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Baryon Structure — Basics

what is a baryon ?

e from ancient Greek BOpuC — weighty, heavy

* analogue meson = medium weight & lepton — lightweight
* matter particle with

e quark constituents: 3 quarks or 3 anti-quarks

e interactions: gravitation, electromagnetic, weak, strong

e fermion

e SM: conserved baryon number

* most abundant: proton, neutron — nucleon

* internal color forces — gluon exchange

e asymptotic freedom: inter-quark forces = 0 @ distance = 0
e external interactions: strong Yukawa forces

= residual of strong color interactions
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Baryon Structure — Basics
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Baryon Structure — Basics

« fit of the quarkonia spectra
obtained with

strong coupling
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Confinement & Nucleon Mass

Ga G #0

trace scale non-
anomaly invariance

m = E/c?

energy

300 MeV — :

delocalization
> kinetic energy

\ Ap Ax > h

pot

“mass without mass®

J. Wheeler
F. Wilczek
7 \
Z/ \X distance

potential energy



Hadronic Structure

ground states
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Hadronic Structure — L(attice)QCD

ground states

top 10 science achievements 2008
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S. Durr et al. (BMW-collaboration),
Science 322 (2008) 1224

» "unquenched" calculation

» realistic quark masses
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Hadronic Structure

excited states — spectroscopy
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Physics Motivation

hadronic resonances o ,
models: excitation in mutual potential
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The

enignmatic: Discovery A(1232) resonance

weak decays — typ. track lengths of centimeters - meters
— observable in emulsions & bubble chambers
— lifetimes typ. 10710 - 107" s

strong interactions — lifetime order of ~ 10720 s

— unobservable track !

but: width of decaying state via uncertainty relation
AE At = h

accelerator beams: production / formation of resonance states

detection of resonance decay (chain)

>

example: A(1232) resonance in 1 N “elastic” scattering
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TT—N elastic scattering
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first baryonic resonance observed

H.L. Anderson, E. Fermi, A. Long,
and D.E. Nagle,
Phys. Rev. 85 (1952) 936

Total Cross Sections of;Positive Pions
in Hydrogen*
H, .. ANpERSON, E. FerMi, E. A. LoNG,T AND D. E. NAGLE

Institute for Nuclear Studies, University of Chicago,
hicago, Illinois

(Received January 21, 1952)

N a previous letter,! measurements of the total cross sections of

negative pions in hydrogen were reported. In the present letter,

we report on similar experiments with positive pions.

The experimental method -and the equipment used in this
measurement was essentially the same as that used in the case of
negative pions. The main difference was in the intensity, which for
the positives was much less than for the negatives, the more so
the higher the energy. This is due to the fact that the positive
pions which escape out of the fringing field of the cyclotron
magnet are those which are emitted in the backward direction
with respect to the proton beam, whereas the negative pions are
those emitted in the forward direction. The difficulty of the low
intensity was in part compensated by the fact that the cross sec-
tion for positive pions turned out to be appreciably larger than
for negative pions. The results obtained thus far are summarized
in Table I.

In Fig. 1 the total cross sections of positive and negative pions
are collected. It is quite apparent that the cross section of the
positive particles is much larger than that of the negative par-
ticles, at least in the energy Iange

tive pions wrth exchange of charge, and (3) scattering of negatiwg
pions without exchange of charge have been investigated. It
appears that over a rather wide range of energies from about,
80 to 150 Mev, the cross section fo; process (1) is the largey
Lprocess (2) is mtermedxate and for process 3)is the P est.

increase rather rapl v gy~
level off at a high value or go through a maximum, as might be
expected 1f there should be a resonance, is 1mossxble to determine
from g €xperimental evidence.
rueckner3 has recently pom*ed out that the existence or™e
broad resonance level with spin 3/2 and isotopic spin 3/2 would
nge an approximate understanding of the ratios of the cross

stions for the three processes (1) (2), and (3). We mig
out in ewts 0 tamed to
date are also compa,tlble Wlth the more general assumptlon that in
the energy interval in question the dominant interaction re-
sponsible for the scattering is through one or more intermediate
states of isotopic spin 3/2, regardless of the spin. On this assump-
tion, one finds that the ratio of the cross sections for the three

TaBLE I. Total cross sections of positive pions in hydrogen.

Cross section

Energy (Mev) (107 cm?)
568 2010
8247 5013

1186 914 6
136 6 152414

1027 Cv?

;
e

] | ] 2 !
50 100 150 200 MEV

F1G. 1. Total cross sections of negative pions m hydrogen (sides of the
rectangle represent the error) and positive pions in hydrogen (arms of the
cross represent. the error) The cross-hatched rectangle is the Columbia
result. The black square is the Brookhaven result and does not include the
charge exchange contribution,

processes sffould be (9:2:1), t Pf values which is compatible
with the expeTirme efOTs. It is more difficult, at present,

to say anythmg specific as to the nature of the intermediate state

distribution should be isotropic. If states of higher spin or a mix-
ture of several states were involved, more complicated angular
distributions would be expected. We intend to explore further
the angular distribution in an attempt to decide among the
various possibilities.

