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N(1440) P,, Discovery

e 60 yrs ago the first excited state of proton/neutron was discovered by
Dave Roper of his PhD work @ [Ijj” & |8 .

e N(1440) was born in 1963 (M = 1485 MeV) .m_t P y
aet |-
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Two Pole Observation for N(1440) P, ,

FHYSICAL REVIEW D

&

VOLUME 32, NUMBER 3 | SEFTEMBER 1985

Pion-nucleon partial-wave analysis to 1100 MeV _

Richard A. Arndt, John M. Ford,” and L. David Roper
Department of Physics, Virginia Pelyrechaie Fastliure and Srate University, Blacksburg, Firginla
{Received 24 January 1985)
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R.E. Cutkosky & S. Wang, Phys Rev D 42, 235 (1990)
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The Dharma wheel
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QCD <l Hadron Spectrum

e QCD gives rise to hadron spectrum.

Volume 8, number 3 PHYSICS LETTERS 1 Februfry 1964 D

A SCHEMATIC MODEL OF BARYONS AND MESONS

M.GELL-MANN

Baryons can now be
we assume that the strong interactions of bary- constructed from quarks by using the combinations
ons and mesons are correctly described in terms of (@qq), (@qqqa), etc., while mesons are made out
the broken "eightfold way" of (qd), (@qda), etc.

A4

CERN-TH-12 (Feb 21,1964) |

AN SII3 MODEL FOR STRONG IKTBRACTION SYMMSTRY AKD ITS BREAKIUG

*)
G.Zwelg
CERIl « Geneva

Both mescns and baryons are constructed from a set
of three fundamental particlep called aces. The acos
break up into an isospin doublet and ainglet. Each ace
carries baryon number ; and is comsequently fractionally
charged. SUy (but not the Eighifold Way) e adopted as
& higher symmetlry for the strorg intersctions, Tho break-
ing of this eymmetry is 2ssumod o be universal,boing due
1o mage differcncer among the aces, FExtonsive spaco-time
and group theoretic siruclure is then predicted for both
mesons and baryons,in agreemcnt with existing experiment=
al information. hn experimental search for the aces is
suggeated,

e Many 74 & (g states have been observed.
el 220 & 100.
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Pacticle Data Geoup &

Massing Slalles

PDG:-

particle data group

N
[ G |
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Baryon Sector @ PDG2025

g‘(/V Contribution s.Navasetal, Phys Rev D 110, 030001 (2024)

Progress of
Theoretical and
Experimental Physics

Review of Particle Physics
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Baryon of Eight-fold Way

e Three light quarks can be arranged in 6 baryonic families, N*, A*, A*, X*, =%, & Q*,
e Number of members in family that can exist is not arbitrary.
e If SU(3); symmetry of QCD is controlling, then:

" P P & = Pl A
@%—@ === Spin 1/2 baryon octet: N*, A*, L*, E* G Q
/ 0 X'Q Spin 3/2 baryon decuplet: A*, £*, E*, i — \-1 \,\o 1
g1 [ ;5/\/112 (a1 & '33_@/ m‘/\sd/\ o g Hm g
&Y /\ . A 1IN / B
X

A 3
) \S Lt 's‘;.
d__| ¢

[
|
w
*
&%
€
@ o
=
|

A 38 29
A 71 23
3 66 28
oF 73 12
QF 36 5

R. G. Edwards et al, Phys Rev D 87, 054506 (2013) —

e Seriousness of “missing-states” problem is obvious from these numbers.

e One needs to CompIEte SU(3)F mU|t|p|etS ‘ ‘ R. Koniuk & N. Isgur, Phys Rev Lett44 845 (1980)

? B.M.K. Nefkens, TN Newsletter, 14, 150 (1997) \g’
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Gell-Mann—ORubo Mass

M. Gell-Mann, Report CTSL-20, 1961
S. Okubo, Prog Theor Phys 27, 949 (1962); 28, _24 (1962)

e GMO mass formula provides sum rule for masses of hadrons within specific multiplet,
determined by their isospin (I) & strangeness or hypercharge (Y) generated by SU(3).

M=ag+a1Y +ay [I{I+ 1)—%}/’2]

n $S p
ddu/_o_@u
\’\ '\ aQ e “Equal-spacing" rule for mass shift for baryon 8 members is ~147 MeV,
S here sigma 2 term playing role.
i@d)ﬂ_\ usg;\/llz <fu,@1 . J playing
- 0 +
> X/ -ﬁ’\z ’A/ =L, GMO formula reproduces mass of 8 baryons within ~0.5% of determined values.

