuVp =0 Vutoy =0

Thus in momentum space we have:

(p T m)u,ul...,un — O
Pu;Upy...pp, = 0
Upyooptgeiigonpbn — Wpg i iy pin,

Jpip; Ypy.pn = 0

Vi Vi oo, =0

GSI1 2016, December 14
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These properties define the structure of the fermion projection operator P“1

GIH1-Hn — (=1)" m+p pul
Vi...Unp 2m m2 _p Un,

1o fbny — YL -e o O - Oy, YB1--. 8
Pvl...yn T Oal...anT 1...0n Ol/l...l/n

where

Oa;a; = 5(704@"}/043' — ,yaj,yaz')

For particle with spin 3/2 it has form:

1
Pﬂzi(gul/ fyu’)/y/:g)

GSI1 2016, December 14
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7N interaction

States with J = L — 1/2 are called -’ states (1/2%,3/27,5/2™,...) and states with
J =L+ 1/2are called’+ states (1/27,3/27,5/27,..).

~

T (v - (nt1)
Nul g = X N, = WYX

A=uk))NL , Frrdr NS u(q)BWE(S) g w* [G(s,t) + H(s, t)i(57)] o’

L vy1...r,—1 cC.m.Ss

G(s,t) =Y [(L+1)Ff(s) — LF} (s)| P(2) ,

H(s1) = Z F7 (s)+ Ff ()] Ph(2)
Ff = ()R (R XixT an et BWE ()
Fr = () ORI v S Bw (s).
i = e+ K ﬁ 2A—-1 2LL—!1)!!

=1
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The fit of the the 7~ p — K A reaction

Full experiment for TN — K A:
differential cross section, analyzing
power, rotation parameter.

A clear evidence for resonances which
are hardly seen (or not seen) in
the elastic reactions: N(1710)Pi1,
N(1900) P 3,

06 |
05 |
04 |
03 |
02 |

o1 |

Fit
1/2 = all
1/2 + all
3/2+ all
5/2 - all
5/2 + all

O i 1 1 1 L 1 L 1
1600 1700 1800

1900

2000

2100 2200

GSI 2016, December 14

The total cross section for the reaction 7 p — K OA and contributions from leading

partial waves.
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Amplitude for the 7V transition into channels 7N, n/N, KA and K>::

ANy =w*[G(s,t)+ H(s,t)i(on)] o ﬁj:&:w,jq_/fi.
(G(s,t) + H(s, t)i(on)] il

Gls,1) = 3 (L4 FL () + LEL (5)] Pu(2)

H(s,t) = [Ff(s) = Fp (s)]Pr(2) .

z = cos 0, the angle of the final meson in c.m.s.

1 X
[A]* = STr[A7 v Axn] = |G(s, )]+ [H (s, 1) *(1-27)

and the recoil asymmetry can be calculated as:

Tr |AX yoo ArnN] . 2Im (H*(s,t)G(s,t))
p— L= = -
2|A|? cos ¢ sin O | A|?

17
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Near threshold, only contributions from S and P-waves are expected. For the S5 1,27
and P> 27 amplitudes we have

Sor1; G=F); H=0; |A]? = |Fy |? (1)
Poyr1; G=F[z H=—F[; |A]? = |F, |7 2)
Pors; G=2Fz H=F;, |AP=|F*(32°+1)

where the indices (27, 2.J) remind of the isospin [ and the spin .J of the partial waves.
The recoil asymmetry vanishes unless different amplitudes interfere.