Besides the angular distribution, another important factor is
the energy dependence. Here the theoretlcal expectatlon is that,
if there is only one domine e afe state of spm 3/2 and
isotopic spin 3/2, thg”total cross section of Mggative pions should
at all points be less Shan (8/3)1r7\2 Apparen , the experimental
cross section above 150%Mg bhee"this limit, which indi-
cates that other states contribute appreciably at these energies.
Naturally, if a single state were dominant, one could expect that
the cross sections would go through a maximum at an energy not
far from the energy of the state involved. Unfortunately, we have
not been able to push our measurements to sufficiently high ener-
gies to check on this point.

Also very interesting is the behavior of the cross sections at
low energies. Here the energy dependence should be approxi-

mately proportional to the 4th power of the velocity if only states

of spin 1/2 and 3/2 and even parity are involved and if the pion
is pseudoscalar. The experimental observations in this and other
laboratories seem to be compatible with this assumption, but the
cross section at low energy is so small that a precise measurement
becomes difficult.

* Research sponsored by the ONR and AEC. .

+ Institute for the Study of Metals, University of Chicago. .

! Anderson, Fermi, Long, Martin, and Nagle, Phys. Rev., this issue.

2 Fermi, Anderson, Lundby, Nagle, and Yodh, preceding Letter, this

lssue Phys Rev.
K. A. Brueckner (private communication).
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experimental results

" scattering
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Meson photoproduction

modern experiments mainly use photoproduction of resonances

ow
photon induced ,VVVVVVV(, """"
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Order in the Particle Zoo

e discovery of vast amount of particles
e mesons of different spins, e.g. 's (spin 0) & ps (spin 1)
e ... and charge states, e.g. 0%, KO0*

e baryons of different spins, e.g. p (spin 1/2), A(1232) (spin 3/2),
2 (*)-hyperons (spin 1/2 and 3/2)

* ...and charge states, e.g. A*™, A*, A9, A~

e quantum numbers determined

e sheer number <« mesons & baryons not elementary objects

e ordering scheme? « quark hypothesis by Gell-Mann & Zweig (1964)
e quarks as elementary constituents?

19



Flavor Symmetry

extension
2 flavors u, d (isospin, SU(2)) —> 3 flavors u,d, s (SU(3)),
standard model: 6 flavors u, d, s, c, b, t
u
——> fundamental representation ¢ = (g )

with ¢' = U < invariance under iso/flavor-rotations

]

rotation matrix U = exp{%ion

A}
E 32-1 = 8 traceless 3x3 matrices,
analogous to o, in SU(2)

E— 3 basic doublets: ue—d | S 1 |
01 <+—>
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Flavor Symmetry

extension
2 flavors u, d (isospin, SU(2)) —> 3 flavors u,d, s (SU(3)),
standard model: 6 flavors u, d, s, c, b, t
u
——> fundamental representation ¢ = (g )

with ¢' = U < invariance under iso/flavor-rotations

]

rotation matrix U = exp{%ion

A}
E 32-1 = 8 traceless 3x3 matrices,
analogous to o, in SU(2)

E— 3 basic doublets: uesd | S 1 |
dos U 04
S u \'/
U \'
_1 n
- 0 +%2 |3
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Flavor Symmetry: Decuplet

Baryons: qqq states w/ 3 possible flavors

A

I
Y =B+S
h h
(hypercharge) U v decuplet

\

3®3®3 = 108@8M@8M@1A

combinations of u, d, s quarks

*

symmetry under interchange of any two (equal-mass) quarks
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Flavor Symmetry: Decuplet

Baryons: qqq states w/ 3 possible flavors

YV B
U v / decuplet
\ octet

\

33®3 = 10S ® 8,\,I ® 8M ® 1A combinations of u, d, s quarks

*

symmetry under simultaneous interchange of flavor & spin



Baryon Decuplet

Baryon decuplet JP = (3/2)*
S S
ddd ddu duu uuu A- 40 A+ A+ '
@{ ______ ®_._.-6—~®————- =3 +=—® ®" 10 ® ® (1232)
\ / I
N /
\ /
\\ dd's dus ,/uus Z 0 b2
R ®—Lt—@ Le J=1—= —-®— ® ® 1, (1384)
=1 \ _ 1 / 11
2 2 2
\ /
kY yd Am = 150 MeV
\ / o= =0
dss ®\ -2 /® uss f=1—e ®~ +-207 (1533) I
\ / ,
I/ V
/ I s-quark
missing 1964 S5 53 f i G 0®-3 (1672)

(b)

Figure 5.1 (a) Quark label assignments in the baryon decuplet. (b) The observed decuplet of
. baryon states of spin-parity 3*. The mean mass of each isospin multiplet is given in brackets.

corner States uuu, ddd, sss symmetric under interchange of quarks
& symmetry of all decuplet states

Gell-Mann-Okubo mass formula

with Y = B+S “hypercharge”

M = M, +M.Y + MJ[I(I+1) - Y/4]

coefficients determined from mass spectrum
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Discovery of the ()™ Baryon

VOLUME 12, NUMBER 8 PHYSICAL REVIEW LETTERS

24 FEBRUARY 1964

OBSERVATION OF A HYPERON WITH STRANGENESS MINUS THREE*

V. E. Barnes, P. L. Connolly, D. J. Crennell, B. B. Culwick, W. C. Delaney,
W. B. Fowler, P. E. Hagerty,T E. L. Hart, N. Horwitz,T P. V. C. Hough, J. E. Jensen,

