Mass Rules, Shell Models
and the Structure of Hadrons

Paolo Palazzi, particlez.org

pp@particlez.org
http://particlez.org

FIAS Kolloquium

Frankfurt a.M. , June 5th 2014




origin of the idea

1971 p-p elastic at ISR: kink in do/dt

1972 no quarks found at the ISR

1973 e-p DIS at SLAC:
point-like spin 72 partons, gluons, sea, ..




what are the partons, if not the quarks?

idea, looking at decays in PDG listings:

the stable leptons

count number of stable leptons in decays,
(gamma = 2): muon =3, pion =4, ...
-> N(leptons) proportional to the mass;

shell structure like in atoms and nuclei?
-> identify 4 shells: pi, K, p, Q













| was not alone:

» mass difference of 70 MeV/c?:
- Nambu in 1952,
- Mac Gregor in 1970, and a few others

e stable leptons as constituents:
- Barut in 1979




m./a = 70.02 MeV/c?




m./a = 70.02 MeV/c?










~ 30 years later




trouble...



must establish

statistically relevant

hadron mass rules!







atomic physics timeline

CHEMISTRY
1808 Dalton: chemistry is atomic

TAXONOMY
1869 Mendeleyev: periodic table

ENERGY LEVELS
1885 Balmer: spectral rules
1890 Rydberg: extended spectral rules

CONSTITUENTS
1987 Thomson: electron

MODEL
1907 Lenard: model with (+,-) charges

1904 Nagaoka: planetary model
1913 Bohr: model of the H atom

THEORY

1925 Heisenberg: matrix (QM)

1926 Schroedinger: equation (QM)
1926 Schroedinger: H atom o
1927: Heitler and London, quantum theory explains chemical bonding
1928 Dirac: equation




particle physics timeline

TAXONOMY <
1961 SU(X) multiplets: plausible but incomplete

ENERGY LEVELS (MASSES) <
lots of data, but no rules:
1962-64 GMO and 1962 Chew-Frauschi plot,
no longer quoted by the PDG

CHEMISTRY <
1963 Cabibbo: later re-expressed as quark mixing, later CKM

MODEL
1964 quark "model™ evolved from taxonomy, schematic ? ? ?

° °
CONSTITUENTS
1969 partons (.. = quarks, undeconfinable)

THEORY °
197x, blessed in 2004: perfect, but ...




the meson mass system




m = P*u, eta mesons
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Abstract

The conjecture that particle masses are multiples of a unit u of about 35 MeV has
been proposed in various forms by several authors: mesons are even multiples of
u, leptons and baryons odd multiples. Here this mass quantization is reassessed
for all particles with mass below 1 GeV (stable leptons and f,(600) excluded), and
found to be statistically significant. Subsequently all the mesons listed by the
PDG are grouped in families defined by quark composition and JP¢, and analyzed
for even mass multiplicity with a unit close to 35 MeV separately for each group.
For all the the families that can be analyzed unambiguously this multiplicity
hypothesis is found to be statistically significant. Most scalar and vector families
show a dependence of u from the spin, while for pseudoscalars the effect is not
present. Only 5 states out of 120 are rejected due to abnormally large fit
residuals. The mass units of the various families are quantized on a grid of 12
intervals of about 0.25 MeV, ranging from 33.88 up to 36.86 MeV. The location of
the values on the u-grid shows an intriguing pattern of correlation with the
guantum numbers.
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NB: two kinds of plots

e mass unit:
mass vs integer: linear-linear

mvs P

(also mass unit vs integer)

. S h e l I S : 3 Meson shells
X3 vs integer: cuberoot-linear S

m\3 vs ig




mass unit: v = 35 MeV/c? to avoid half-integers

hypothesis:

m;=u* P;: P€ E for mesons
(P& O for baryons and leptons)

test procedure:

FOREACH set of [mesons / (q-qbar, J°¢)] DO:

1. discard states with large errm
2. maximize R?(m,P) varying u around 35 MeV/c?
. fit uwith the least squares
. remove outliers with Chauvenet's criterion
. check for spin dependence du/ dJ
. compute statistical relevance as p(H,) by MC

ENDD




example: the pions

1 remove states with large errors

2 maximize R?varying u

R ? vs u, pi mesons

P = number of partons,
like
Z for electrons
N for neutrons
A for nucleons

m;= u*P;
given the m; values, vary u, compute P; and
maximize the (m,P) correlation R?