A2 — %k *
Sora+Per1: PG = 2mm(FfF7*) (AP = |F 12+ |F 2 422Re(Fy* Fy)

2
Sara+Pars: PG =2Im(FfFF) AR =|F P+ FF (322 +1) +42Re(Fy * Fy)

Al? * p— _ _
Pori+Porg: PG =62Im(FF) AR =|F P 2422 (3|F 2= 2Re(F " FY))

where | A|? represents the angular distribution and P | A|?/ sin © an observable

proportional to the recoil polarization parameter P.
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The fit of the the 7~ p — K A reaction
(differential cross section)

do/dQ, mb/sr
[ 1632 1661 1670 |

P do/dQ /sin, mb/sr
[W,,=1633 W, =1661 | W =1683 %
0.1 {

0.05F

0.1f

0.05F

|

00570 05 050 05 o ! i

05005 05005 05005
cosf,,
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The fit of the the 7~ p — K A reaction

AP O P Pk O PPk O FRPRBE O FRPEB O R B O P

GSI1 2016, December 14

B, rad _ _

e | steth |

3 i 3 M\ %
; 3 {i fi
et | e, | pweoso,

| B

3 W:— N, — ? b ¢

- + ¢¢+ 6
- W=2062 EW=2107 FW=2159

S 'w — 05 0 05 05 0 05

: ? %}

W22 | cos 0,
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Energy independent analysis of the 7~ p — K A data

magnitude magnitude
0.25F (0.12_—
: Si EO 10: P13
0.20F ++++ Ok H
++ .08 +
0.15F + C F + H
: ¥ 0.06F + t
0.10F 4 } E 4 4
it Eo.o4_— + ;
0.05;— t ¥ - Co_oz:_
- ‘W(GeV C - W(GeV
000 1 1 1 1 1 1 1 1 cooo 1 1 1 1 1 1 1 1
16 1.7 18 19 2 21 22 23 16 1.7 1.8 19 2 21 22 2.3
phase (deg)
150F | Py,
100F
50F
oF ﬂ""
--100F T e e
--1505_I 1 1 1 1 1 \/}/(Gey
1.6 1.7 1.8 1.9 2 21 22 23
However this is not a unique solution
magnitude magnitude phase (deg)
0.25F 0 E ; E
E S, P16 P, - 150F
0.20f 0-14F —+ - 100
: 00.12F + T + ok
0.15F 00.10F E
3 O0.08F oF
0.10f 0.06F -50E
0.0} 80-042- —+ + -:-1002
C 1 1 0002:_ 1 1 1 |W(Gev _:-1505_ 1 1 1 |W(Gev
0.00 165 1.7 175 18 185 Q.00 165 1.7 175 18 185 165 17 175 18 185
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0.6

0.5r

0.4r

0.3r

0.2r

0.1p
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The fit of the the 7"p — KX reaction with BG2011-02

mb mp- K'Z'
y ot o s2e-

3/2 3/2+
¢ - -- 3272+

Gtotr

- - —
1 1 1

1700 1800 1900 2000 2100 2200
M(TTp), MeV

do/dQ, mb/sr
[ 1822

[N
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Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.Ibl.gov)

N(1710) 1/27T

1Py = 3(3F) Status: kk %

The latest GWU analysis (ARNDT 06) finds no evidence for this

resonance.
N(1710) BREIT-WIGNER MASS
VALUE (MeV) DOCUMENT ID TECN COMMENT
1680 to 1740 (= 1710) OUR ESTIMATE
1710+20 ANISOVICH 12A°  DPWA Multichannel
1700+50 CUTKOSKY 80 IPWA 7N — 7N
1723+ 9 HOEHLER 79 IPWA 7N — «N
e o o We do not use the following data for averages, fits, limits, etc. e o o
1662+ 7 SHRESTHA  12A DPWA Multichannel
1725425 ANISOVICH 10 DPWA Multichannel
1729+16 L BATINIC 10 DPWA N — Nm, Ng
1752+ 3 PENNER 02C DPWA Multichannel
1699+ 65 VRANA 00 DPWA Multichannel
1720+10 ARNDT 9% IPWA N — wN
1717+28 MANLEY 92 IPWA 7N — 7N & Nrm
1706 CUTKOSKY 90 IPWA 7N — ©N
1730 SAXON 80 DPWA 7~ p— AKO
1720 2LONGACRE 77 IPWA =N — Nnr
1710 3LONGACRE 75 IPWA 7N — Nrw
N(1710) BREIT-WIGNER WIDTH