N . :
0 e Mixing be able to shift some masses for GMO formula.
J.J. de Swart, Rev Mod Phys 35, 916 (1963)
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Chew-Frautschi

G.F. Chew & S.C. Frautschi, Phys Rev Lett, 8, 41 (1962)

e Geoffrey Chew & Steven Frautschi, in 1961, proposed that mesons, when plotted with them
angular momentum, against squared of their masses, will fall into straight line trajectories.
These are called Regge trajectories.

T. Regge, Nuov Cim, 14, 951 (1959), 18, 947 (1960)

M2 - P i
(Gev?) | ) [
6 g al¥2450k
St :
4+ ]
f 0(1900)
31
~ -
< 0(1450)
1 :
} ‘ Isovector light mesons.
0 { 2770} with natural parity
1 ¥ de) 3 4" S 6'!

;J D. Ebert et al, Phys Rev D 79, 114029 (2009)

e There are just several samples which prove straight line Regge trajectories but there is
no guarantee that will work when J goes to infinity.

2/27/2025 HSFI 2025, Gatchina, Russia, February 2025 Igor Strakovsky 16 %
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Two-Dimensional Model for Mesons

G. ‘t Hooft, Nucl Phys B 75 461 (1974)

Nuclear Physics B?5461—470. 7

A TWO-DIMENSIONAL MODEL FOR MESONS

———t—
G.’t HOOFT
CERN, Geneva
° A recently proposed gauge theory for strong interactions, in which the set of planar — o
diagrams piay a dominant role, is considered in one space and one time dimension, In this —_—
case, the planar diagrams can be reduced to self-energy and ladder diagrams, and they can be
summed. The gauge field interactions resemble those of the quantized dual string, and the a
' - - . 0 : 1] . |
physical mass spectrum consists of a nearly straight “'Regge trajectory . I \__

2 2 a

e In general, it is possible to find/build potential

which will provide Ln(n) behavior or radial excitation.

e Problem is that the same potential should
describe mass-spin dependence (Regge trajectories).

For Regge trajectory, we need linear increasing
V/(r) = C*r but this will not give Logarithm.

w?

mn? w? aw? Ll

Fig. 5. “Regge trajectories™ for mesons built from a quark-antiquark pair with equal mass, m,
varving from 0 to 2.11 in units of g/\/x. The squared mass of the bound states is in units g3 /.

2/27/2025
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2/27/2025

Two-Parameter Logarithm Function

L. David Roper & 1IS, arXiv: 2410.11196 [hep-ph]

e Conjecture is made that accurately measured masses of all equal-quantum baryon (including sk
exotic P~s) & meson (including ss, cc, & bb ) excited states are related by logarithm function
used here; at least for mass range of currently known excited states.

e Logarithmic fit to 4By

BW masses of 3+ known excited states. §- };

M, = o Ln(n) 4+

n is radial excitation level & o with 3 are free parameters.
Parameter a is logarithmic slope.
Parameter 3 is essentially ground mass in data set

[B =M, since Ln(1) = 0].

2800

*

2300 -— Predicted state

i \ Missed state
1800 |

— Best fit using logarithm function

=
[«h]

2
s

1300 |

Ground state
neutron

[

800
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Logarithm Function for Mesons - I
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Why Logarithm ?

M,

(n) + 5

= a Ln
§

dM,
dn

{

1 £, 6n
M,=nf;du+ﬂ=_‘u§: + 8 | for large N

X
n

e S0, M, can be approximated as sum over large number of 1/n terms, such as in energy levels.

e Perhaps this is reason why logarithm function works so well in these mass fits.

N
[ G |
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2900

Logarithm Function

e Logarithm function works very well for fitting masses for excited states of many
other equal-quantum baryon & meson data sets with input n = 3+.

17 Data sets (60 states)
28 Missed states
68 Predicted states
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2led Input -

M, = a Ln(n) +

24 Data sets (94 states)

36 Missed states
96 Predicted states
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L 1500
~ 1200
:Sg 900
600

300

e logarithmic slope, o,
usually, decreases as
ground-state mass
increases.
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Logarithm Function for bb
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Baryon Spectra

e Spectra of N, A, A, & Z families of baryons for spins up to 5/2 & both parities.
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Meson Spectra

e Spectra of 7z, 1, p, ®, ¢, f, a, etc. families of mesons.
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Potential Energy Approximation

’ ) . _ e _ o, Te : . rompte o B
=~ de Broglie wavelength |~ =37 =737 Radius of excited state | =" ="5 37
- LR . =
Cornell Potential |I7., ="3 d/r+Br+c =" 4 .-’r+@+-:

r is effective radius of resonance state,
A'is QCD running coupling,

B is QCD string tension,

C & D are constant.