P*u, pions
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summary pi mesons

34.69 + 0.051

0.997

=0.003

—-> p(Ho)

1 averaged + 1 large errm + 1 Chauvenet

3=

p-value

spin dependence |no

omitted




statistical relevance

R2=0.99988

R ? distribution, 8 random masses in the range of the pions

express the statistical significance by the p-value of
the null hypothesis H, computed by Montecarlo
simulation:

for the pions, p(H,) =0.003

1
1
1
1
1
L
1
1
1
1
1
1
1

0.996 0.9965 0.997 0.9975 0.998 0.9985 0.999 0.9995




R 2 vs u, eta mesons

residuals
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summary eta mesons

0.999 > p(H,) = 0.001

33.86 *+ 0.053

4 large errm

spin dependence |no

low mass




R 2 vs u, Y mesons, Y(3S) omitted
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0.31]| 35.293
0.50| 35.222
3.50| 35.267
8.00| 35.276

8.00| 35.317( 11.9] 0.11%

9460.3

284( 10023.3

300( 10580.0
308| 10865.0
312| 11019.0

3 [ 294 10355.2

1

0

4

meson type

11007.4 +--|y

10866.3

10725.2

10584.1

10443.0

10301.8

10160.7

10019.6

264 268 272 276 280 284 288 292 296 300

summary Y mesons

35.29 *+0.009

0.985

=1

=0.015

—> p(H,)

1 Chauvenet

spin dependence [not assessed, all states are J

high mass




m = P*u, omega mesons

y = 35.79847x

e omega, J=1

o omega, J=3

meson type = omega

name

*

spin dependence
du/dJ

omega(782)
omega(1420)
omega(1650)
omega(3)(1670)
omega(3)(1995)
omega(2145)
omega(3)(2250)

O O OO OO oo

summary omega mesons

omitted

1 large errm

spin dependence

yes, Z=13.9

u, J=1

35.80 = 0.049

p-value

> 0.934 (all states), 0.942 for J=1, 0.947 for J=3




summary

Summary of mass unit analysis, mesons

type

fu1

erru

uw

p-value

rating

pi

34.69
36.16
35.19

35.00

0.051
0.050
0.071

0.073

0.997
0.990
0.973
0.995
0.941

skokksk
skokok
skekok
skokoksk

35.34
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0.999
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w

W
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0.997

33.89|
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0.009
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0.044
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predictions




new states must agree (and they do)

m = P*u, f mesons, reduced sample

y = 35.7824x
R? = 0.9991

® f{ clean sample
® {(0)(1790) BESII
Linear (f, clean sample)




m = P*u, psi mesons . . . .
m : . . : : : : : . : Reject: psi(4160) 2004: psi(4160) rejected
ros 1o : : o o o o o o Lo The psi(4160) with a residual of 33, rejected by
' y = 36.8409x k ] : H : k ! Chauvenet’ s criterion. Its mass quoted by the PDG
. R 2 =0.9996 | is based on a single measurement by DASP, and in
4273.2 1----- o S T H S oo Ha Eay oo S the DASP paper the result of their analysis is
T 112 L A114 compared with MARK1 data showing a more
41259 -+ T [ T i T T % TN Pt complex peak structure.
39785 ... S A L A L S /. 110 N Above the psi(4040) the MARK1 data show a peak
| at around 4110 and possibly more. The psi(4415) is
28312 4. A L A4l N\ seen ungmbiguousl_y by both e>.<pe“riments. The '
| : : : : : 02 : : : | DASP view of the discrepancy is: “..our data are in
! ! ! ! 00 ! ! ! \ closer agreement with those of SLAC-LBL but show
3683.8 4o~ R S o some differences in the finer details of the energy
I L : : dependence. For instance the 4.16 structure is not
3536.4 ----- === - To---- bl Shib Fe---- == -+ * psi, all states N resolved in the SLAC-LBL data”.
. : : | | | | ' |+ psi(4160), omitted
33891 4----- SR R R Lo SR o R R T For sure there are differences, but the DASP
i : : : : : : : : : I interpretation is questionable. Apparently some
aoa17 1o C ya C L o C o L [ MARK1 peaks were never identified or never made
| : : \ \ \ \ \ \ \ it to the PDG. A possible interpretation of their
s0044 1 S L [ L L [ L I w o spectrum around 4100 is: psi(4040), P=110; psi
' : : : : : : : : : (4125), P=112; possibly a psi(4200) , P=114; no psi
1 I I I I I I I I I ' 4160).
2947.0 — T T
80 84 88 92 96 100 104 108 112 116 120
: 2007: new BES value =4191.6 £ 6.0
meson type = psi

x |P m errm u dm dm/m

84| 3096.9|4.0E-02| 36.868 2.2 0.07%
100| 3686.0(9.0E-02| 36.860 1.9] 0.05%
102| 3769.9 2.5| 36.960 12.1| 0.32%
104| 3836.0 13.0| 36.885 45 0.12%
110( 4040.0 10.0| 36.727| -12.5| -0.31%
120| 4415.0 6.0| 36.792 -5.9| -0.13%
31112 4159.0 20.0| 37.134 32.8] 0.79%

name *
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psi(3770)
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outliers
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back to meson shells




