The quark model and the missing hyperons 1

F. Myhrer

University of South Carolina

!Talk at YSTAR 2016, JLab Nov. 16, 2016



In this talk we assume that the baryons are mainly composed of three quarks.

The focus will be on the first excited
A* and Y* states.

To a large extent the theoretical observations to be presented are based on
calculations within the cloudy (chiral) bag model.

We assume that quarks are confined.
To simulate confinement one can use the harmonic oscillator potential model

or the MIT bag model.

In a bag model one can implement aspects of chiral symmetry.
Require the axial current to be continuous.
A consequence is that the three-quark bag (or baryon core)
is surrounded by a pseudo-scalar meson cloud.

If one considers flavor SU(3), the chiral (cloudy) model will predict
the decays of excited hyperons
to a ground state baryon plus a meson (7, K and/or 7).

(No new parameters added.)



The hadronic wave function is

U = \pcolor \ijlcwor \Ijspm \Ijspace

In this talk we assume that isospin is a good symmetry.
The masses m, = mq = m,.
The s quark has mass m, > m,.
[In the (cloudy or MIT) bag model the v and d quarks are massless.]

The SUr(3) is a broken symmetry.

Other assumptions:

(1) All hadrons are SU(3)-color singlets, i.e. Wy, is antisymmetric.
(2) Confinement is universal, i.e., the same condition for all quark flavors.

(3) Pauli says: Two identical quarks must have an anti-symmetric wave function.

(4) The quarks interact via an effective gluon exchange.



The non-relativistic one-gluon exchange (OGE) between quarks i and j,
DeRujula et al. (1975):
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The spin-spin and the tensor interaction are closely related.

Isgur and Karl argued that the spin-orbit force could be neglected.

In Bag models the spin-orbit from scalar confinement and OGE roughly cancel.

Effectively what remains are
the spin-spin and tensor interactions

due to OGE and the pseudo-meson cloud.



For the ground state baryons of three quarks,
the tensor force implies that they are a linear combination of
spatial S, S’ and D states
(similar to *H and “He wave functions).

This means, the spatial wave function of the baryons ground state

is not necessarily
in a pure symmetric state |°Ss) as is commonly used.

For example, the nucleon state as evaluated by Isgur and Karl is:
IN) ~ 0.90|*Ss) — 0.34|*S%) — 0.27]2S) — 0.06)°Dyys)
and the A(1116) is:
IA) ~ 0.93]*Ss) — 0.30]>S%) — 0.201%S3;) — 0.03[*Dy) — 0.05|1,2 Syr)

The components beyond |*Ss) will modify (sometimes strongly)
the excited baryon to ground states decay widths.
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Table 1 : Hadronic relative decay branching ratios for
A* decays (PDG 2012).

A — 5P decay product % comment | comment
A(1405) — & T 100 K~ p bound state? —
A(1520) — 2 KN| 4541 — —
| 42%1 — —

arA| 10+ 1|via 7X(1385) mainly? —

7| 0.9+£0.1 YA ~ 0.85% —

A(1670) — 2 KN | 20— 30 = —
T | 25 —55 — —

nA| 10 —25 — —

A(1690) — 2 KN | 20—30 — —
T | 20 —40 — —

T ~ 25 — —

T ~ 20 — —

nA ? — —

A(1800) — 1 KN | 25— 40 % % % —
T — seen —

A(1850) — 3~ KN| 3-10 — —
| 35 =75 — —

_ 2 _




(i): In bag model evaluations we assume that one quark is in a P-state and
the two others are in S-states.

(ii): Further we assume that the symmetric spatial wave function describes
the three-quark c.o.m. motion of the excited hyperon.
(The c.o.m. boost operator is a symmetric operator.)

The excited N* and X* states therefore have spatially mixed symmetry states.

For a decay to the ground state it is the P-state quark
which couples to the outgoing meson (7, K or 1) (or the emitted photon).

The A(1850) or the 3(1775) 2 states are pure |'8) states.

The predicted quark model states for the three A* %— and three A* %_ states
(and similar for >*)
have the following structure

A*) = al'1) +b]'8) +c[*8)



Different quark models give different a, b and c coefficients, e.g.,
for the |A(1520)) the harmonic oscillator NRQM of Isgur and Karl gives
a=0.92, b =—-0.04 and c = 0.39,

whereas the cloudy (chiral) bag model gives:
a=0.95, b = —0.09 and ¢ = 0.30.