It has been pointed out! that among the multitude

of resonances which have been discovered recent-

ly, the N,,,*(1238), Y,*(1385), and =, ,2%(1532)

can be arranged as a decuplet with one member
still missing. Figure 1 illustrates the position
of the nine known resonant states and the postu-

lated tenth particle plotted as a function of mass
and the third component of isotopic _spin. As

J. K. Kopp, K. W. Lai, J. Leitner,t J. L. Lloyd, G. W. London,} T. W. Morris, Y. Oren,
R. B. Palmer, A. G. Prodell, D. Radoji¢ié, D. C. Rahm, C. R. Richardson, N. P. Samios,
J. R. Sanford, R. P. Shutt, J. R. Smith, D. L. Stonehill, R. C. Strand, A. M. Thorndike,

M. S. Webster, W. J. Willis, and S. S. Yamamoto
Brookhaven National Laboratory, Upton, New York

(Received 11 February 1964)

length of ~10° feet. These pictures have been

can be seen from Fig. 1, this particle (which
we call @, following Gell-Mann') is predicted

to be a negatively charged isotopic singlet with

strangeness minus three.? The spin and parity
should be the same as those of the Ng,,*, namely,

+

3/2" . The 10-dimensional representation of the
group SU; can be identified with just such a dec-

uplet. Consequently, the existence of the O~
has been cited as a crucial test of the theorv of

unitary symmetry of strong interactions.%* The
mass is predicted® by the Gell-Mann—Okubo mass

formula to be about 1680 MeV/c2. We wish to

report the observation of an event which we be-
lieve to be an example of the production and decay
of such a particle.

The BNL 80-in. hydrogen bubble chamber was
exposed to a mass-separated beam of 5.0-BeV /¢
K~ mesons at the Brookhaven AGS. About 100 000
pictures were taken containing a total K~ track

partially analyzed to search for the more charac-

teristic decay modes of the Q7.

The event in question is shown in Fig. 2, and

the pertinent measured quantities are given in
Table I. Our interpretation of this event is

K +p=-Q +Kt+K°
O b
LA°+TT°

l-')’l 72

et +e

-7 +p.

et +e”

(1)
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V. E. Barnes et al.

PHYSICAL REVIEW LETTERS 24 FEBRUARY 1964

VOLUME 12, NUMBER §

S

P24

T R0 et i e el e

FIG. 2. Photograph and line diagram of event showing decay of Q7.

26



chain starting with track 3,

The proper lifetime of particle 3 was calculated
to be 0.7x107° sec; consequently we may as-
sume that it decayed by a weak interaction with
AS=1 into a system with strangeness minus two.
Since a particle with S=-1 would decay very rap-
idly into Y +7, we may conclude that particle 3
has strangeness minus three. The missing mass
at the production vertex is calculated to be 500
+ 25 MeV/c?, in good agreement with the K° as-
sumed in Reaction (1). Production of the event
by an incoming 7~ is excluded by the missing
mass calculated at the production vertex, and
would not alter the interpretation of the decay

cay very rapidly into n +K°+7~,

We wish to acknowledge the excellent coopera-
tion of the staff of the AGS and the untiring ef-
forts of the 80-in. bubble chamber and scanning
and programming staffs.

*Work performed under the auspices of the U. S.
Atomic Energy Commission and partially supported
by the U. S. Office of National Research and the Na-
tional Science Foundation.

1'Syracuse University, Syracuse, New York.

University of Rochester, Rochester, New York.

M. Gell-Mann, Proceedings of the International Con-

ference on High-Energy Nuclear Physics, Geneva, 1962

In view of the properties of charge (Q =-1),
strangeness (S=-3), and mass (M =1686+12
MeV /c?) established for particle 3, we feel jus-
tified in identifying it with the sought-for Q~.
Of course, it is expected that the " will have
other observable decay modes, and we are con-
tinuing to search for them. We defer a detailed

—daiscussion Ol thé mass of the $¢ until we have

analyzed further examples and have a better un-
derstanding of the systematic errors.

The observation of a particle with this mass
and strangeness eliminates the possibility which
has been put forward® that interactions with AS
=4 proceed with the rates typical of the strong
interactions, since in that case the £~ would de-

(CERN Scientific Information Service, Geneva, Swit-
zerland, 1962), p. 805; R. Behrends, J. Dreitlein,
C. Fronsdal, and W. Lee, Rev. Mod. Phys. 34,1
(1962); 5. L. Glashow and J. J. Sakurai, Nuovo Ci-
mento 25, 337 (1962).

°A possible example of the decay of this particle was
observed by Y. Eisenberg, Phys. Rev. 96, 541 (1954).

M. Gell-Mann, Phys. Rev. 125, 1067 (1962); Y. Ne'e-
man, Nucl. Phys. 26, 222 (1961).

‘See, however, R. J. Oakes and C. N. Yang, Phys.
Rev. Letters 11, 174 (1963).

M. Gell-Mann, Synchrotron Laboratory, California
Institute of Technology, Internal Report No. CTSL-20,
1961 (unpublished); S. Okubo, Progr. Theoret. Phys.
(Kyoto) 27, 949 (1962).