E. Eichten et al , Phys Rev Lett 34, 369 (1975)
Phys Rev D 17, 3090 (1978)
N. Brambilla & A. Vairo, [arXiv:hep-ph/9904330 [hep-ph]].

o Approximate Potential shape our data show & indicates that somehow that potential yields
log behavior for baryons & mesons & for light & heavy quarks..

o Vep IS always better fit than V..
e While V- gives strict linear radial behavior of is necessary to obtain Regge trajectories.
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QCD T Hadron Spectrum

e QCD gives rise to Hadron Spectrum.

Volume 8, number 3 PHYSICS LETTERS 1 Februdry 1964 >

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN

Baryons can now be
constructed from quarks by using the combinations
(aqq), (qqqqq), etc., while mesons are made out
of (q@), (qaqa), etc.

ons and mesons are correctly described in terms of
the broken "eightfold way"

CERN-TH-412 (Feb 2

AN Bll3 MODEL POR STRONG IKTBRACTION SYMMETRY AKD I7S BREAKING

[ J
G.2Zwelg )
CERNl ~ Geneva

Both mescns and baryons are constructed from a set
of three fundamental particles called aces. The aces
break up into an isospin doublet and ainglet. Each ace
carries baryon number ; and is comsequently fractionally
charged. Uy (but not the Eighifold Way) s adopted as
@ higher symmeiry for the strong interactions. Tho breake
ing of this symmetry is 2ssumod to be universal,boing due
1o mage differcncor armong the aces, FRExtonsive space-time
and group theoretic struelure is then predicted for both

5" I b7

1200
[ —data i
F — total fit §
" — background

g
o
o
(=]

Weighted candidates/(2 MeV)

mesons and baryons,in agrecmcnt with exinting experimente 400t : o 3
P, P.4440) f P (ad57)
al information. An experimental search for the sces is Feld312) I
suggested, 200 ]
4300 4250 4300 4350 4400 4450 4500 455[& 4\;3]
= m e
e Many ¢4 & 00 states have been observed.
220 & 100 R. Aaij et al, Phys Rev Lett 122, 222001 (2019)

R. Aaij et al, Phys Rev Lett 115, 072001 (2015)

* 44944, 099qq, ... are not forbidden or we do not know it yet.
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LHCD 0 + G- —
WS Narrow Pentaquarks from A, =P K —(J/wp)K
(),(\y(\’v\lﬂg ‘ State Mass D[Pz — J/1p||Significance
¥ 107 =%(7) | oue) M) | ()
Po(4312)'1311.9 £ 0.7'§8 9.8 +2.7'3T 7.3

“Not every bump is a resonance, P

(
(4380)'| 4380 £8+29 [ 205+ 1836
(
(

not every resonance is a bump” Po(1110) ' [4110.3 £ 1.3'41[20.6 £4.9'57 | 54
R. Gordon Moorhouse (1960s JUTEEY gy 14.1 157 - R. Aaij et al, Phys Rev Lett 122, 222001 (2019){ ' |
( ) Fuu(457) 1457306 17 6AL20 Ty o R. Aaij et al, Phys Rev Lett 115, 072001 (2015)
4600 T Mn = Ln(n) —|— 6 T T
P-I—
= I *
= 45Q0
O i
= L ]
-~ 0
4400 °
L = 1200 :
I 2
- e
L 3 000
43Q0 ' L2 g
°

L. David Roper & IIS, arXiv: 2410.11196 [hep-ph]
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ek I B - S —.4.._~ LJ_L.J_I_
4800 4250 4300 4350 4400 4450 M., 50 4600
Jhyp MeV]
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M, (MeV)

L. David Roper & IS, arXiv: 2410.11196 [hep-ph]
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4700
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1(JP)
4300

— P.-
B‘

Narrow Pentaquarks from =, —

(7/ pA) &
— (7/pA)

First evidence of a structure in the [/A invariant mass distribution is obtained from an amplitude anal-
ysis of £, — J/WAK™ decays. The observed structure is consistent with being due to a charmeonium pen-
taquark with strangeness with a significance of 3.17 including systematic uncertainties and look-
elsewhere effect. Its mass and width are determined to be 4458.8+29'77 MeV and
17.3 + 6.5 35 MeV, respectively, where the quoted uncertainties are statistical and systematic. The struc-
ture is also consistent with being due to two resonances. In addition, the narrow excited E- states,
Z(1690)" and E(1820), are seen for the first time in a 5, decay, and their masses and widths are mea-
sured with improved precision. The analysis is performed using pp collision data corresponding to a total
inregrated luminosity of 9 fb~", collected with the LHCh experiment at centre-of-mass energies of 7, 8 and
13 TeV.