0.88x + 0.39
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inert gases

® no spin-orbit
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Nuclear shells

y =0.729x + 0.824

e doubly-magic
o upper shells

5 6 7

N;= 2, 8, 20, 28, 50, 82, 126: magic
Z from Segreé plot, max. stability
A= N+2Z,
plot A2 vs j,tag = N,

nuclear
shells

A UE,

2 shell lines with interesting properties:

e cross at the first shell, He-4 (dy<3%);

*in shells 2 and 3, line #2 corresponds to values of A of 12=6+6
and 28=14+14; 14 recognized long ago as quasi-magic; the
“magicity” of 6 is a more recent result;

* the ratio of the cubes of the slopes of the two lines is 1.99,
very close to 2: the number of nucleons in series #2 grows from
one shell to the next at a rate = 1/2 the one of series #1;

*in line #1 the "packing fraction" is maximal:
(0.916)3 = 0.768

Al(n) = 2*[Z(i+1)*, i=n,1,1] = 2*[(n+1)*n + n*(n-1) +..+2*1]
=4, 16, 40, 80, ....

A2(n) = 2*[Z(i+1)*i, i=n,1,2] = 2*[(n+1)*n + (n-1)*(n-2)+..]
=4, 12, 28, 52, 88, 136, 200, 280
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meson shells

Meson shells
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combine meson mass shell plot
with mass units:

35 MeV/c?= 1 constituent

i): (4, 14, 28, 54, 84152, * , 294) [ =1,8], y=0.712 *x + 0.894, R2= 0.9981

very similar to the corresponding values for the second nuclear line

N(i): (4, 12, 28, 52, 88240, 208) [i =1,7], y =0.729 * x + 0.824, R2= 0.9999




Juny
N

Number of states

Meson stability, light unflavored, and strange mesons

eo(a,a)
o(s,a)

o(a,a)+(s,s)

--- shell line #1
--- shell line #2

L Bl o Eal il

[EEY
_.b
=
(e}

sub-shells

1
1
1
1
+
1
1
1
1
T
1

nothing

meson stability up to 2 GeV/c2 with mass scale in steps of 70 MeV/c2:
* the n at P=16, analogous of the doubly-magic O-16

« three clusters around 1260 MeV/c? (P=36), 1420 MeV/c? (P=40), and 1680
MeV/c? (P=48).

« three further clusters with fewer states, ~ 1820 MeV/c? (P=52), 2030 MeV/c?
(P=58), and 2310 MeV/c? (P=66).

P=40 corresponds to shell 3 in the nuclear line #1, the doubly-magic Ca-40.

the P distribution for all (a,a), (s,a) and (s,s) states confirms the three clusters
around 36, 40 and 48, as well as at 52, 58 and 66. In the shell interpretation the

peaks at P=36, 48, 52, 58 and 56 would correspond to sub-shells (to be
developed).

P=80 is the doubly-magic shell 4 ~ 2800 MeV/c?; the histogram is empty from
P=72 to 84: as in nuclei, the doubly-magic-equivalent shell series stops at 3.




meson shells summary

Meson Shells
R meson shells 1 to 8 corresponds to nuclear shell line #2,
e Meson shells and also doubly-magic shells can be identified:

- Bc, not in fit -4~ -
o Predicted Bc 1) matP=4~He-4
o Doubly-magic 1,2,3 2) natP =16 ~ O-16
Doubly- ic4,...
:t;)#ell)s/ mege 3) states at P =40 ~ Ca-40

:gﬂgﬁt ggmgg::zgﬂ 18 : i but no states are known near the extrapolated mass values
— -/ hothing for the following shells in that series, P=80, ...;

]

1

1
- - -

1

]

1

on the main meson shell line, the quark compaosition

- nothing : :
S progression from shell 1 to 8 is:

- - === ==

aa, sa, ss, catcs, cc, batbs, bc, bb; (a=uord)

1
T
1
1
1
1
1
1
1
1
T
1
1
1
1

S I

— intriguing role of the s quark,

— explanation of the mysterious values of “quark
masses” (for whatever it is worth);

e tquark: expect 4 more shells at specific mass values in the
range 14 - 31 GeV/c?, none observed;

- P mmm g mmmmpmm— g — - ==

-

— is shell 8 the structural limit for this kind of bound
states, like 6 for atoms and 7 or 8 for nuclei?

— what are the top events?

m(t) = m(W) + m(Z°)




y = 0.246x + 33.900
R? =0.996

e solid-phase
e coordnum = 12: fcc
e charges

interpretation

 constant mass contribution for each parton: suggests solid-phase aggregates,
possibly a 3D lattice organization;

* quantization of the mass unit on a grid of 13=12+1 values: may be related to the
coordination number of the lattice;

* mesons spins and charges equal or close to 0, with a large number of partons:
aggregation with alternating up/down spins and +/- charges.

