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MASS [GeV/c?]

charmonium: post B-factory
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>15 charmonium-like states found that do not -
fit into any of the unassigned charmonium levels



Are there patterns to the new particles?

X(4140): M= (m¢+m )yl ~20 MeV

b T S

For example:

X(3915): M= (m+m;,)+~20 MeV
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what are they?
-- “standard slide” --

molecules?
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what are they?
-- add one more possibility --
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molecules? coupled channel system? QCD tetraquarks?

Y(m{‘\w EWS)
QCD hybrids? *‘ K

threshold effects?




O

deuteron-like S ‘Deusons” Y W
molecules @ &
o e
% @ \V) i§f Nils A. Tornqvist
%V _

egg-like
Karliner & Skwarnicki (PDG 2016):
2

o m
masses near thresholds 4., ~a "' = \/Zﬂ\BE| <m,= BE < 2 ~10 MeV (for 2u=m,)

Constituent mesons should be narrower than the molecule

JPC consistent with S-wave e.g., J™ =1"" for DD"; =17 for DD,
I:@jg ’ [@ F’U‘I
e >> Iy
ﬁ* —

no 0"@ 0  molecules (one n-exchange forbidden)

fall-apart decays >> hidden charm modes



XYZ mesons vs open-charm thresholds

-- aside from the X(3872), no apparent correlation --

Y(4660)
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coupled-channel system

mass affected by
cc-D™D™) coupling

If M, ->D*)D*) threshold, propagator-> divergent
and the coupling is amplified

Tokows & Takeuch, pTeps, 093001 | X(3872)) = 0.94/D°D ™) +0.23 D" D) - 0.24[cc)

need a core cc state strongly coupled to an S-wave D (*) D(*) system

close to a D (*) D(*) mass threshold



QCD tetraquarks ?

ball bearing-like

Maiani et al.,, PRD 71, 014028 (2005)

compact & tightly bound by the color force: BE = “oo”
since spin force ~ 1/mg, “bad” diquarks are not so bad
most masses and JPC values are accessible for [cq][cq’]

QCD is flavor blind (g=u,d,s) .- tetraquark states should come in octets



charmonium hybrids

LQCD (m, =400 MeV) predicts high masses

(e.g.: 1 "=4.3 GeV; 0**=4.5 GeV; 1+*=4.4 GeV) M (Gev) o _
4500_‘ . IS gl 'QHI: . E il
I 1o
no charged states == - - |
4000F = = = o,

]

decays to S-wave & P-wave preferred : _

3500 — - 1
’@ D* Liu, et al (Had Spec Collab) JHEP07,126
P - —
2
X X ‘-)Qif, 3000" 0" 17 27 17t o't 1t 1tt 2+t 3+ ot 2+ |
f::— 0 ’/o [

Page, Swanson, Szczepaniak, PRD 59, 034016 (1999)



Threshold effects

rescattering

cusps

0.2

22k .,
ImT ox g* 5FF()

0.15 |

0.1

0.05

- Landau: singular when loop
-0.05 ry: e N 2@(T) .
ReTocp [ ds' Im T Bugg: EPL 96 11002 (2011) particles are on the mass shell
0.1 e Swanson: PRD 91 034009 (2015) Pakhlov & Uglov, PLB748,183 (2015)

m2

peaks just above threshold: « ' =./2udE < m_= 0Lk <" =10 MeV (for2u=m )
2u

rescattering Breit Wigner

ImT

counter
clockwise phase
mofion

distinctive phase motion:

. . 1BeT
semi-circle




what are they?

molecules? coupled channel system? QCD tetraquarks?

Y(4§‘\W v(2S)
QCD hybrids? SJ Er

threshold effects?
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whatarethey?