G. Racah, Nucl. Phys. 1, 302 (1956); H. J. Lipkin,
Phys. Letters 1, 68 (1962).
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now: Excitated States
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universita'tbonn Excited states: Quark Model

N* resonances
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A hyperons:

Quark Model
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A hyperons:

Quark Model
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Excited states: LQCD

universitatbonn
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Nucleon Excitations: Experimental Status
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CLAS @ JLab

Electromagnetic
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Cerenkov
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Chambers
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e —

Time of Flight
Scintillators

courtesy: V. Credé
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CLAS @ JLab

v - data acguired v - analzzed"eub/ished
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ELSA accelerator @ Bonn
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ELSA accelerator @ Bonn

Flugzeitwande Tracking-
Dnmfammern Detektoren

BGO'OD ,’ BGO-Kalorimeter
o [ i < ‘r,, Tagger
ton-| il I
famisra | '2‘“71, []’ n L S
‘ L

/_\\” \ ‘\ -

mm Dipole (horizontal)
o — . Dipole (vertical)
hadron e ke BT - = Quadrupole
physics ™" bolarisiertes s / superclondggting \ mm  Skew Quadrupole
i arge o > solenol Y mw  Coviingle
experiments i g;‘ Radiator- \A ed-Function Magnet
@ ... ¢ o g
Crystal Bare s gl e [ | characteristics eauency
‘V CB-Detektor !\
Compton- P
LT W A | * energy 0.8 -3.2 GeV
S o S 2 e internal current ~ 100 mA
| / \ e extracted current ~1 fA—10 nA
: — '\  "single electron” extraction

I : ngg?of:on \ Y ¢ macroscopic duty-factor ~ 70 — 80%

- gaton 8 3’5 P | e electron polarisation ~ 60 — 80%
area \\ SRS EIaE ’ e detector beam test area
¥l , e energy tagged photon beams
as b \ | DEsveviy / e 2 HP experimental areas
Gl ] S e BoFroST polarised target i
i T Mott polarimeter

electron @00 — e
gun electron S%%';ci_ ~n 4 > ATeaTOraeTeCtor tests

UNAC o COke® S, ._maf (under construction)

(26 MeV)

extraction septa

om 5m 10m 15m
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CBELSA/TAPS experiment
spokespersons: B. Krusche (Basel)

U. Thoma (Bonn)
Polarized Target @al BarreD 3
- + Inner detector, ~, NG

NN, ' +— Goniomet
Forward Detector ’-fa RS oniometer

-SSR Miis
' N | s b

Taggi t
Gas-Cherenkov s T, agging system

<
-
o

Photon intensity QT % paam Dump
monitor
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CBELSA/TAPS experiment

spokespersons: B. Krusche (Basel)
U. Thoma (Bonn)

et

/..\‘
A N

Forward Detector l-p Y, W

»

e lin./circ. polarised beam
& long./transv. polarised target

Polarized Targ Crystal Barrel
3 + Inner detector ,
N9 /
=

v

\NIST AN

Y,

e central calorimeter combined
with forward calorimeter

Gas-Cherenkov

e ideal for multi photon final states

e CB upgrade completed
— APD readout

<
~
b
«
e

Photon intensity QC ¥ oo Dump
monitor
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Overview measurements
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Overview measurements
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Overview measurements
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Overview measurements
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Nucleon excitation spectrum

PDG 2010 | BnGa PWA |PDG 2012 | SAID PWA

N(1860) 5/2+
N(1873) 3/2- Rk 3 sk 3k
N(1880) 1/2+ ok s sk
N(1895) 1/2— LS Kk
N(1900) 3/2+ k% k3K K 3%k -
N(2060) 5/2— AR Kk
N(2150) 3/2-
A(1940) 3/2- o & e no evidence

e inclusion of CLAS, MAMI, ELSA data

e confirmation of known resonances
w/ improved parameters

e observation of new states
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Nucleon excitation spectrum

e N* spectrum — endeavor since over 50 years
* breakthrough meson photoproduction

 single & double polarisation observables

« identification o

e ... some at least, but total number ??

 low lying states ??
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La "Belle" Révolution 2003

tor )

scale
chang

e 10F

(c-5€°

heavy quark meson sector

positronium

v

Positronium

2‘S|

AE, 10%eV

I
2'Py
|

0
-
v
=
W M1 (B4 x 107%eV)
4
0k
A 1 A
0 I ot "
0
i o

heavy quarks

W(4160) e

W(4040)
4.0 105

DD

textbook: Perkins

Charmonium Bottomonium

W(3770) -
DD threshold

T 100}

1
/ LS 43007)

Y
Ig /
30r -'_ISLH 7 (2980)

9.5

Hadronic

1-H decay

L S 1 1 1 1 Jrris
o 1 o 1 o+ b 751
1+
2+

universitatbonn 46



Candidates per 2.5 MeV/c?

data-fit

La "Belle” Révolution 2003 c_sectoﬁ
X(3872) Q
S PRL 110 (2013)

LHCb

i Belle PRL91, 262001(2003) [ _
oor + all candidates

B — K=n'n J/y 100y

wl X(3872) 1

100 |- v - O _a Data .
: . 5ol — Simulated J" =1+ -

[ ] - S Simulated J7%=2* :

ol L n—-f“.JI IH'T“'V"[.L' W —t—t—————————————————
0.40 0.60 0.80 1.00 1.20 50 ' ' 7

 |cosa,,| > 0.6
a0}

M (m+r-1+1-) - M(1*1-)

