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Results: Baryon Spectroscopy

- A few examples -
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Method: Bonn-Gatchina Partial Wave Analysis

Aim: - Extraction of resonances and their properties from the data
=- Reach a good understanding of the bound states of QCD in the
non-perturbative regime
Systematics in the spectrum = ?
e SU(6)x0O(3)-Symmetry ?

e Multi-channel partial wave analysis

- relativistically invariant formalism L,

- s-channel resonances:
relativistic Breit-Wigner-, Flatte-,
K-Matrix ampl., N/D-method

- t-, u-channel amplitudes: 2
exchange of Regge-trajectories
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o Event based maximum likelihood fit i 5 E?:ffiﬁ«??\ T
for multibody final states 0 W B
all correlations between the variables taken e e e it
into account properly .oreg.:

e meson-baryon dynamics ...
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Method: Bonn-Gatchina Partial Wave Analysis

¢ Analysis of data from Crystal Barrel/TAPS at ELSA and other labs
Investigated reactions:

~vp = pr®, nwt vp — KTA 7©~p — 7w p(elastic) -PW w7 p — K°A
Yp — pn 'yp—>K+/OEO/+ TTp — nn T p — K°%°
Yp — p7r07r0 Yp — nnt T p — nmonl 7'r+p - Kt=t
vp — p’n

+ Photoproduction off the neutron (yn — 7~ p, 7°n, nn)
(+ vector meson photopoduction)

within CRC 110 « additional data set included:

vp = prtwT: 42 15 [° (CLAS, JLab), vp — pn°w®: T, P, H, ... (CB, ELSA)

7~ p — nota~,pr~x° : 42 (HADES, GSI)

~p — pn: T, P, H, E, G (CB, ELSA), 42 %, F (A2, MAMI), X (CB, ELSA, CLAS, JLab)
vp — pn’ : 42 (CLAS, JLab/ A2, MAMI), X (GRAAL /A2, MAMI)

photoproduction off the neutron:

yn — K°A : 42 (CLAS,JLab) ~vn — nn: 42 E (A2MAMI) 5% — =~ p : E (CLAS, JLab)

Existing K ~-beam -data: First fits to investigate of A*- and X*-resonances:
K p—=Kp, K p—=K°, Kp—oa'AnA K p—n’2 K p— aESTF,
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Results I: Single meson photoproduction off the proton

w-Photoproduction: EPJA 52 (2016), 284, in collaboration with project B11 — Deborah
YP — pn:

¢ Isospin selective: only N* contribute

¢ Investigation of resonances with small = N-coupling

15,1400 1600 1800 2000 2200 2400 VS[MeV] A few differential cross section bins:
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<> Differential cross sections, beam asymmetries included in the different PWAs
<> Not enough information to fix the contributing amplitudes
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Results I: yp — pn

— Polarization observables —

circ. pol. photons, long. pol. target

—+ CBELSA/TAPS (preliminary) +CLAS

linear pol. photons, transv. pol. target

~~CBELSA/TAPS (preliminary), —T-MAMI

E - 1514 MeV 1558 MeV 1617 MeV
§ 0.5F L
y e’ + { =
-0.5¢ F
0.5 1660 MeV < W < 1716 MeV -+ 1769 MeV < W < 1822 MeV é 1796 MeV/ {IQQSMeV 2290 MeV
1650 MeV < W < 1700 MeV 1750 MeV < W < 1800 MeV : 0.5k - RS . F) N
E Il Il Il Il Il Il T = = \ +
4 20]7]‘\r‘[eV<W<‘2108 Mewl 2195 ;Vle\'<W<‘2279Me\} 05-\/\)% \ //
0.5 o 1514 MeV 1533 MeV' 1589 MeV
. 7 0.5¢ F.
0 I —
055 — a + 3
) - _1_ + -0.5F F
2050 MeV < W < 2100 MeV : ! ) ) 3 T 514 MoV 7533 MV 7589 Mev
05 0 05 05 0 05 coso, 05F E
<> Large sensitivity! (also true for G (CBELSA/TAPS) o ) ) t ; i~
and F (MAMI) )
. . -0.5 0 0.5 -05 0 0.5 -0.5 0 0.5
=- data approaches the high mass region Predictions : — Maid, — Said, — JiiBo, — BnGa 5
— new BnGa-fit : Determination of precise pn-branching ratios for resonances
indications for a new resonance (no PDG entry) at 2200 MeV
U. Thoma, U. Wiedner: - Status of the Project B.10, Partial Wave Analysis page 7