What aren’t they?

o

C

Y/

molecules? coupled channel system? QCD tetraquarks?

a /‘\ 2
Y(4260) o pt r—< v
QCD hybrids? D;’ K

threshold effects?
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X(3872) properties

X(3872) & mpyo+rMp«o narrow width: g7z < T,
are indistinguishable

100

B2>Krt'r /Y
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X(3872) = deuteron-like D°D*° molecule?

produced promptly in 7 TeV pp collisions no sign of it in D°/D*~ or D*D*-
- T Zmn*+
104 \Deuleror' @ALICE 80% prompt L
0 PP X357, + - 2200
_ 10? ° L
> ° ’
% 10k o v @ATLA.S pp 9[1)'4. 2000
£ : o ' ~
_é._ 1 );Dli\?Z/Z\JS * Pp 9 X3872+ 1 800 ;._
31 ° ATLAS JHEPO1 717 (2017)

10 : [
pp 2 JHe + ... Q 1600 L

oF \ 1400 |

ALICE PL B754 360 (2016) A\ L L,
PRC 93 029917 (2016) 10 15 20 25

Pr(Gev 3.85 3.86 3.87 3.88 3.89

See Esposito et al., PRD 92 034028 (2015)
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\
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CDF PRL 103 152001 (2009)



X(3872)=coupled channel state?

DD* @ y.,’ coupled channel state

Specific model by _é
Takizawa & Takeuchi, PTEP 9, 093D01

produced promptly via ., component



X(3872)

Produced promptly in HE pp collisions
no isopspin-related states are seen

coupled good description PTEP 9, 093D01 (2013)
channel?
Q@““s QCD tetraquark? PRD 71 014028 (2005)

no 1™ partner states seen

C €D hybrid? mass’is ?00 MeV below.
LQCD’s lightest 1** hybrid

width is too narrow; mass
too close to threshold
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X(3915)

B>Kwl/y

-- seen in 2 production channels by 2 experiments --
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BaBar measurements prefer JP¢=0**
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no sign of X(3915)> DD

- in either B>KDD or yy>DD --

B>KDD (Belle) § Yy~>KDD (Belle)
~§40 ' ' (a) 4 - ﬂH lcoso*| <0.5 (a)
=30 ] i% 3 + X, (D-wave)
IR 3 LR
S 20| ® AL MM# |
3 o 3 3?‘.&...1....li...+.«+..++.++.t++.+.++.+m+.+..+
5" 1[' L ot ' Joost| > 0.5 (B)
7 1T Tt §:; 3 + } : for 0**, expect
0 | . : - - : isotropic
*% MD°DY) (Gevic?) 13 | ﬁ ﬁ mﬁ #{ # ¢
- _ (E T T A Ll ey
F(X391s)‘)DD) <1 MeV 3.7 3.8 s.gi 4 M(glj) (Gg\/ /02)4.
J. Brodzicka et al. (Belle) PRD 100, 092001 3
s Belle PRL 89, 102001 (2002)
Bf(X(3915)— D'D") _ 2
X(3915)>0dy/ is I Bf(X(3915) > wJ/y))

OZI-rule violating

s SLO PRD91, 057501 (2015)
for a cc meson



& it isn’t the ¢/, charmonium state

Belle found the “rea
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Yio last year

K. Chilikin et al. (Belle) PRD 95, 092003¢(2017)
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a JPt=0** cscs tetraquark?

“good diquark”

QC “good diantiquark”

no “fall-apart” decays to DD

OZl-allowed decay processes:

C O —) J/
"~ ) uny
S
= .. ®

S 6\9 >

w has a small (=3%) sS content

S
n has a large (=40%) ss content

Bf (X(3915)) —» nn,

Expect: > 1

Bf (X(S91%) > wJ /v



No sign of X(3915)->n_.n

Vinokurova et al (Belle) JHEP06,132 <4mmmm plus erratum
20 Ea) B>Knng n>vy Belle E

L

o |

4 -_b) B>Knn, n>mtnm® Belle.

Events/5 MeV/c?
Events/5 MeV/c

: ] T
AT T
0 ] TNV P TN T 0 ] L Al vl L
38 39 4 4.1 38 39 4 4.1
M(nn), GeV/c? M, 1), GeV/c*
B(BT — KT X(3915)) x B(X — nn.) < 4.7x107° |:> BA(X— T'cn) <?
B(B* — KTX(3915)) x B(X — wJ/¢) = 3.0729 %1075 Bf(X— J/y w)

not good for a tetraquark interpretation



X(3915)

N
(@]

D*D*

™ DD, B.E. (=18 MeV) large

"
©
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MASS [GeV/c?]
w
0]
[

= D*D* B.E. (=100 MeV) very large

n-exchange forbidden for DD,
but see: PRD91 114014 (2015)

DD

no nearby DD threshold
no candidate cC core state

possible [cs][cS] tetraquark PRD93, 094024 (2016)
-- no sign of X(3915)->Mn_ or partner states

mass is 500 MeV below
LQCD’s lightest 0** hybrid

mass is below the only
nearby threshold
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found by BaBar in e*e” > y g T J/Y
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peculiar fact 1:

r(rcre)/W) is large, but

should be OZI suppressed if cc s}

ete- >hadrons
o 5

—— e'te 9VISRT[ )/

M(Y (4260)) =
(Y (4260)) =

Ll |
" B‘H‘HN 'N ml% 'l'lﬂi# b

mtJ/\y peak at a dip in Rhad

Belle PRL99, 182004

PDG-2016: ]
4251+ 9 MeV /¢ —
120 + 12 MeV.