Number of candidates /0.4

4500 [— L
4000 [ C
30
3500 [ =
3000 [~ «: 80T T T T T T T T T e
2500 ; “%2200— E 7°;— g E 20 = I
2000 f,, 5 2000} E 3 N TR EEREE
F gt PRD 77 (2008)] i | : :
g £ 1600} % 50 - " : H
oo 1 111101 of e
500 |~ . 3.85 3.86 3.87 3.88 3.89 w 405_ :
- 1 1 | 1 E
202,‘“’{ ; H&fillﬂhaﬂh*“*lﬂfil f}lii 0 _ g o-l PO TN T N R SN TR T N TN S S
200k Hitt t AR 1] 20t PN + ] 1 05 0
375 380 385 390 395 4.00 E + + + ]
10— -
Jiprt Mass (GeV/c?) : 1 ] cosGX
Q5362 384 386 386 39 992 304 396 388 4

m, (GeV/c?)

PRL 103 (2009) 152001




X(3872)

B—>XK 3871.46+0.37+£0.07 <2.3 @ 90% C.L. (2003)

¥ BoXK  3871.4:06:0.1  <3.3@90%C.L (2008)

€ X—J/yn 3871.6120.16£0.19  1.34 (fixed from first two)
average 3871.50£0.19

M(D?)+M(D*?) 3871.81+0.36

" I le" pOSSible bound
molecule  giate of DO D*0

s

JP=0" 1-

0
Energy (MeV)

48



Hidden cham@sector

nature

Forsaken pentaquark ¥
particle spotted at CERN

Exotic subatomic species confirmed at Large Hadron Collider after earlier false sightings.

LHCb 2015

1 SA universitétbonnl 4



LHCb: P.*(4380, 4450)

(a) C (b)

AR U 0

b d%g} LA
d

PB / VB hidden c predicted from

meson-baryon interactions:
Oset, Zou et al., PRL 105 (2010)

"new N*_. states are simply
brothers or sisters of the well
known N*(1535) and A*(1405)
... and many other dynamically
generated states ..."

Guo, Meil3ner et al., PRD92 (2015) 071502

(i LSA

R. Aaij et al., PRL 115 (2015) 072001
o
w K JP = 3/2-, 5/2°

—r 4’:

1;1 +
B_»\—g} PC
d d

/ o

Vv

phase space

Ll PR SN T WY T R N ST TR T NN SN RN R N
4.0 4.2 4.4 4.6 4.8 5.0

M, [GEV] "
universitatbonn 50




uds sector ?
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uds sector — threshold dynamics

narrow Peak narrow peak
A(1405) & cusp in n n/p in gpp cusp in KZ
JL S44(15353) J@ cusp in np J
S
/ ] §
| | | | | | | / */
Y Q X o a o ¥

/
o  © 00 m enerqgy / GeV
? g B S § N §  cmenergy
N
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A(1405)

L-QCD "molecule" as dominating
Fock component

2
|(state|E)| E_N
0.8 )
genuine 3¢
0.6 ?1_“
my
my T
04 . Tﬂn =
X
i KN b
02 E ' &N ke
my . KN
m .
il ML |
L PO R | 213 | 21 %
156 296 ' 411 570 702 my (MeV)

J.M.M. Hall et al. [Adelaide group], Phys. Rev. Lett. 114 (2015) 132002

arXiv::1411.3402v2 (2015) "
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J+Pp = K® 4+ 3t anomaly @ K* threshold

R. Ewald et al. (CB/TAPS), PLB 713 (2012)

do/dQ / ub/sr

EY / MeV
1200 1400 1600 1800 2000 2200
0_1 2 _l | | | | | | | | | 1 | I I | | I I I 1
- K*A K*Z«r
0 1—_ /a\\ thresholds K-MAID most forward bin
L / \ $ (mod.) <cos 8,°™> = 0.83
0.08— / \-\ E* E L'K-MAlo
I I AN T A
0.06/— // + \\E . ~ _#  SAD
B e N P K-MAID
B / ya - ~ . \T\\/%___/_L/f’/ (mod., no K*)
% | | *
002 __ [ 1 $
O —l % ' | | I = ‘ ‘ ] ' ' ' ] i : ;.;.;:;.i-. .;.;.;.;.l . | : I | | ‘ ‘ I | | 1 .
1700 1800 1900 2000 2100 2200 2300

W/ MeV ,
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J+Pp = K® 4+ 3t anomaly @ K* threshold

R. Ewald et al. (CB/TAPS), PLB 713 (2012)

do/dQ / ub/sr

E, / MeV
1200 1400 1600 1800 2000 2200
0.1 2 _] 1 ] T ] I 1 1 l 1 1 I T T l T T l T T
- K*A K*Z+
0 1_ /4\ thresholds K-MAID most forward bln
s / \\ (mod.) <cos 6,°"> = 0.83
- / KB = L
o - ! ! K-MAID
0.08 - / + i \ :é : | / v
0.06— / N\, e K
B / + - T~ \I . e _ @rnsnnns »*
5 /o DN : : «
0.04— *’ : ; B K: Al o
VAR : :  —
- / ! : : N NZ N
002 __ [ 1
- : ! also:
- % S S : Ramos & Oset,
0 I 1 1 1 1 | | i 1 I I 1§ i i ) i L] 1 i 11 l | PLB 727 (2013) 287
1700 1800 1900 2000 2100