VALUE (MeV) DOCUMENT ID TECN COMMENT

50 to 250 (= 100) OUR ESTIMATE
200+ 18 ANISOVICH  12A DPWA Multichannel
93+ 30 CUTKOSKY 90 IPWA 7N — ©N
90+ 30 CUTKOSKY 80 IPWA 7N — 7N
120+ 15 HOEHLER 79 IPWA 7N — wN

Status is confirmed. The new properties are defined

[ A(1920) 3/2F

GSI 2016, December 14

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.Ibl.gov)

1UP) = 3(3T) Status: * k%

The latest GWU analysis (ARNDT 06) finds no evidence for this

resonance.
A(1920) BREIT-WIGNER MASS
VALUE (MeV) DOCUMENT ID TECN COMMENT
1900 to 1970 (= 1920) OUR ESTIMATE
1900 + 30 ANISOVICH  12A DPWA Multichannel
1920 + 80 CUTKOSKY 80 IPWA 7N — «N
1868 + 10 HOEHLER 79 IPWA 7N — 7N
e o o \We do not use the following data for averages, fits, limits, etc. e o
2146 + 32 SHRESTHA 12A DPWA Multichannel I
1990 + 35 HORN 08A DPWA Multichannel
2057 £+ 1 PENNER 02C DPWA Multichannel
1889 +100 VRANA 00 DPWA Multichannel
2014 + 16 MANLEY 92 IPWA 7N — 7N&Nrw
1840 =+ 40 CANDLIN 84 DPWA ntp— stk
1955.0+ 13.0 1 cHEW 80 BPWA ntp— ntp
2065.0F 13§ 1 CHEW 80 BPWA ntp— ntp
A(1920) BREIT-WIGNER WIDTH
VALUE (MeV) DOCUMENT ID TECN COMMENT
180 to 300 (~ 260) OUR ESTIMATE
310 + 60 ANISOVICH 12A  DPWA Multichannel
300 +100 CUTKOSKY 80 IPWA 7N — wN
220 + 80 HOEHLER 79 IPWA 7N — 7N

23
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Gauge invariant v /V vertices

Photon has quantum numbers J7¢ = 1~ =, proton 1/2%. Then in S-wave two states
can be formed is 1/2~ and 3/27. Then P-wave 1/27,3/2% and 1/2%,3/2%,5/27.

V(1+)u _ ,YLLZ-%X(TL) V(l—)u _ ,yg,YLLXg(nH)
a1...00p n a1...0n > a1...0n v A1...00p

Vartlt = yivs X Dangba VT = X0 gk,

Vog?._!_.)aﬂn = ]Af’i%ng?..anZu 3 Vog‘j’f.)a“n — ]%WXX>(<ZT-1..)% Zu .

Zu = ((PKV)k] — (K7)*P,)

P,P, klkt:

11 11 11 viy v vy

’YM — f}/l/g,uy gy,u — (gl//JJ o P2 - ]432 >
1

24
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General structure of the single-meson electro-production amplitude:

J.=iFi6, +I2(5q)% iFa % ’k(j)] ("‘7) ISP
14 Fs (‘ik)k ViR Dy 193
E e

Fiz) = % [LM{+BEIPLa () (LA )M + B PLoa(2)
Faz) =% L+ DM+ LMIPL(2)
Fale) = 5 B = M{IPEa() + [Br + M P (e).
Fiz) =% M- Ef - Mg - Ef|PL(z).
Folz) = % L+ DSE Phia(z) — LS Pl (2)]
Folz) =Y [LS; —(L+1SFIPL(2)

)
[t

25



A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

For the positive states J = L. + 1/2 (L=n):

Tt = e,u(qn) X o (gD FE VTR (- yu(ky)