¥p — pn  — Results including new dataon E, G, T, P, H —
Determination of pn-branching ratios for various resonances, e.g. :
N(1535)1/2~ N(1650)1/2— N(1710)1/2% N(1720)3/27F
BnGa 0.42+4-0.04 0.324-0.04 0.2740.09 0.0340.02
PDG 0.42+0.10 0.05-0.15 0.10 - 0.30 0.021+0.014
U

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~

50 «, Predictions for F:
wl - -
“© E < 0 T . W=2200 MoV . W=Z260 MeV
30 15 oINS T
" / N \ oy
20 10 of\ / \ L
5 \ I N\ )
10 /
0.5+ /
o \
2100 2200 2300 2100 2200 2300 Al sk
M(5/2), MeV M(5/2), MeV cos 6,

Presently: Adding new j—g (MAMI), 3 (CLAS, CB,ELSA) -data
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Results Il: Analysis of photoproduction data off the neutron

Analysis of: yn — pr™ (42,5, T, P, E), yn — nw®(4g, %), yn — nn (45,3, B),
n — K°A, KTX ™ (42)

E (\n—>7 p) CLAS-data as example
[\ w=1500 [}

w=1700 |[\ W=1740

1 1 1
1- 1- 1-

<> Fit of neutron - helicity couplings
= A7, A% determined for 19 resonances
2 2

Paper accepted for publication in PRC
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Results lll: Including vp — p#%#? into the PWA

Event based maximum likelihood fit
+> takes all the correlations between the variables properly into account

do/dQ M(pr®) ub/0.035 GeV
1500 < Ev<1600 1900 <Ev<2000 2300 <Ev<2400

A
15
10
g — A,N(1440), N(1520),

/ " N(1680), No 5
— 0
Proton 1 1.5 2 1.5 2
M(pm), GeV M(pm), GeV M(pm), GeV

e A(1910)1/2T, A(1920)3/21, A(1905)5/21, A(1950)7/2T

in average: negligible decay fraction into:
N(1520)3/2— 7, N(1535)1/2~ 7, N(1680)5/2t® (L # O-resonances)

e N(1880)1/2%, N(1900)3/2T, N(2000)5/21, N(1990)7/2T

in average: 23% decays into:
N(1520)3/2— 7, N(1535)1/2~ m, N(1680)5/21 7, No (L # 0-resonances)
... Why ?

V. Sokhoyan et al. (CBELSA/TAPS-collaboration), EPJA 51 (2015) 95
A. Thiel et al. (CBELSA/TAPS-collaboration), PRL 114 (2015) 091803
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Results lll: ~p — p7%7® — A possible interpretation —

e A(1910)1/27F, A(1920)3/2F, A(1905)5/21, A(1950)7/2+

Spacial wave function:

S = = [ (60:() X B0a(D) + (d0a(®) x d0u(%))]"

e N(1880)1/21, N(1900)3/2%, N(2000)5/2F, N(1990)7/2+

Spacial wave function:

Ms = = [ (60:(5) X #0a(%)) = ($0a(P) X d0a(X))]" "

Ma 0p(8) X bop(X) )} =2 _ One of the excitations transfers
into the L = 1 - intermediate

resonance!

So far: only statements “in average” possible
— additional information from polarisation observables needed

vp — prO=x0-T, P, H (CBELSA/TAPS), vp — pwt+m—-data (CLAS) presently
included in PWA

The 20’plet:

. < Multi-meson final states needed!
A=[(90p(P) x $0p(X))

+ production in cascade decays /

] L=1
different production processes
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~p — prTw~ — First fits —