{HH *{ﬂ tithy +H+H y +++++ H|

4 | 45

5

M(TT* T Jd/@) (GeV)

no sign of
Y(4260) > D)D)

I PRL88, 101802




peculiar fact 2: Y(4260)->nnd/y is 2 peaks

-- one at =4220 MeV & one at =4320 MeV --

2 peaks in ete” 2 /Y
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Y(4260)

molecule? DD,(2460) BE (=65 MeV) is very large
-- but see PRD 90, 074039

no candidate cc state or nearby DD threshold

oupled
-- but see PRD 94, 054035

hannels?

QCD tetraquark? [callcq] tetraquark

-- but no partner states have been identified

QCD hybrid? PLB 631 164 (2005)
=80 MeV below LQCD’s lightest 1~ hybrid

mass is below the only relevant threshold
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What about the charged Z states?



Z(4430) found by Belle; confirmed by LHCb

Belle: PRL 100 142001 (2007)

mte rference

*I'not considered |

4.
M(r*y') (GeV)

LHCb: PRL 112 222002 (2014)

no K* vetoes

1000
. LHCb

with 2(4430)

- w *no 2(44307

4 ¢ L]

0

e TN o ety

PDG 2018 average

16

" M(Z(4430)) = 4478 +17 MeV

18

22

M [GeV?]

Belle: PRD 88 074026 (2013)

T'(Z(4430))=181%31 MeV

BW-like phase motlon confirmed

K*(892) and K*2(1430) veto N | T
45 interference < .| LHCo Run13 fbr | ]
40-included Wlth Z(4430) = I
35-
30F Without Z TS MV
25-
10- ]‘ -H * " ]l [ 4475 Mev _+_
5:_ %5 ++ _0 6— L 1 1 | 1 1 1 | 1 i 1 |
0- RS 1|8mi9 el 06  -04 02 0 0.2
,
M4y’ ), GeV 5/ 7 Re A
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S A

“B.E"=(m_, +m

DD*(2S) molecule

-- (D*(2S)=radially excited D*?) --

BaBar: Phys. Rev. D82, 111101

L

BaBar

1 lllllllllllllll

T 1] T T T

i ":Dz(2460)

.t
o
ad=*-1

l'sr:r-:.:;"""l""l'
i
¥ % D(2600)

0 ...... D*(2600)"

of’q'

»

M(D(2600)) = 2609 + 4 MeV

2.4

BT N A T(D(2600)) = 93+ 15 MeV

2.8
M(D*mr) GeV

M ~(01+18 MeV

D*(2S)) 7 Z2(4430)



Z(4430)

o

Y
?
@13 molecule: I'(2(4430)~180 MeV & I'(D*(2600)) ~100 MeV
C@ D*(2600)* too short-lived for a molecule?

no charged cc core states

PRD 89 114010 (2012) / PRL 113, 112001 (2014)
no partner states seen

no charged cc-gluon states

Argand plot favors BW-like phase motion
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Z, states discovered by Belle

Belle: PRL108, 232001 (2012)

Y(5S) 2 hy(1P)'re Y(5S5) = hy(2P) it
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© - _
2 10000f NO NON-res.

e contribution o
T 8ooof = 12500}
§ 6000} §roo0f
W 4000 ph}p . @ 7500f E.3
2000f . TFT -l- 5000
ool 1Y T -
10.4 105 10.6 10.7 10.4
M[ b, (1P)7],,,,

Y(5S) 2Y(1S) n're

(Events/10 MeV/c?)

M(Y(1S)7), .., (GeV/c?)

“o
%17500-
=15000F

o

M b,(2P) ]

Y(SS) —)Y(ZS)rt 8

’b(@
X%
é@
Ny 5
é@
e.,ge 6+2.1 MeV

=+1.8%1.7 MeV

Dalitz plot analysis
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Events / 0.01 GeV/c?