Ft=MP. Ft=0 F3 =0

Fat =M P, Fr=-_2ap p3t—yg

Fat =0 Fet =2 pr o F3—

Fut = Fit=22pl  FT=0

]:51+ — ]:52+ — 0 F§+ — _|_§‘n P?;+1
Fet =0 Fet =0 Fot = —¢, P

Oy, - "
Q —
n = (k" ° = k "X
En = ( )2n+1(| 1)) xix s

No singularities and the correct behavior at Q? — 0.
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Meson Photoproduction experiments

e GRAAL (Grenoble): Polarized beam. Ideal for the beam asymmetry and double
polarization observables for hyperon final states.
vp — p,np, KA, KX, 7°7%p, n%np, wp, yn — 7°n, gn.

e CLAS (JLAB): High statistic, very good detector of charged particles:
vp — m n, KA, KX, 777~ p, wp. As missing mass data yp — 7’p, np.
Data on deuterium target. Energy is up to W=2.5 GeV.
Analysis: EBAC, SAID and recently Bonn-Gatchina.
e MAMI (Mainz): High statistic, very good detector of neutral particles: (Crystal Ball):
vp — 1, KA, KX, 7%, n%np, yn — nn, 7%n, 7°7%n, 70nn.
Energy is only up to W=1.85 GeV. Analysis: MAID and Bonn-Gatchina.
e CB-ELSA (Bonn): Moderate statistic, very good detector of neutral particles:

(Crystal Barrel): vp — 7r0p7 np, 7r07rop, 7r077p, wp, Yyn — Nn, 7n. Energy is up to
W=2.3 GeV. Analysis: Bonn-Gatchina.

e Independent analysis groups: Julich (M.Doering), OSAKA (T. Sato),
Giessen (V. Shklyar), M. Manley (Kent Uni)

27
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e The main task: search for new baryon resonances
e Polarization data are sensitive to weak signals
e Double polarization data are available C,, C,, 0,,0,, £, G, H .

e Double polarization observables (assuming X Z is the reaction plane)

Photon Target Recoil Target + Recoil
/ / / / / / /
— — — — x Y z x x z z
— x (7 z — — — x z x z
unpol. oy 0 T 0 0 P 0 T, — L T, L.
lin.pol. —> H —-P -G Oy —T O, — L, T, — L —T
circ.pol. 0 F 0 —F | —C 0 —C 0 0 0 0

28
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100
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The vp — K A reaction (CLAS 2009)

1/2 1/2 -
1/2 1/2 +
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New S;; state with mass 1890 + 10 MeV and width 90 + 10 MeV improves description
of the data.
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The O,, O, and I’ (GRAAL) observables from vp — KA
description is notably improved with 571 (1890)
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The vp — KT A: C,, C, (CLAS) and beam asymmetry (GRAAL)
BG2011-02 M (dashed) BG2013-02 (solid)
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0.5 - - )
or _ooesse=F 1 T e o °
-0.5F - -
I [ [ [ [ [ [
| 1728 1754 1781
0.5+ F ) T .
of goe T e b e ¢
-0.5F - -
I [ [ [ [ [ [
| 1808 1833 1859
0.5 B B -
O'_ _ —= ¢ o _m -_ ° <]
-0.5F - -
I I Ll I P T R
| 1883 | 1906 -05 0 05
0.5_—0 Y o ? P
o+ L
-0.5F -
i 1 I 1 I 1 I 1 i 1 I 1 I 1 I 1
-05 0 0.5 -05 0 0.5

cos 6,

32



A covariant approach to the partial wave analysis of the hadron reactions

GSI 2016, December 14

New resonances are found. One of them has 3* and was proposed to be defined as 4*