W / MeV .
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¥ +p->K 43t

anomaly @ K* threshold

al l e 1

Ey [MeV]
1400 1600 1800 2000
1.2 B T I | T T | 7
1E — AT ATy T A ey = 2-0 =
C - apN:—Z.O, A= A= A=qgas=—1.65 i
08 K A ) B
0.6~ ; . proton -
B ; - \;i : ]
0.4F N Y .
- . N\ . _
0.2 LN s
. - | | ; : .
1800 1900 200 2100 2200
]_.2 B T I | T T | 7
1 -
- - neutron :
0.6}, 3
0.4 —
0.2F —
oL | e | .
1800 1900 32000 2100 2200
W [MeV]

R. Ewald et al. (CB/TAPS), PLB 713 (2012)

\/
1800 00 2200
T I T T T | T !
K*z*
resholds K-MAID most forward bin
('“Id') <cos 8,°™> = 0.83
: 'K-MAID
! . 7 \ 4
E‘ d K* .’ i
‘ /E// ?-------f“
frmren? <kiooim S

also:
Ramos & Oset,
PLB 727 (2013) 287
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uds sector ?

|:"> parallels between c and s sectors

c-sector s-sector
meson baryon(s) meson baryon(s)
state(s) X (3872) Pr(4380/4450) | f1(1420) | N*(2030/2080)
m-exchange transition | D*°D° + D°D* | A*D +¥.D* | K*K + KK* | A*K +XK*
quantum nos. JPC = 1+ JP =32 | JP9=1 | JP =(3/2)"
3-body threshold DYDY ¥+ D70 KK YK 70
closed flavour channel J /) w Xc1P ¢ fo(500) op
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uds sector ?

ﬁ> parallels between c and s sectors

s-sector
meson baryon(s) meson baryon(s)
state(s) (X (3872) Pr(4380/4450) | f1(1420) | N*(2030/2080)

m-exchange transition /ﬁ*ODO +D°D* | A*D+Y.D* | K*K+KK* | A*K+XK*

quantumnos. || JPO = 1%+ JP = (3/2)~ | JPC=1++ | JP =(3/2)"

3-body threshold [\ D°Dr° >+ D070 KK S K 70
closed flavour channel \ J /) w Xc1P ¢ fo(500) op
X(3872)

@ 3
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uds sector ?

¢> parallels between c and s sectors

s-sector
meson meson baryon(s)
state(s) X (3872) . £1(1420) | N*(2030,/2080)

m-exchange transition | D*°D° + D°D*Y | A*D +¥.D* | K¥k+ KK* | A*K +XK*

quantum nos. JPC = 1+ JP=@3/2) | JPOE1tt | TP =(3/2)

3-body threshold DDO7° ¥+ D070 K YK 70
closed flavour channel J /) w Xe1P %f0(500) op
&
2c P-(4380/4450) D*
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uds sector ?

¢> parallels between c and s sectors

s-sector
meson baryon(s) meson baryon(s)
state(s) X (3872) P*(4380/4450) |  f1(1420) | N*(2030/2080)
m-exchange transition | D*°DY 4+ D°D*0 | A*D+¥.D* | K*K + KK* | A*K +YXK* H
quantum nos. JPC = 1+ JP =32 | JP9=1 | JP =(3/2)"
3-body threshold DDO7° ¥+ D070 KK YK 70
closed flavour channel J /) w Xe1P ¢ fo(500) op

O
IR
\ @ D

\ A* "
=LSA universitatbonn 50



uds sector ?

¢> parallels between c and s sectors

c-sector
meson baryon(s) meson baryon(s)
state(s) X (3872) P*(4380/4450) |  f1(1420) | N*(2030/2080)
m-exchange transition | D*°D° + D°D* | A*D+¥.D* | K*K + KK* | A*K +XK* H
quantum nos. JPC = 1+ JP =32 | JP9=1 | JP =(3/2)"
3-body threshold DDO7° ¥+ D070 KK YK 70
closed flavour channel J /) w Xe1P ¢ fo(500) op

> @
K*

@

RO |
ELSA (1520) universitatbonnl




t-channel Kinematics

P 4
. «

Co=> K il

N N2
K* v
¢"“ T
o’ R
::,|> K ‘0“

P A(1405) X
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t-channel Kinematics

\/

forward (charged) particle

high momentum

Y

A(1405)

>
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t-channel Kinematics

"parall
Kinemg

eI||

atics

forward (charged) particle

high momentum

low t =

411 decay
charged & neutral
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t-channel Kinematics

"parall
Kinemg

eI||

atics

:D> BGO-OD !

forward (charged) particle

high momentum

low t =

411 decay
charged & neutral
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BGO-OD experiment

spokespersons: P. Levi Sandri (Frascati) & H.S. (Bonn)
e combination of BGO central calorimeter & forward spectrometer
® high momentum resolution, excellent neutral & charged particle id

BGO ball Open Dipole magnet Tof

Drift chambers_ Yy monitoring

SciFi2

Beam dump

Tagger magnet

Goniometer ‘
/

‘ /:‘
e'-beamﬂ

AgA
YAl



BGO-0OD experiment

spokespersons: P. Levi Sandri (Frascati) & H.S. (Bonn)
e combination of BGO central calorimeter & forward spectrometer
® high momentum resolution, excellent neutral & charged particle id