/. states discovered by BESII| & Belle

100}
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20

12 + 3 MeV above D°D*- th

37 38 39
M, (2JAy) (GeV/

Also seen by Belle:
BESIII: PRL110, 252002

Y(4260)>*h
- C
Y(4260)>n )y s
—4- Data < 50
— BESIII: PRL 110, 252001 R 2
v 40
] &
— e
€ 20 g4
[ sideband ERR i
— + E 10
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M(rtth,)

5.6 + 2.8 MeV above D*D*- thresh.



Z.(3900/2.(4020) & Z,(10610)/2,(10650)

\Y)
?
ézzf moleculess just above DD*/D*D* (BB*/B*B*) thresholds
(@ <° -- but no phase motion measurements

no charged cc core states

Qo QCD tetraquark? PRD87 111102 (2013)

- no partner states seen
tiquarkb \b
c €D hybrid? no charged cc-gluon states
w threshold effect? similar to expectations for cusps
- v EPL 96 11002 (2011) / PRD 91 034009 (2015)

K

-- Argand plots are needed

309



Scorecard

Molecule? Coupled- Tetraquark? Hybrid? Threshold
channel effect?

X(3872)

X(3915)

Y(4260)
(Y(4220))?

Z(4430)

Z,(3900)
Z,(4020)

Z,(10610)
Z,(10650)

problem with
pp production

no 1-nt exchange
allowed

DeD, (2420)?
B.E.~65 MeV

DeD*(2S)?
short lifetimes

=7 meV above DD*
(D*D*) threshold

=2MeV above BB*
(B*B*) threshold

no cc core or
DD thresh.

no cc core or
DD thresh.

no cc core
state

no cc core
state

no cc core
state

partners not
seen

partners not
seen

partner not
seen

partner not
seen

partner not
seen

partner not
seen

m=500 MeV
too low

m=500 MeV
too low

m=65 MeV
too low

electrically
charged

electrically
charged

electrically
charged

narrow/ at
threshold

below
threshold

no nearby
threshold

below
threshold

need Argand
plot

need Argand
plot

only the X(3872) has a clear assignment



Comments:

the X(3872) seems unique & not closely related to the other XYZ states
QCD-tetraquark model can account for everything & predict nothing
A “deuson-like” bound molecule has not yet been seen

Y(4220) is the only XYZ hybrid possibility, but this assignment is not compelling



Comments:




to do list for experimenters:

are X(3915) seen in B>Kwl/y & X(3915) seen in yy>®J/y the same state?
-- need separate J°¢ measurements

is Bf(X(3915)>nn_) < Bf(X(3915)>wJ/y)?
-- If so, it’s bad for the QCD-tetraquark model

Argand plots for the Z_(Z, ,) states are desperately needed

Bf(B>KZ (3900/4020))=? ; Bf(B>KY(4220))=?



time-like baryon form-factors
from BaBar, CMD3 and BESIII



time-like baryon form-factors
from BaBar, CMD3 and BESIII

new physics in

nuclear physics?
(not "New Physics™)




Time-like & space-like form-factors

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

time-like
.
‘l }
E '.'” S. Pacetti et a.. Phys. Rep. 550, 1
10" AR A R A A IR AR I A A A | N e F A

30 20 -10 O 10 20 30
q* (GeV?)



Born cross section:

ete™ — NN, AN, ...

+ - —
e'e” > BB
-- formulae & definitions --

time-like “Sachs” form-factors

Sachs form factors

G
GE = F1 ar _4M2F2
Gum = F1 +F2 [Ge(0) = ay
Gum(0) = pun

dO' azﬂC 2 2 1 w )
dQ= ey {(1+cos 9)‘GM(mBE)‘ +;sm O‘GE(mBE)’
BB
mz_ 1
T= BB — 1__
4M? P "




ete > BB

-- formulae & definitions --

Born cross section:

ete™ — NN, AN, ...