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.Ibl.gov)

| v(1895) 1/2- |

OMITTED FROM S

UMMARY TABLE

1(JPy =

1(37) Status: k3

The latest GWU analysis (ARNDT 06) finds no evidence for this

resonance.
N(1895) BREIT-WIGNER MASS
VALUE (MeV) DOCUMENT ID TECN COMMENT
= 2090 OUR ESTIMATE
1895415 ANISOVICH 12A DPWA Multichannel
2180480 CUTKOSKY 80 IPWA 7N — wN
1880420 HOEHLER 79 IPWA 7N — ©N
e o o We do not use the following data for averages, fits, limits, etc. e o o
1910+15 SHRESTHA  12A DPWA Multichannel
1812425 BATINIC 10 DPWA nN — Nm, Nn
1822443 VRANA 00 DPWA Multichannel
189750 739 PLOETZKE 98 SPEC ~p — pn/(958)
1928459 MANLEY 92 IPWA 7N — 7N & N=nm
N(1895) BREIT-WIGNER WIDTH
VALUE (MeV) DOCUMENT ID TECN COMMENT
90T 32 ANISOVICH  12A DPWA Multichannel
350+100 CUTKOSKY 80 IPWA 7N — wN
95+ 30 HOEHLER 79 IPWA 7N — wN

state

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.Ibl.gov)

1UP) = 1(3%) Status: k%

[ v(1900) 3/27 |

The latest GWU analysis (ARNDT 06) finds no evidence for this

resonance.
N(1900) BREIT-WIGNER MASS
VALUE (MeV) DOCUMENT ID TECN  COMMENT
~ 1900 OUR ESTIMATE
1905430 ANISOVICH 12A° DPWA Multichannel
1915+60 NIKONOV 08 DPWA Multichannel
e o o We do not use the following data for averages, fits, limits, etc. o o
1900+ 8 SHRESTHA  12A DPWA Multichannel I
1951+53 PENNER 02Cc DPWA Multichannel
1879+17 MANLEY 92 IPWA 7N — 7N & Nnm
N(1900) BREIT-WIGNER WIDTH
VALUE (MeV) DOCUMENT ID TECN  COMMENT
~ 250 OUR ESTIMATE
2507129 ANISOVICH  12a DPWA Multichannel
180+ 40 NIKONOV 08 DPWA Multichannel

e o o We do not use the following data for averages, fits, limits, etc. o o

101+ 15 SHRESTHA  12A DPWA Multichannel I
622+ 42 PENNER 02¢c DPWA Multichannel
498+ 78 MANLEY 92 IPWA 7N — «aN& Nrr
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A covariant approach to the partial wave analysis of the hadron reactions

Parameterization of the partial wave amplitude

Ay = Klj(I - iﬂK)ﬂl
and

9:' 95
K :ZW_JS ‘|‘fij(5)

(07

Jij =

where f;; is non-resonant transition part.

For the small coupled initial state, e.g. photoproduction:

: —1
Ay = P;(I —ipK);,
The vector of the initial interaction has the form:
A% g
Pi=Y 4 Fy(s)
J J
20—

Here I'; is non-resonant production of the final state ;.

+£i)V5

Y
S S0

GSI1 2016, December 14
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A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

Three body phase volume:

(vVs—m1)? R
IO (S) _ / d823 p(87 \/ 8237 ml) MRFtOt
3 — ’
T (M3 —s23)%+(MgI'{L,)?

(mao+ms3)?

MRIE . = p(s23,m2, m3)g%(s23) ,

~ 0.2 ~n 0.2
> >
O o 1 1 O o0.1f ,
E r (7)) O__ ¢ >
< -0.2f 4 : | |
[ : S s R
[ ! — 0.1 : MR'|MRr \
-0.4F 2 ---13 ' . '
: 4, 0.2f AY '8
S LSS 2 0 | A :
________ P--------0
-0.8¢ 0.4F (\/%-ml)2
14 16 18 2 22 24 112 14 16 18 2
2
Re s, GeV? Re s, GeV
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A covariant approach to the partial wave analysis of the hadron reactions

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

GSI1 2016, December 14
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A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

In the present fits we calculate the elements of the Bfij using one subtraction taken at
the channel threshold M, = (m14 + M2y ):

ds' g5 po(s', mia, maa ) g8

T (s —s—1i0)(s" — M?2)