BGO ball Open Dipole magnet
Qhambers\“«
-

Xas
-
R
-

BGO-crystals

Scintillator Barrel

photon beam

==

~ BGO-ball MOMO

MWPC

SciFi2




s
SR Ly

ment at ELSA

[BGO-OD Setup o

Drift
Chambers

Bremsstrahl — Tagging
Radiator System ’T\:’a\r/vptf:\ \‘ |
. P ge
r~ 11' 1 ldﬁ’ . -
[5] ; o
;]';/' | ‘ = ‘ \
MRPC Magnet \\f,&

e~-Beamdump |
Silicon Tracker



First Results from BGO-OD ; inary_’
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missing mass recoiling from 2y [MeV]

Particle ID & event reconstruction

central forward few days of data

BGO 2y reconstruction OD pos. charged particles

15

10

5

300 400 500 600 700 800 T S T T T )
2y invariant mass [MeV] 500 1000 1500 2000 2500 3000
Momentum [MeV]

x10°
o) 2
S £12000
§ 100 F § n c=15.1 MeV
\ =1/.
10000 o 0=17.5 MeV
80 7% mean = 135 MeV, ¢ = 10 MeV
8000
60
n: mean = 557 MeV, ¢ = 20 MeV 6000
40 (scaled x50)
4000
20
k 2000
PR TR\ VO R NS TR W T N SN NN S SA NN SN T N S N L 1
0 100 200 300 400 500 600 700 05 L

200 400 600 800 1000 1200 7400

2y invariant mass [MeV] Missing mass recoiling from the proton [MeV]
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Counts

First Results from y+p — K" +X

forward K* in spectrometer

1200

1000 —

800

600

400

200

TT

T

TTTTTIT
I I

K* momentum < 1 GeV
l‘ A
) (1405)
] \Ih
JJ g Mk AL

A(1116)
[ \ ¥(1385)
l‘uﬂdf$y1ﬂJT:~‘ rul

¥%(1193)
f k )J,H/\(1520)
A L A A A A l A A
1000 1800

PN PRI R R
800 1200 1400 1600 2000

Mass recoiling from forward K* [MeV]

X ST welly e
1400 1600 1800 200
Mass recoiling from forward K* [MeV]

1000 1200

0

Counts

Counts

600

500

400

300

200

100

o

800
700
600
500
400
300
200
100

work of T. Jude

all data
K* momentum < 1 GeV & n° identified
\,
\ |
W—'J' lxw Mﬂ/f\\“&f ‘T‘JHU‘JH\
""'*M*}.Wl...l...l.‘.J.A.1..
800 1000 1200 1400 1600 1800 2000

Mass recoiling from forward K* [MeV]

K* momentum < 1 GeV and cut on K*z° missing mass

I”lIHII\IITNIHIIHIII.I\]T\I.IIIII]H

s
-
3

A
N
! f\fﬁ, 'Epﬂ‘rh, 'JWVWmmﬂ

1400 1600 1800 2000
Mass recoiling from forward K' [MeV)

AT
1000 1200

§ N
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v+p — K" +A(1116) @ forward angles

work of T. Jude

© - W =1600 - 1700 MeV
— 300~
@ C
@ 250F
o
2001 £i
150 }
100 |
C * é i
3 %WW
00 200 400 600 800 1000 1200 1400 1600 1800 2000
K" missing mass [MeV]
© 120_W—1600 1700 MeV
=~ Witha =
< 100
2 h
Q C
|_|J -
80— !
: |
601~ gi
B {
401 b
g ;
20— i
0 » |6§ Lo o J e
0 200 400 600 800 1000 1200 1400 1600 1800 2000

K" missing mass [MeV]

~1/3 subset of data

(o2}
o
o

- W = 1700 - 1800 MeV g

an
o
o

Events /(16)

400

300

200

100

0 200 400 600 800 1000 1200 1400 1600 1800 2000

K" missing mass [MeV]

W = 1700 - 1800 MeV

0

0 200 400 600 800 1000 1200 1400 1600 1800 2000

K" missing mass [MeV]
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v+p — K" +A(1116) @ forward angles

work of Th. Zimmermann & T. Jude — T

0
;,
L}
—
®
®
<

o) Bleckman ' ! ' ) ' m  SAPHIR
05k L] SAPHIR | ' K+ A . (LAS
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0.25F- = - aw
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0-.|.I...|I....I....I....I....I....I.n..l.... ] ]
G 020 RO\ 0 R e Bydzovsky and Skoupil, arXiv:1211.2684
RS, cu [degl h
B Proceedings SNP12
©

w
7 O°F — important constraint for
Sosst * h lei producti
g oaf { { ypernuclei production
U
0.3F 1 T o
0.252— * }+ $ b 2 4+;++
0.2;: { *i . . .
3 j 10x event statistics available
0.055—
°10203040506070809o
CLAS: By [deg]
'I;AREC IE\;/I1cCracken 2010 GKC"" (deg)
SAPHIR:

K.H. Glander 2004

EPJA 19 "
universitatbonn "




A(1405): initial tests — very preliminary

counts

160
140
120
100
80
60
40

20
1400 1500 1600 1700 1800
i invariant mass of npyr®/ MeV

first results: K*/A(1405)