Sachs form factors

G
Geg=F; + WFZ
Gu = Fi +F2 |Ge(0)= ay
Gm(0) = un

time-like “Sachs” form-factors

+ COSZO)‘GM(mBg )‘2 + %Sinz B‘GE(mBB)‘2:|

Coulomb enhancement factor

neutral

/B (5-0)
Coums ™ expna/B) 1T

in point-like approx




e 4 e - B B Sachs form factors
9 G
Gg=F + WFZ

Gu=Fi+F; [Go<a
-- formulae & definitions -- B

Born cross section:
time-like ”"Sachs” form-factors

ete™ — NN, AN, ... +c0529)‘GM (mBE)‘2 +%sin29‘GE(mB§)’2

B/
1 Coulomb enhancement factor
P=y1-7 o /B (-0
T c, .= o /B
crarged 1 —exp(—mo / B)

neutral

in point-like approx

G

cross section:

integrated G (m““)= 4o BC l ; (m]+ 1

(ml,.,_,,]"" - %&G%(m"“)ﬁlﬁ-l."h)

“effective” form factor



e 4 e - a B B Sachs form factors
GE = F1 ar q2 F2

4M2
I Gu = Fi+F2 [G0)— oy
-- formulae & definitions -- .
Born cross section:
time-like ”"Sachs” form-factors
do o’ C ) 2 1 ., 2
ete= — NN, AR, .. = +cos 9)\6 (my;)| +=sin6|G,(m,;)
’ ’ 2 M BB E BB
dQ 4m; T
m>._ 1 Coulomb enhancement factor
T=e P o ro/ B 0
4M; T C - (F= )mx/ﬁ

charged 1—eXp(—7L'OC/B)

neutral

in point-like approx

cross section: Im' A el ! 3Im’

integrated a-’-’-‘-’(mlm )= ‘wza-ﬁc lo (m] . + L ] (m,.].‘ = M’Gm (muu X:(l T 1":‘27)
”effective" form factor

1
3m>. ?
:[nazﬂC(L;T)j \/g

effective
form factor:

2 2
) \G ] +LG\
= 2; : O-BB(mBB) = |G
1+E

eff eff



e+ e— a B B Sachs form factors
GE = F1 ar q2 F2

e

... Gy =F; +F
- formulae & definitions -- Mo

Born cross section:

ete™ — NN, AN, ...

integrated

cross section:

effective

form factor:

analyticity:

time-like “Sachs” form-factors

GE(0) = Qv

Gum(0) = pun

charged 1—exp(—7z:05/ﬂ)

neutral
in point-like approx

do o’BC ) S 2
Q- 4m;§ +cos 9)‘61\4(’"35)‘ +;sm B‘GE(mBE)’

m>_ 1 Coulomb enhancement factor
= PV 70t/ B

4MB T C _ ('B_)O)ﬂ:a/ﬁ

3m’ G'.'.' (m,; )r(l + 1‘,."27)

G (m]‘ =M

“effective” form factor

1
3m>. 2
:{naZﬁCfLZg)j Vs

G,(4M2)=G,(4M2) = G _(4M2)=G,(4M?)

2 2
) \G ] +LG\
= 2; : O-BB(mBB) = |G
1+E

eff

eff



e*e > pp at threshold

2M,
=0 L i
AL Rydberg states _
i \‘\‘\’{\J\’\\ o Zohr-legels for pp: C= 71'06/,3 —-
\J \‘ ) ‘M | ( ) pp 1—exp(—7toc/ﬁ)
0 _l\|\ | | m
Sl PP Sommerfeld resummation factor



e*e > pp at threshold

2M,
=0 L i —
AL Rydberg states _
i \‘\‘\’{\J\’\\ o Zohr-legels for pp: C= 71'06/,3 —-
\J \‘ ) ‘M | ( ) pp 1—exp(—7toc/ﬁ)
0 _l\|\ | | m
. PP Sommerfeld resummation factor



e*e > pp at threshold

Integrated cross section:

ne
2M,
| AR ': —
LAV \\\*\N\ pp Rydberg states _ oL
ol \MH\J‘JV“\HM (o level) for pp: C=—"4/P
m L 1-exp(-70t/B)
0 1\|\. 1 1 m
R PP Sommerfeld resummation factor
in point-like approx
o’
MTYE

~0. 85nb‘




e*e- = pp near threshold for E_<1.9 GeV

-- experimental issues --

KE <11 MeV
range < 0.5 mm Be + C

proton stops

heither p nor p
get into tracker

Tracking volume proton stops

& annihilates



BaBar: produce boosted pp pairs via isr

> Y
5 /
large angle initial state radiation (isr): T*

p and p boosted
info the detector



CMD3: Detect p annihilations in beam pipe

Solodov talk at Bad Honnef 2018

2m

0.07

0.06

0.05

- F}' B SRS AU o -1 8 8 of .ppbér events épass to DC
‘/ and are detected as callinears