BY(s) = BY (M2 + (s - M) [
ms
In this case the expression for elements of the B matrix can be rewritten as:

oo

Bii(s) = qB)i | p> 4 —M2 / Pa(s'sM1a, M2q) (L)j _ (R)zB ( )J
o (S) ga, S S g — ZO)(S . MO%) gﬁ g

m

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

taken into account:

A=K(I - BK)™! Bas = 6apBa
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A covariant approach to the partial wave analysis of the hadron reactions

120

100

80

60

40

20

Pole position of the resonances

- &, deg

a)

03 04 05 06 07 08_ 09 1

Vs, MeV

GSI1 2016, December 14

e

K-matrix D-matrix
o-meson 420-i 395 407-i 281
f0(980) 1014-i 31 | 1015-i 36
fo(1300) | 1302-i140 | 1307-i137
fo(1500) | 1487-i 58 | 1487-i 60
fo(1750) | 1738-i152 | 1781-i140

Im M 590 10|oo 15|oo Re M
OV + —.-
~+-250 A35_42

445T3° — 427277, 1.Caprini, G.Colangelo, and H.Leutwyler, Phys.Rev.Lett.96, 132001 (2006)
47T _ 979t R.Garcia-Martin, R.Kaminski, J.R.Pelaez, J.Ruiz de Elvira, and F.J.Yndurain
15 7
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A covariant approach to the partial wave analysis of the hadron reactions

Pole parameters of the S states

GSI1 2016, December 14

N(1535)511 N(1650)S511 N (1890)511
K-matrix D-matrix K-matrix D-matrix K-matrix D-matrix

Mpole 150114 1494 16476 1651 1900115 1905
T hole 134411 116 10348 95 90*3% 106
Elastic residue 3114 25 2413 23 1+1 1.5
Phase -(294-5)° -38° -(751+12)° -62° - -
Res NNy 2813 25 1513 15 442 5
Phase -(7618)° -69° (132+£10)° 140 (401+20)° 42°
Res N AR 714 4 111£3 12 - -
Phase (147+£17)° 157° -(30+£20)° -40 - -
A2 (GeV 2 ) | 0.116+0.010 0.107 0.033+0.007 0.029 0.012+0.006 0.010
Phase (7L6)° 1° -(9£15)° 0° 120+50° 150°
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A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

Minimization methods

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

n

2 = (0(PWA) — o;(exp))?
=2 (Ao (exp))?

J
Present solution y* = 48710 for 31180 points. x* /Ny = 1.6

2. Reactions with three or more final states are analyzed with logarithm likelihood
method. TN, YN — 7w N, mnN,wp, K*A. The minimization function:

N (data)
o 0y (PWA)
f__ Z lnN(TecMC')
j S 6, (PIWVA)

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

phase space. Above 500 000 data events are taken in the fit.
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A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

Resonance amplitudes for meson photoproduction

YP-R, - R, T pnm
., Ok, 0

General form of the angular dependent part of the amplitude:
@(g1) Nay..ap (R2 = pN)F5L 78 (1 + g2) NP4 P (R — Ry
FoLm (PYV e (R =N )ulka ey

L+1 L =
~ 4
FlLhE(p) = (m+p)Oht AL (9o = L7 008) 1] 90:8.00k:0F

L.ar, 2L_|_1 Pl
1
Oazo; = §(vaﬂaj — You; Yor;)
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A covariant approach to the partial wave analysis of the hadron reactions

GSI1 2016, December 14

DATA BG2011-2014 added in BG2015-2016
wN — 7N ampl. | SAID or Hoehler energy fixed

vp — TN g0 3, T,P,E,G, H 22 B,G,T, P, H, F (CB-ELSA, CLAS, MAMI)
yn — TN 2o, 5, T, P 29 (M AMI), S (CLAS)
yn — An, X" p - g—g

YR — nn 2o .5 29 (MAMI)