CLAS data (preliminary) included in the event based max. likelihood fit

1000 f1250 f1250
soof- fooo[- fiooof- o at low energies
3 70 . 70 ~p — ATt~ dominating
400 500 500~ . .
200 250l 250l ¢ at high energies
oL ot ——k b &1 ~4p — Np dominating
M(7p) 1.8-1.9 M(z*p) 1.8-1.9 M(r'7) 1.8-1.9
_ < Strong background
anof- soof- hsool- contributions compared
3 ol + 00
s00f- wnl- hoooL tovyp —» pr'w
o ool ol < Access to N*/A* — pp
200 r
; . . - . < Combined analysis:
1.5 2 15 2 0.5 1 - - - - -
M(xp)  2.1-22 M(x'p)  2.1-2.2 M(x'n) 2.1-2.2 Fix isospin of contributing
Data (only small subset shown): E.N.Golovach, V.D. Burkert, V.I. Mokeev, E. Pasyuk, resonances

and the CLAS Collaboration

First fits done, studies ongoing

Strong N p-decay modes (very preliminary) for:

N(1720)3/2T N(1880)1/2%t  N(1895)1/2— N(1875)3/2~  N(2120)3/2~
A(1620)1/2—  A(1750)1/21  A(1900)1/2—  A(1905)5/2F
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Polarization experiments: 75 — pnon°

Linearly polarized photons, transversally polarized target

looking at quasi-two-body kinematics:

-0.5

0.5

-0.5

~p — pr°n®: T, P,H (preliminary)

(only selected bins shown)

0.5

Data: T. Seifen et al. (CBELSA/TAPS-collaboration)

— MAID, — BnGa 2014-02, ---

BnGa 2014-01, — new fit

= work in progress
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Results IV: A different production mechanism: ¢/ — ppn°

° A'resonances suppressed |n BES: M. Ablikim, PRL110, 022001 (2013;

wE - : —n
$(3698) — ppr® - isospin - NAm N
= larger sensitivity on N*-resonances 2o ) 7
mass width sign. é.ow a
N(1440)1/2F 130011 F21 340738F70 1150 2 i
N(1520)3/2~ 151073120 11572210 5.00 27 'J;il A o ]
N(1535)1/2~ 153512115 12072010 9.3, s J,'J“M sz” =
N(1650)1/2~ 16507511l 150721112 1224 mHGVIED
N(1720)3/21 1700132132 450119°174° 9.60 w0 fF i o | T
2? = missing: e.g. N(1875)3/2, N(1880)1/2, N(1900)3/2" .... Tl 7352%% |
N (2300)1/21 23007501109 340180110 15 0o 2
N(2570)5/2~ 2570719134 950114400 14 75 %'m'* 1
g
= 2 new resonances observed @ e By, ]
= even as interesting: obems R s i
M,(GeV/c?)

Why is there a mass gap??

= Specific resonances with certain
properties suppressed in )-decays?
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Results IV: A different production mechanism: ¢/ — ppn°

e A-resonances suppressed in

1 (3698) — ppr°

- isospin -

= larger sensitivity on N*-resonances

mass width sign.
N(1440)1/21 1390721121 340746470 1150
N(1520)3/2~ 151073120 11572210 5.00
N(1535)1/2~ 163512725 12072010 930
N(1650)1/2~ 16507511l 150721112 1224
N(1720)3/21 1700132132 450119°174° 9.60

?? = missing: e.g.

N(2300)1/27F
N (2570)5/2~

N(1875)3/2~, N(1880)1/2*, N(1900)3/2+ ....

+40+4109 +30+4110
230017507299 3407501219 15.00

+19+434 +14+469
2570710730 25070700 1170

= 2 new resonances observed

= even as interesting:
Why is there a mass gap??

= Specific resonances with certain
properties suppressed in )-decays?

Events/(32MeV/c?)

BES: M. Ablikim, PRL110,022001 (2013

= T T T p=)
200 N(1440)
— N(1520)
N(1535)

150 = - N(1650) 1

100 — -

50 P i

e
25

P

2.0
M,(GeV/c?)

2 T T T
200 N(940)
o — N(1720) ~

Present status:

= Data available from the
BES collaboration

= Amplitudes, code:
in preparation

= First fits performed
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Results Il: Meson Spectroscopy
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PAWIAN

¢ Development of a software package with the aim

* to provide user-friendly and generic PWA tools
o to support a wide range of physics cases to be studied in hadron spectroscopy
experiments

o PAWIAN (Partial Wave Interactive Analysis Package)

o already in good shape
o several analyses of Crystal Barrel (LEAR) and BESIII data
<> PhD and master theses

BESIII:
o J/tb — o7, ¢ KK, ¢pnn,wnm, wK K, ¢y, wwy
° P(28) — XeaVs Xed _>7W7K+K_7K+K_U5K+K_7rﬂa7r7r'rl
o currently in preparation for publication:
J/Y — wwy
$(25) = xe1v = (KTK™n)y
ete = (ete )vy — (ete ) KTK-—