R. Aaij et al, Sci Bulletin 66, 1278 (2021)

An amplitude analysis of B~ = J/ywAp decays is performed using 4400 signal candidates selected on a
data sample of pp collisions recorded at center-of-mass energies of 7, 8, and 13 TeV with the LHCb
detector, corresponding to an integrated luminosity of 9 fb~'. A narrow resonance in the J/wA system,
consistent with a pentaquark candidate with strangeness, is observed with high significance. The mass and
the width of this new state are measured to be 4338.2 £ 0.7 = 0.4 MeV and 7.0+ 1.2 3+ 1.3 MeV, where
the first uncertainty is statistical and the second systematic. The spin is determined to be 1/2 and negative
parity is preferred. Because of the small Q-value of the reaction, the most precise single measurement of the

B~ mass to date, 5279.44 + 0.05 + 0.07 MeV, is obtained.

R. Aaij et al, Phys Rev Lett 131, 031901 (2023)
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O Proposed Measurements for K Scattering
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HOW do we
get there?

WHERE will
we be in the
future?

Where are you
NOW?
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e Universal Mass Equation (UME) for equal—quantum excited states is presented.

e Because many states with copious data points are so well fitted with our UME, we are confident
that UME calculations of missing states & predicted states are reasonably accurate.
It is not surprising that baryons & mesons look similar because baryon can be considered as
meson (gq) plus one more g.

e Some interesting results of this study are:

1. Logarithmic behavior of masses of resonances with same quantum numbers,

2. Prediction of four higher-mass excited states for each of the 41 data sets; ie,
41 x 4 = 164 higher-mass excited-states are predicted.

3. Inaddition, our fits allows us to determine lesser masses of 64 states missing in jgBea.

4.  For light quarks @ large n from quasi-classics, we expect AM,, ~ 1/n.
We can see that logarithm behavior gives stronger behavior than quasi-classical case &
it works for light & heavy quarks.

5. Cornell potential is example of how such logarithm behavior can be explained by
appropriate potential.

e Roper formula is opportunity to look for missed Baryon & Meson resonances predicted by STA\
QCD models & LQCD calculations. | ‘ruNED
That is one of goals of @ experiment @ .g,etf;gon Lab,

——

e Logarithmic fit to BW masses of two known excited states — next step. |
Ny
[ ]
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Two- &l One-Parameter Logarithm Function

L. David Roper & IS, arXiv: 2410.11196 [hep-ph] 3+-States: Baryons; 17: Mesons: 24; Total: 41 | Filled symbols B=M;

Inprogress | 2-States: 12; 17, 29 | Open symbols
Total: 29; 41; 70
Predicted miSSing states: Corresponds to
. . QCD predictions &
. . 29’ 35’ 64 LQCD calculations
Predicted excited states: 280 350
1200 [ T T T T T T T a(ﬂfl) = 71‘{1 + ﬂ_
- i Mesons bb i
% 1000 N o] — 3
= b ss S bottom o i » State masses calculated for
~ L A charmed 3 N i 0
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Tribute to Dick Arndt

As Dick said in his
autobiography, he had a “gift”.

Dave had the good fortune to
closely observe him exercise
his “gift” in many ways and to
greatly benefit from his “gift”.

! igor@gwu.edu
JGatchina, Russia, February Igor Strakovsky 40
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Cornell Potential & Chew-Frautschi

a,(2040)

a,(1700)

p(1450)

llllllIlllllllllll]llll]llll]lll

p(770) Isovector light mesons
with natu:al parity

1—- 2++ R 4_+-l- 5—— 6++

e First, we have interesting observation about Ln[M(n)] dependence.

e Next, we demonstrate that this dependence may be explained if qq potential has Cornell form.

e That is our Ln[M(n)] dependence is strong argument in favor of Cornell potential.

e Finally, we must check that the SAME potential (with {more or less} same parameters) explains
spin/(orbital moment) mass dependence (i.e., results in experimentally observed Regge trajectories).

e In case of correct Regge trajectories, then we may write that hadron spectroscopy allows us to
"measure"/extract qq potential !!

=
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