0.04

| Daukg 0.0

. ”'Ecm<2mp”_,,_,“ -

S DS N R PR U DU PR TR Y
1820 1840 1860 1880 1900 1920 71940 1960 1980 2000 2020
Ecm, Mev

490 events have been found

-Em<2m,

T II!I TT I\I\!I\wl ll!l II!I\II!I\I !I

Fit region

40

30F

Integral region
20

10

Calorimeter energy

\/

Y L [ | | )
00 200 400 600 800 1000 1200 1400 1600 1800 200(
Mev



e‘e” > pp at E, =2m, threshold

-- fast (O0E_,<1 MeV) cross section jump at threshold --

O n=1.2 MeV

-Q 2 ] O .
C.. - T CMD3 Solodov talk at Charm 2018
rg B Ecm=zmp E.=2m, BaBar PRD 87, 092005 (2013)
T B v CMD3 PLB 759, 634 (2016)
;0 1.5_
R -
@) — [ ] [
850 pb _____ [ RR— 1| N " Hf rﬁHii; S ﬁ%_.f_
B ’ .LT %[ :Tbi ?—I_é L
n i I
05
o II_ i‘ ...... --.-é I+tr 1 1 1 1 1 1 1 1 1 1 1
1850 1900 1950 2000
Ec.m., MeV

point-like approx. works well



look at other channels

rapid dips in o(e*e > 3(nt*n))

c(e*e™— 3(x')), nb

1.6

1.4

1.2

0.8

0.6

0.4

0.2

C Qa

c
:_ _____ BaBar. E
C , ¢
—— +
- 4
o CMD-32011, 20 1
E ®
Co ()
C T CMD=32017 v
- § ;
- s ;{?
- e5a 18" 0
UL

1500 1600 1700 1800 1900 2000
Ec.m., MeV

but not in o(ete >

Cross section (nl

30

25

20

15

10

IIlIlIIIIllllllllll{lllYlllllllll

P r...r"”x‘, L I |

2(rttm))

>

(]

N

and o(e*e” > K*Kmttm))

- BaBar data
- CMD-3 2017 data

ofe’e - K'Kz*r), nb

)
———

. _, 1840 1860 1880 1900 E::va
P e, S R —— — [ T
1500 1600 1700 1800 1900 2000
E. .., MeV

k!

ki DN

800 1000 1200 1400

P I
1600 1800

NP P
2000 2200
Ec.m. (MeV)



- + -
ete QAC/\C

N\, is charged, expect =145pb “jump” -
in point-like approximation 14spb»( PO
MaRc£Vipc

A\ is an Isospin singlet, no m-exchange
no A.-A\. moleculelike states expected



o(ete">AKN\) @ threshold

I L} T L} T ] L} T L} L}

mAr
—~ 400FT T e ™
O - ) +x- B |
Q. L et — AcAc : B=0025
~ [ -e-BESIT data i
© 300} ==Belledata = / — ~ 0 ”
L BEsm A - j 225 pb “jump” at threshold
i 225 pb i SR : —4 1 ~consistent with 60 = 145 pb
200 i * | " | Geir| =1 pointlike jump
! but =flat after that (like pp)
100 | -
: BESIII PRL 120 132001
e PRL101 17200 -
0 T lseul 1L111112 11 - G /\C/\C
4.56 457 458 459 4.6 T
rn/\c7\c , | o
145pb(G,, (2M, ) —3 | Lawearal

point-like approx. works here too

INIARC < WIAC



ete” 2> A\
in point-like approx:

Electrically neutral 2 no Ryberg states
- no Coulomb enhancement

Isospin singlet, m-exchange not allowed
- A-\ molecule is unlikely

no “jump” expected

.Myn-2M,



o(e'e > AN) at E_ = 2m, threshold
ﬂ@|o (m)] (1+1/21)

p=~0.03 no sign of o« fall- off

N
o
o

] - BaBar PRD 76,092006 (2007)
{ 1 = BESIll PRD97 032013(2018)
1~ -@ BESII Prélifiiiiary