Yp — np CEASS T,P HE,F

vp = n'p do. 53

vp— KA 4o 53, P,T,Cy,C=,041,0, >, P, T,O4, O, (CLAS)
vp — K130 4o 53, P,Cy, C. >, P,T,O, O, (CLAS)
vp — KO8T do 3, P

T p—> N j—g

7 p— KOA 4o P, 3

m~p— KO0%0 do p(K9%0) 4o (K+x-)

atp - Kttt 4o P, 3

™ p— 7O070n

99 (Crystal Ball)

TTp ot Tn g—g (HADES)

T~ p— a7 <% (HADES)

vp — 7O70p 3_% >, E, I, I T,P,H,F, Py, P,

vp — mOnp 952, e, Is

Yp — TP g—g,fc,ls (CLAS)

Yp — wWp g—g, >, pgj,p,}j, p,%j, E, G (CB-ELSA)
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GSI 2016, December 14

The description of the vp — 7'7’p and vp — 7 7 p data
(preliminary)
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GSI1 2016, December 14

The description of the vp — 7'7’p and vp — 7 7 p data

for 1700 MeV < 11,1800 MeV (preliminary)
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I.and I, for vp — m* 7~ p from CLAS (Preliminary)

Courtesy of V. Crede, Florida State U
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GSI1 2016, December 14

The total cross section from the
T p— 7 7 nand 7 p — 27'n data

Graph

all
all

D(1232)-pi

N-sigma

Graph
7 -
6
5 ]
B 1/2 1/2 +
y/| 1/2 3/2 -
B s-chan
i s-chan
. n N -
1+
:l | | | | | | | | | |
9.46 1.48 1.5 1.52

2.2
2
1.8
1.6
1.4
1.2
1
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0.6
0.4
0.2

—_1/21/2+ all
1/23/2- all

—— 1/21/2+ D(1232)-pi
—— 1/21/2+ N-sigma

0

1.3  1.35 1.4 1.45 15 1.55

46



A covariant approach to the partial wave analysis of the hadron reactions

Crystal Balldataon 71 p — 70
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Meson production in NN collision
A= (a@h)VE L (K us(—ph) ) Ot (@ (=p2)GLLE , u(p)) Apu(s)
Let us consider the transition from the N N state with J into a pseudoscalar meson

with momentum k; and N NV system with momenta k-, k3 in state with S’, L', j, P’ .

For P = P'(—1)7/%/7! we have the following vertex:

Grl L, =Vt (hag Oy st (ha+ hg X ) (k1)

H1...-HEpVEg41...V5 g5 -2k a1...j4+5 -2k
Here k =0,...5and L = J4+7—2k > 0.
For P = P'(—1)7+i;

J,P . S/,L/ Vk4+1---VijHk+4+1--- LT
GMl---MJ T 8M1a577vau2...ukuk+1...yj (kQB)Oal---aJ—|—j—2k+1 (k2+k3) X
(L) i
B()él...()éj+j_2k+1 (kl )P'r]7

Herek=1,...5and L =J+5—-2k+1 > 0.
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GSI 2016, December 14

Partial wave analysis of HADES pp — K T Ap data
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Partial wave contributionsto 7 p — KA and pp — K" Ap

7N +~N | pp — KT Ap
P11(1710)
1690 £ 10 | 1692+ 9
16827 | 170 +20
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1891 £7 | 1907 £ 15
84 + 22 1007732
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For HADES pp — K Ap only systematic errors are given.
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GSI1 2016, December 14

The following data sets were analyzed in the framework of event-by-event maximum

likelihood approach:

n  Reaction Pveam  Ndata Origin
1 pp — 7pp 1683 MeV/c 1094 Gatchina
2 pp — mpp 1581 MeV/c 903 Gatchina
3 pp— mopp 1536 MeV/c 1319  Gatchina
4 pp— mpp 1485 MeV/c 997 Gatchina
5 pp— mpp 1437 MeV/c 918  Gatchina
6 pp— mopp 1389 MeV/c 996 Gatchina
7 pp— mpp 1341 MeV/c 883  Gatchina
8 pp— Wopp 1279 MeV/c 621  Gatchina
9 pp— Wopp 1217 MeV/c 544  Gatchina
10 np — 7 pp 1-1.9 GeV/c 8210 Gatchina
11 pp — 7r0pp 950 MeV/c 154972 Tibingen
12 pp — 7pn 2032 MeV/c 7902 Tibingen
13 pp — 7r0pp Otot 1217-1683 MeV 9 Gatchina