A(1520) = ST [42%]

work of G. Scheluchin

~1/3 subset of data

At [10%]

Inv.Mass of 2%1° (Kinematic Fitted, K* anywhere)

‘I I‘HI[

* production at small t possible

* inaccessible to previous expts

Miss.Mass to K'n® Vs Miss.Mass to K*

H‘IH‘\H‘HI[\H[

isospin forbidden

missing mass to K*n® / MeV

y + p — K* A(1405)

(r2)°

%

for 2(1385)

20(1192)

A(1116) €D '
1L

50
0

1200

1300

A(1405)
>(1385)

1400 1500 1600 1700 1800

missing mass to K* / MeV
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K° from proton target

work of B.-E. Reitz work of S. Alef
8 F signal ¢ F — Signal
S 1400 3 7000 —
5F / °E — Background
S 1200 - 6000~
R D W= :
:ES1OOO_— o St _, p 70 5000:—
P : -
800— 4000 —
00 background ook e KO — 170 170
400~ 2000 e 3*—> X
200;_ 10003—
000 1100 1200 1300 1400 1500 1600 of: ST T T T R T e e e e 000
ni°p invariant mass [MeV] Two pi0 invariant mass [MeV]
w/ kinematic fit prior to kinematic fit
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K° from neutron target

2 day test beam

work of T. Jude S000

s g_ A
O2500F *
. :_ +
e KO — 2m%in BGO 2000¢
15001
1000 "Height = 380
< " 0 =26MeV
* n(Charged) 3 500 |ntegral over + 2c = 23753 )
05— ab6 506566700 865300
2n° invariant mass [MeV]
£ 120
o St Ll
in addition: 100F HH
¢ 5 . so;— HJH[
* pfrom2° — pmin o |
forward spectrometer 4o {Mean = 512 MeV
B J( Height = 296
oo~ o =18 MeV
- Integral over + 2¢ = 5787
0300400 500 600 700 800

300
2n% invariant mass [MeV]
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Summarv

¢ Baryonh Spetﬁru,m long standing Probi.em

® Whew insights through meson photoproduction,
© in particular w/ (single & double) polarisation
® "exotics" in charm sector

¢ uds sector — parallels ??

¢ threshold dynamics

¢ Low-t experimeu&s

5\ universitétbonn|77



Tutorial issues

1. Estimate lifetime of A(1232) fromI' = 110 MeV

2. Estimate strong coupling constant as from
— 29(1385) =+ A(1116) n° width T = 36 MeV
— 29(1193) = A(1116) v lifetime t=10"1s
— particle lifetime is ~ 1/(c.c.)? of interaction

3. Size & internal momenta of composite objects:
— Hydrogen atom (size < binding energy?)
— Nucleus R~2fm

4. Confinement & Nucleon Mass ?
— delocalisation < potential energy ?
— energy minimum ?
— size / total energy ?

2\

7 5. Decuplet: Symmetry ? < Quark Hypothesis universitétbonn|78



estimate of strong coupling o

compare strong and electromagnetic decay of 2 baryons

59(1385) — A(1116) + r° =36 MeV o 1=2x10"s
30(1192) = A(1116) +y T=0.7x10"s
a
—~ —s =80 = a, = 0.5
a

p. 5/53



Baryon octet & decuplet

AS
— 0 + ++
1 P e 938 A A A A
s N L)
A 1116/
© 4 ,
1318
—_— =0
== =0 = \// °
=
octet decuplet
decuplet: wf. symmetric in spin, flavor and space separately
octet: symmetry under simultaneous interchange of flavor and spin
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Statistics problem & Color quantum number

nucleon

8

3 quarks J=% or 3/2 ém baryons
quark-antiquark J=0 or 1

]

pion

m mesons

p = uud
n = ddu
A*" = uuu N .
X(ﬁnzrgzs;)nance (Fermi 1951) statistics problem
J=3/2 quark spins all aligned
forbidden by Fermi statistics uuu thre(_e identical q_uarks
L=0 spatial symmetric ground state

p. 5/43



also: no hadrons observed with fractional charges, e.g. uu — Q = +4/3

both problems resolved by concept of color

I:> quarks have three primary colors, Red, Green, Blue

ATt = Ug Ug Ug with non-identical constituents

p = ugusd; ® ugud; o ...

0|

anti-quarks carry anti-colors, anti-Red, anti-Green, anti-Blue: R, G

I:> all observed hadrons are colorless, i.e. confinement
@:> invariant under
rotations in color space

entary colors, RR, GG, BB

. equal mixture of R, G, B
antisymm. |:> equal mixture of R, G, B
equal mixture of complem

E> only combination RR + GG + BB unchanged by rotations: color singlet

I:> combinations other than qqq, dqq, qq are colored < don't exist in nature

p. 5/44



baryons are fermions < wave function antisymmetric

| color >, X | space, spin, flavor >q
A A /\

| 9aq >,

/\ [\

/ symmetric in decuplet

symmetric in decuplet: J = 3/2

symmetric for ground state L=0

p. 5/45



C—,_= Baryon wave functions

color wavefunction 3 ® 3 ® 3 — antisymmetric

decuplet: spin-flavor-space parts of wavefunction separately are
manifestly symmetric

octet: spin-flavor-space part must be symmetric through
— suitable combination of MS—-MS

p. 5/46