The radiative decay widths of the two models are:
NRQM: I'[A(1520) — Av] = 96 keV, T'[A(1520) — X%9] = 74 keV
Cloudy bag: TI'[A(1520) — Ay] = 32 keV, ['[A(1520) — Y] = 49 keV

However

Table 1 : Radiative decay widths for A(1405) and A(1520)
in keV in the chiral bag model from the
different spin flavor multiplets of the A*.

Transition 21) | *8) | ]%8)
A(1520) — vA | 24| 21] 23
A(1520) — x| 91| 58] 93
A(1405) = ~A | 42] 0.2] 33
A(1405) — 43| 08/0.03| 91
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B'* = 145 MeV, Z, = 0.45, m, = 250 MeV
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B'* = 145 MeV, Z, = 0.45, m, = 250 MeV
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Hadronic decays of the two (5/2)” states

The three-quark spatial wave function has two relative coordinates
p=(f — ) /V2 and X = (7 + 7 — 27%) //6
Both J” =5/2" states have symmetric spin wave functions, S = 3/2.

(i): A*(1830), an iso-singlet, has a p-dependent spatial wave function
(p' is anti-symmetric under 1 <> 2).

(ii): ©*(1775), an iso-triplet, has a A-dependent spatial wave function
(A is symmetric under 1 < 2).

Decay ratio consequences:

A*(1830) couples weakly to KN since the nucleon wave function is symmetric 1 < 2,
whereas Y*(1775) couples easily to K N.
These findings are modified by H},,, and
adding the mixed symmetric component |°S);) of the nucleon state gives

the ratio of decay amplitudes (PRL 41, 1269):
A(A(1830) — KN)
A(X(1775) — KN)

~ —(.28



The A(1405) — A(1520) mass splitting

NRQM and bag models assume a pure gqq state for A(1405).
Then A(1405) and A(1520) are almost mass degenerate.

(The NRQM of Isgur and Karl added an ad hoc spin-orbit force
to explain the mass difference.
However, they argued no spin-orbit force in N* and A* systems.)

A(1405) is only 27 MeV below the K~ p threshold.

Does A(1405) contain large multi-quark component, e.g., qqqqq?
or is it a K~ p bound state (Dalitz and Tuan 1960)? (a quark molecule?)

A bound state can be implemented in the cloudy (chiral) bag model
iof the meson cloud is treated non-perturbativly.

Apart from measurements of the K p atom by a KEK collaboration (1997) and by
SIDDHARTA collaboration (2011), most data are old.



In the cloudy bag model (m, =0 MeV)
the quark P-state with j=3/2 has a lower energy than j=1/2.

The bag confinement condition introduces a spin-orbit splitting of the quark states.

Fortunately, the relativistic OGE introduces a spin-orbit force of opposite sign.

In cloudy bag model calculations the two spin-orbit contributions basically cancel.

Effectively what remains are
the spin-spin and tensor interactions

due to OGE and the pseudo-meson cloud.

These interactions strongly affects the decay rates of A* and X* states

to KN and 7.

We need new data to test the various quark models.
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SUMMARY

Do all the predicted three-quark lowest excited J~ A* and X* states exist?

A K beam on a hydrogen target can access the X* states.

The reaction v* + p — KTA* could explore the A* states.

As shown, A* and ¥* decays to KN, 7% etc.

Theory needs more accurately measured decay branching ratios in order to make progress.




Table 1. The numerical coefficients (column 2) and two-particle operators (column 3) for the gluon-
exchange diagrams in column 1 are given. The coefficients are defined as in (54) and (5.5).
Column 4 gives the number of the possible ways of reading the diagrams (and operators). See also
the discussion following (5.6). The time dependence of the two last diagrams is suppressed in this
table

Diagram Coefficient Operator No. of
operators
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Comparing several different model calculations of the decay rate I',:
A(1520) — A(1116) +
The configuration mixing in A(1116) may change the rate by 50% or more.

A more precise determination of this decay rate is desirable.

Table 1 : The values of I, from various models.

Models al b c|A(1116) | Iy (keV)
NRQM 0.91]0.01] 040  2S¢)| 96
NRQM (SU(6)—basis) |0.91]0.01| 0.40 o8
QM 0.91]0.01| —0.40] 2S5)| 85
YQM 0.91]0.01 1 —0.40| mixed| 134
NRQM (uds—basis) — - — | mixed| 154
MIT bag 0.86 | 0.34| —0.37 — 46
Chiral /Cloudy bag 0.95]0.09| —0.29 2Ss) | 32
RCQM 0.91/0.01] 040 mixed| 215
Bonn — CQM — - — — | 258