51



A covariant approach to the partial wave analysis of the hadron reactions GSI 2016, December 14

Parameterization

2m)* Al

do = ( -
4|k|/s

d(I)?)(Pa Q17QZ7Q3> 9

Hi-.-pbg

A=) AR ()QIr . (SLJ)Agy(i, S2LaJ2)(s:)@Q4™ |, (4, S2L2J2S'L'J) .

Angular-spin momentum operators Qm---w (SLJ) are given in
A. V. Anisovich et. al Eur.Phys.J. A34 (2007) 129.

(0% (8%
Ay () = LGB i
4

Decay modes: A(1232)N, P;1(1440)N and 7(INN).In NN channel amplitude was
parameterized with generalized Watson-Migdal formula:

Y

Agb(si) = v

1 — LrBq2ap, +iqappq®t /F(q, 8, L)
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Description of pp — pp7:

pp - ppT (Gatchina 1437 MeV) pp - ppT (Gatchina 1485 MeV) pp - ppT (Gatchina 1536 MeV)
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dao/d cos6, mb/0.1

do/d cosd, mb/0.1  da/dM, mb/(0.025 GeV)

dao/d cos6, mb/0.1

GSI 2016, December 14
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The cross section for pion production in nucleon-nucleon collision with / = 1 is well
known. However there are very poor data about / = 0 cross section.

o(I =0)=3]20(np — ppr™)

o(I = 1) = o (pp — ppr°) —o(pp = ppr°)]

3
a ff - Op_y, Mb
£ pp-ppT |
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9 [
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Reggezied exchanges:

L4
‘o “
’ *
., “
., .
L 4
’

p(ky) p(qy) p(ky T(q,)

The amplitude for t-channel exchange:

—iTQ AN
A = g1 (g (DR(E 1, 8) = g (8)ga(t) EEETPL “”( ) y

sin(mwa(t)) Vo
Here «(t) is the reggion trajectory, and £ is its signature:

—iZ a(t) a(t)
e "2 v

RGn) = - oy ()
sin(5a(t))l (T) Yo

- —iTa(t) c(t)
e 2 v
R(_7V7 t) - s a(t) 1 (I/Q> .
cos(5a(t)I' ( =5~ + 35
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t,u-exchange subtraction procedure
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t,u-exchange subtraction procedure
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The new MAMI data on helicity 1/2 and 3/2 cross section
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The solution with the fitted yn — KA, KX data
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The solution with the fitted yn — KA, K. data
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Vector mesons In the final state: Density matrices

do _do
de deec N de

W (cos Ogec, Paec)

vp — pw(rtr—m0)
3 (1 1 ,
W(cos©,P) = py (5(1 — poo) + 5(3p00 — 1) cos” ©—

V2Repi10sin 20 cos  — p1_1 sin” O cos 2<I>) :

+ .= .0
cos ©, P direction of the vector n = €;kmp; Pr Dm inthe w rest frame.

0

N—"

7P — pw(ym

W(cos©, ) = 3 (%(1 + cos” ©) +

- (1— 3 cos? O)poo+

DO | —

ep1o Sin cos D + p1_1SIn COS :
V2Rep1osin(20) cos & + py_1 sin’ © 2c1>)

cos ©, ® angles of photon from w decay in the w rest frame
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Fit of the density matrices vp — pw (CB-ELSA) (A.Wilson)
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Photoproduction of vector mesons. vp — pw (A.Wilson)
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— 12 52 +
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