The persistent allure of hadron physics
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allure (n): the quality of being powerfully and mysteriously attractive or fascinating.
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You can talk about

“this” and “that.”
/
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OK, talk outline:
1) This
2) That \




Part-l: “This”

some history



the proton, the oldest and most common hadron

- .' Discovered by Rutherford 105 years ago
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1956, Hofstadter: the proton isn’t a point particle

e” p > e p elastic scattering

PHYSICAL REVIEW VOLUME 103, NUMBER 5 SEPTEMBER 1, 1956 Fermi & Dirac form factors
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What's F; and F,?

Structure of the Proton*

E. E. CuaMBerst AND R. HOFSTADTER
Department of Physics and High-Energy Physics Laboratory, Stanford University, Stanford, California

Robert Hofstadter (Received April 2, 1956)
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Status of r; circa 2009 (5 decades later)
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Issues

G(Q?) is not a a simple dipole
2 —2
N Q
O.71(GeV2))

nucleons’ pion clouds produce
"bumps” near Q%=0.15 GeV?

GE(QZ) 7£ Gdipole — (1

two approaches:

1) extrapolate to zero using model-motivated

polynomial or spline fits to the data
(see Bernauer & Distler arXiv:1606.02159)

2) extract pion cloud effects from e*e>n*n-
and 7 N-> 7 N data and include this in a

dispersion relation
(see Lin, Hammer, Meissner PLB816,136254)
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2010: r, from muonic-Hydrogen Lamb-shift

Ordinary
Hydrogen
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Hydrogen fs,zM

H. Pohl et al.,Nature 466, 213
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66 yrs after Hofstader, r; still uncertain to ~ +5%
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66 yrs after Hofstader, r. still uncertain to ~ +5%
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100 yrs later, the is proton still the source of
interesting puzzles




Part-ll: “That”

hadron thresholds




Time-like & space-like proton form-factors

P = (NI INGR) =T Fil) + g Faa )

Annihilation:Time-Like region
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Scattering
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FFs are real

Space-Like region

Crossing symmetry:
(N(P)|i*|IN(P)) — (N(p")N(p)|j*|0)




the neglected time-like region

Space-like (C|2<0) related by crossing symmetry
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e*e > pp at threshold
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Sachs form factors

Integrated cross section:
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ThiS iS What iS seen by BaBar and CMD

cross section jumps to 850 pb
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~15 MeV

turn-on
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What about neutral baryons?

e*e"=> nh or AA (or Z°Z° or Z°59) at threshold

droe ,BC
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experiments see a o(e*e > nn) threshold jump
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experiments see a o(e*e > nn) threshold jump

ete > nn
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initial state - final state: very different scales

quarks are point particles

A = 1/2mpz 0.1 fm<<r,

Compton
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initial state - final state: very different scales

quarks are point particles | nucleons are point particles

@ @ \ Nuclear Physics:
o
d
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add (quark charges)?

proton
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neutron
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ete>A°AC at Threshold
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o(e*e > AA) has a threshold jump
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e*e>AA not explained by final state interactions
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adding (quark charges)? only works sometimes
what else?

what's happening here (below threshold)

oD Unphysical
= region

j(:é NP 0
3 pp—>een

.
FFs are complex

Space-Like region 0 4M? g2

are there bound states in some channels, but not others?




JP€=1-baryonium?

-- spin=1 sub-threshold BB S-wave bound states --

~
0

S-wave

JPC=1"

ete > BB



Is there a sub-threshold AA state?

s(ete” — K*K'K*K)) (pb)
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Hints of a o(e*e>K*K K*K') peak @ 2m,, seen in BaBar & BESIII

mostly due to e*e” > ¢K*K
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Is there a sub-threshold AA state?

Hints of a o(e*e>K*K K*K') peak @ 2m,, seen in BaBar &

160F o 3 KKK 4 BESII|

- PRD 100, 032009
140

-+~ BaBar
120

PRD 86, 012008

s(ete” — K*K'K*K)) (pb)
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M=2232 3.5 MeV = M-2m,=0.8 3.5 MeV
I'<14 MeV



JP€=0* baryonium?

-- spin=0 sub-threshold BB S-wave bound states? --

JPe=0™*

J/w > vBB

1st proposed by Fermi & Yang in 1949 (6 yrs prior to the p discovery) Phys.Rev. 76 (1949) 1739-1743



Candidate O* pp bound state 15t seen in 2003
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“protonium:” a pp bound state?
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X(1835)=>m'rrn’ with 58M J/i decays (BESII)

BESII observation of X(1835) in
Jwv—>yrn'nnf
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J/Y = y pp at BESIII (PWA)

|
BESIII PRL 108, 112003 (2012)
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ppbound state is required: Kang, Haidenbauer, Meissner: Phys.Rev.D 91 (2015) 7, 074003



X(1835)>r*rrn’ with 1.1B J/Y events (BESIII)

Jy > yn'nn
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Flatté formula fit:

_ VPout 2 2 9o
T = smmemis, giow 2k kPr = 96 (Po + 5" Ppp)

S.M. Flatte PLB 63, 224 (1976)
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After ~130 years, still lots to learn about the proton




the scalar mesons near the KK threshold

the “light” scalar-meson nonet




Signal for a,(980)>n1T

yv=2nTt? Belle Belle Collab:
s PRD 80, 032001 (2009)
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Signal for a,(980)>K*K~

pp ANNIHILATION AT REST INTO K, K= 7~

Crystal Barrel Collab: PRD 57, 3860 (1998)
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Signals for f,(980)> "~ & K*K~

Resonancesin J /¢ — ¢mrtmwr~ and pK 7K~

BES Collaboration

BESII PLB 607, 243 (2005) 300 E
f,(1525)+f,(1710)> K'K-
200
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lots of puzzles:

masses are inverted

also:

—X  pseudoscalars © &« scalars
- \ /
oy al —ag/fo— )as ©
/ \
K_ —0
I'T)\GSS , I'T)\OSS
/- ] a; as [ .
f
typical o unique
P —g
- ° A

= No “light” JP=1* and 2** partner nonets in the same mass range.

® In gg meson nonets, the /=1 mesons have no s-quarks and are the
lightest. However, the /=1 a,(980) mesons are the nonet’s heaviest.

= The a,(980) triplet has strong couplings to KK.
* m(f,(980))~m(a,(980)) implies “ideal” mixing & small s-quark content in f,(980)

= Strong couplings to KK violate the OZI rule



lots of puzzles:

masses are inverted

plies “ideal” mixing & small s-quark content in £,(980)

55 to KK violate the OZI rule




a,—f, substructure probe

00(980)0 <_)f0(980) mixing 1* proposed in 1979

Achasov, Devanin & Shestakov,
Phys. Lett. B88, 367 (1979)
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00(980) 9f0(980) m iXi ng 39 yrs after it was 15t proposed
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f,(980)->a,(980) mixing

J/w->£,(980)¢
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compare with models




peeking at the insides of the a,-f, mesons

ag-fo
dressing




Summary

J.D. Bjorken . It is important to pay attention to the difficulties in a
' subject, rather than the successes. It is in thinking
about the difficulties, more than in celebrating the
progress, that advances are made.
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