* on a periodic lattice with coordination number = 12 (such as the fcc), with spin-1/2
partons of charge 0, -1 and +1, arranged as a patrtially charged "ionic" lattice, several
configurations are possible. For a given node of the lattice, the number of charged
neighbors k can vary from 0 (all neutral) to 12 (all charged), a total of 13 values.
Depending on the charge balancing constraints on these lattice variants, some values
of k may not be realized, while other may correspond to more than one configuration;
charge balancing constraints might be the reason for the deviation of the value of P of
the shell states from series S2.

» assume that the contribution to the total mass is larger for a charged parton than for a
neutral one:

— u(0) =33.88 MeV/c?, neutral parton,
— u(12) = 36.84 MeV/c? charged parton;

this assumption agrees with the charges of the final products of the decays of the u (1
charged out of 3 = 4/12, k=4) and of the =*(1 charged out of 4 = 3/12, k=3) as verified
by the position of the corresponding points on the u-grid. This would not be true with
the neutral parton heavier than the charged one.




Eta shells

y = 0.2268x + 0.2964 |,
R 2 =0.9998 .

e e e = =d
B I
| |

n shells: sharper

*m and n_ is at k=0 on the u-grid, with all constituents neutral;
the specific mass unit of the n® is 33.74, close to u(0)=33.88, so
that 4 neutral constituents can be assumed; the pion is at shell 1
with P=4, while the n' is at shell 3 with P=28, and the n. at shell
5 with P=88, right at the nominal values of P in the series A2(n)
=4,12, 28,52, 88, ....

* with no charged constituents, the n and n, do not need to obey
any charge balancing constraints and can sit right at the
geometrical shell closure; this should also apply to the n,,
therefore it is expected that the mass shell line with:

7N, ., N, inshells 1,3,5,8
would show a sharper alignment, as verified by the chart;

* mesons are similar to nuclei and at the same time show
indications of a solid-phase fcc structure, and this may be more
than a coincidence: fcc nuclei are not new, see the work of
Norman D. Cook, and his recent book: Models of the Atomic
Nucleus (Springer).




Al(n) = 2*[Z(i+1)*, i=n,1,1] = 2*[(n+1)*n + n*(n-1) +..+2*1]
A2(n) = 2*[Z(i+1)*i, i=n,1,2] = 2*[(n+1)*n + (n-1)*(n-2)+..]

[ tetrahedrically-truncated tetrahedrons ]

14




Looking for neutral and charged
partons and antipartons with spin
1/2 and mass less than 30 MeV/
c?, and with more than one type
of neutrals, among the known
particles there is only one
possible choice:

the stable leptons -->

constituents:

stable leptons?




the baryon mass system

same analysis, P is odd




m = P*u, Lambda baryons

m=35.78 * P

Lambda, J=1/2

Lambda, J=3/2

Lambda, J=5/2

= [ambda, J=7/2
—— Linear (Lambda, all)

35 39 43 47 51 55 59 63




m = P*u, N baryons

y=35.1229x
R? = 1.0000

y'=35.3824x
R? = 0.9998

Yy =35.6915x

N, J=1/2

N, J=3/2

N, J=5/2

N(1535), omitted
— Linear (N, J=1/2)
— — — - Linear (N, J=3/2)

Linear (N, J=5/2)

43 47




>
du/dJ
flip-flop

m = P*u, Sigma baryons

y = 36.175x%
R2=0.99887

y = 35.438x
R2=0.99947

Sigma, J=1/2

Sigma, J=3/2

Sigma, J=5/2

Sigma, J=7/2
— — ~ Linear (Sigma, J=3/2)
— — Linear (Sigma, J=5/2)
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7 states

P. Aslanyan

O(1540)" 43







baryon shells
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Baryon stability vs mass
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baryon stability




A
e Baryon shells

predicted

i —

1.56
1.36
1.17
0.98
0.78
0.59




baryon
VS
meson
shells

Particle shells

y = 0.226x + 0.320

e Meson shells

e Baryon shells




baryon shells organization, clues:

e shells 1 and 2 are not cohesive
o packing density = 1/3 of the full FCC

e 6 nodes at shell 1

diamond lattice? maybe...




interaction




Q uantum sure
C nrome no need, lattice
D ynamics none, in 15t approx

Q uantum
M agneto
S tatic




implications

quark-lepton relationship elucidated

“guark masses"” rationalized

color is not needed

baryon nhumber may relate to a different lattice
antimatter asymmetry shifts from the universe to the
atom

13 out of the >26 SM parameters are gone

electro-strong unification
o, computed in bound state = 0.101 = 0.0014

top, but m(t) = m(Z2) + m(W)







Thank you for your attention !

http://particlez.org

. pp@particlez.org