Crystal Barrel (LEAR):
e pp — KR'ﬂ',Trﬂ'n,wﬂﬂ,wTrn,Trﬂ'nn
e Pp —> w7 EurPhys.J. C75 (2015) no.3, 124
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Status of PAWIAN

o Full hypotheses and other input settings via configuration files

¢ Formalisms (Canonical, Helicity, Rarita Schwinger)
e Dynamics (Breit Wigner, Flatte, K-matrix, etc.)

o Event based maximum likelihood fit, minimization via Minuit2

o Multithreading and networking supported

¢ Possibility to analyze channels with an arbitrary number of final state
mesons and photons

« Support for various initial reactions: pp- and eT e~ -annihilation,
w-scattering processes, decay of isolated resonances

e Support of coupled channel analyses

o Baryon channels seem to work fine but still tests needed
CM(s) fornn’

o Event generator, histogramming, analysis tools, ... z

0.8 Imag

Currently: Replacement of standard phasespace factor. o
by Chew-Mandelstam function < sasdevant, Berger: PRD19(1979) 239 04r

< Analyticity, continuation into the complex plane oz

o

Vs[GeVi/c?
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PAWIAN: Current Activities on Unitarity and Analyticity

e Coupled channel PWA of suitable channels including mw-scattering data
and K-/T-matrix formalism with Chew-Mandelstam functions

¢ Proof of principle with coupled channel analysis

o J/p — wn’nCand J/¢p - wKTK~

o |=0 S-wave scattering data: 7w — 7w, KK, nn,nnm’
¢ 1=0 D-wave scattering data: 7w — nw, KK, nn

¢ |=1 P-wave scattering data: 77w — ©w

o I=1 F-wave scattering data: nw — =7

o K-matrix description for fo, f2, po and p3 contributions with a few number of
poles and channels

« additional contributions: b9 — wn®, K — K*w
¢ First fits lead to reasonable preliminary results

o Good agreement between data and fitted result
o Further contributions need to be studied
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Fit results for J/+ Data

) —Data G 900 —Data
3 500F kK —Fit 3 800 KK { t
2 il = 0 il
S 400F ‘dd dﬁ{ ! Z 600 M‘fﬂ “‘WM
2 300F «“W | £ s00 At Vi
H “«‘4“1‘1\‘1“«“‘4”‘1 3: LI S 400 wm«“‘“‘ !
> E \ W
o 200 WM‘ Hh & 300p wwww 1
ety 200F Y,
100F ™ o
0 i\ L L L L L ) L L L L L L )
1 12 14 16 18 2 22 24 q 14 16 18 2 22 24 26
m(K*K)[GeV/c?] m(wK*) [GeV/c?]
0_0.
o J/iYp —» wrw:
K 600F —Data L 700 .
é e 1‘ —Fit é soof || R —Fit
500 il f i ||
I | Q S00F il I
S s00f H g MW dl
> ‘1 I o 400F 1“ ‘“ il 4
S 300f ! “ S s00f | 1‘*"‘“Wwwuu‘*ﬂ“ i
@ ) iy ro & )
200 L iy, o AW 200F ! |
‘ g h 4\<mw«wu . i 1
K ! Wi ‘« 100F '
il L L L L L L L L TN 0 L L L L H L
82040608 1T 12141618 2 2224 1 15 2 25 3

m(rer®)[GeV/c?]

m(wrP) [GeV/c?]

Events / 0.02

Events / 0.02

900 —Data
800 KK —Fit
700
600
500,
400 1)
A
300 I uuwwmuuWMH |
i |
200F RATRRE—
100F '
F T T N T T DT
~1-0.8-06-04-02 0 0.2 0.4 06 0.8 1
cos(@)
K
1000 —Data
I e —Fit
800
1
Il
600F )
i by
|
400p “1; “‘ m'q Iy 4\“14‘1414414\41““‘
200k gy "l gttty

T T P T T
0*1 -0.8-0.6-04-02 0 02 04 06 08 1

or
cos(6)’ o
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Fit result for Scattering Data

7 — 7w 1=0, S-Wave:

Argand Diagram Elasticity Phase
E 1L Ev 16p - Data E « Data j
£ Frap m T ’ SO, T d
’ 12p, | 300F
0.6f 1 | m
o4l 0.8- | } 200F ‘
- 06F I | |
0.2f 0.4f ‘ 1001 .
ok 0.2F 0 et
Il Il Il Il Il Il Il Il Il Il Il Il L L L L L I I I
-04-02 0 02 04 06 %.6 08 1 12 14 16 18 040608 112141618
Re(T) Vs[GeV/c? (s[GeV/c?]
nw — 7w 1=0, D-Wave:
Argand Diagram Elasticity Phase
E' ElSOf - Data Lﬂ‘
1] 160F ity
£ g ! { Mﬁu 140F o
08 V{ WW iHhﬂ 120
i 100F #
0.6 80F i%
P 60F 4
0.4 ), ;E;ua ‘2187 M}t
0.21 E i
OW
0 L L L L I —-20k L L L L L 1
1 12 14 16 18 06 08 1 12 14 16 18
Vs[GeVic?] (s[GeV/c?]
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PAWIAN: Current Activities on Unitarity and Analyticity

e Coupled channel PWA of suitable channels including =r-scattering data
and K-/T-matrix formalism with Chew-Mandelstam functions

e Proof of principle with coupled channel analysis
o J/p — wn’n0and J/¢p - wKTK~
o |=0 S-wave scattering data: 7w — 77w, KK, nn,nn’
¢ 1=0 D-wave scattering data: 7w — =, KK, nn
¢ |=1 P-wave scattering data: 77w — ww
o |=1 F-wave scattering data: 7w — wm
o K-matrix description for fo, f2, po and p3 contributions with a few number of
poles and channels
« additional contributions: b9 — wn?, K — K*w
CM(s) formp

o First fits lead to reasonable preliminary results z
o Good agreement between data and fitted result
o Further contributions need to be studied

Next step: Inclusion of Chew-Mandelstam function for

instable particles « involved numerical calculations 0zfgs 1 15 2
<> Basdevant, Berger: PRD19(1979) 239 Vs[GeV/c?]

U. Thoma, U. Wiedner: - Status of the Project B.10, Partial Wave Analysis page 22



Publications

® A.V. Anisovich et al.,
“Neutron helicity amplitudes,”
accepted for publication in PRC

® A.V. Anisovich et al.,
“Strong Evidence for Nucleon Resonances near 1900 MeV,”
Phys. Rev. Lett. 119 (2017) no.6, 062004.

e A.V. Anisovich et al.,
“N* — Nn’ decays from photoproduction of n’-mesons off protons,”
Phys. Lett. B 772 (2017) 247

® A. V. Anisovich, V. Burkert, E. Klempt, V. A. Nikonov, A. V. Sarantsev and U. Thoma,
“Scrutinizing the evidence for N(1685),”
Phys. Rev. C 95 (2017), 035211

e A. V. Anisovich et al., BnGa in collaboration with project B11 (+SAID, MAID)
“The impact of new polarization data from Bonn, Mainz and Jefferson Laboratory on vp — 7= N
multipoles,”
Eur. Phys. J. A 52 (2016), 284
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Summary: Milestones

e 2016/2
Combined fits (BnGa) of J/¢ — KtK—x0, J/p — KTKO7x~ +/ (A.Sarantsev + |. Denisenkov)
Preparation of BnGa-code for J/ (') — yPSPS A/ (A.Sarantsev + |. Denisenkov)
Combined analysis of yp — pn°7® and yp — prtn— work in progress
Analysis of further polarization data becoming available +/ + work in progress
Developments to include electroproduction Vv
Extension of PAWIAN-software to support coupled Vv
channel analyses (different production mechanisms)

e 2017
J/y(y') — yPSPS, pp — 3PS, mn-scattering +/ + work in progress
Analysis of further polarization data becoming available +/ + work in progress
First fits including electroproduction +/ + work in progress
Implementation of theoretical constrains (Roy, Roy-Steiner) X
Developments to include J /v, 4’ — ppPS )
PAWIAN: Develoments for inclusion of additional channels (W)
Implementation, optimization of parallel computing ()
Comparison of BnGa and PAWIAN results X

BnGa: Baryon Spectroscopy = present highest priority <« Inclusion of additional data
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Thank you for your attention
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