2

SS |on(pbémm

Cross sect
3.3

3

300

1.000 0
h}A\yatmeshold

200

Cross section(pb)

P I'Il'lbllll

1

100

M i

25 3 35
point-like approx. fails M(AR)(GeV)




oBM(e'e” - K'K'K'K) (pb)

O(ete>K'K K'k) peak @ 2m,?
-- seen by both BaBar and BESIII --

Babar PRD 86, 012008 (2012)

Jr
{I’#HH‘I}H {’ﬂ 'I"}#} H++{

1 e louise 2018

N — BESIII —— BESII

BaBar

Best Fit ’ mostly ch"’K-

| [ X(2232) contribution 0.24¢

il cooooo continuum contribution

- BESIII

| | | |III|III‘H\‘Illlllllllll\\\‘




baryonium?
-- sub-threshold BB QCD S-wave bound states --
i
10

JPe=1"

i
B

e*e" = BB



a 0 pp bound state is well established
A

Q.

S-wave
)

JPC=0-+
BESII PRL 91, 02001 (2003)
+3 :|_~5" o < 2 I | 1 || 1 I | 1 || 1 I 1 1
M=1859 1025 MeV/c

/¢ (') =2 vpp

I" <30 MeV/c? (90% CL)
100 |

50 —

N 1 | 1 | I 1 | 1 | I 1 | 1 | ]
OM 1 1 1 I 1 1 1 0 | 1 1 — 013

M,,-2m,, (GeV)




J/Q > v pp at BESIII (PWA)

I BESIII PRL 108, 112003 (2012)
JPC=0+ \4)
M=1832+5%13+19 MeV

['=13+20"13 +4 MeV

700k
600 [
500
400
300
200
100 f o

----------

0.0 0.1 0.2 0.3
2
MPTD.—2mp (GeV/c?)

FSl included: A. Sibirtsev et al, PRD71, 054010 (2005)



“protononium:” a pp bound state?

2m,
;200 _ !
o f i
180 - |
180 [ |
: “BEII i
120 [ -~ |
100 [
80 -
[, |n}-:~.
&0 ; f| e\‘
i pbp->gluons>mesons R
: (rmen’?) s
. | PPZPP .
20 B E\\ n B
S-wave annihilation , fall-apart” decays
0 I-I 1 1 1 l 1 1 1 1 I 1 1 1 1 l l.il 1 L l I 1 1 I 1 1 _— I 1 L 1 1 l 1 1 1 1
1860 1885 1870 1875 1880 1885 1880 1895 1800
M (MeV)

G.J. Ding & M.L. Yan Phys. Rev. C 72, 015208



X(1835)>mt'n'n’ with 58M J/{ decays
(BESII)

BESII observation of X(1835) in
J/w eyn Ty

58M J/\u events

=3
o
o

[o2]

°F X(1835)—| |
" "BE"% 40 MeV

EVENTS/20MeV/c>

~
o

n
o

m=1833.7£6.8 MeV |
V1|3 1:5 l 11.7 l ;19 l 21.1 ‘ 2#3 I 21.5

m(z'ntn’) (GeV/c?)

BESII PRL 95, 262001 (2005)



X(1835)>n*rtn’ with 1.1B J/y decays
(BESIIN)

Jy > yn'nn
2mp

2500 L IIIIIII?H]IIII[llIIIlll,llllilllB[j/l\llllelvleh-ll:slll
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2500

N
o
o
o

Events / (10 MeV/c?)

1500

1000

Flatté formula fit:

T = VPout
) > - >
M2=s—i X 9kPk

T I\IT]IIITII\I [TIII]lTl‘fI III]IITTITI l‘IT
—+— Data -
— Global Fit B
------ (1510 i
X(1835) il
X(1920) i
----- X(2120) i
—-Non-Resonant |
W Background |

$ pp threshold

3 14 15 16 1.7 18 19 2 21 2.2
Mn'n*n] (GeV/c?)

2

2
, Yk 9iePr = 95 (po + chz)pppﬁ)

S.M. Flatte PLB 63, 224 (1976)

Fit results:

X coupling to pp
2

S _ 1314037

2

80
\ X coupling to

everything else



summary

Cross section threshold jumps see for e*e- > BB
-- both for charged (pp & /\C/_\C) and neutral (nn & AA) pairs
-- jump times < 1 ns (much faster than phase space)
-- consistent with expectations for pointlike, charged particles
-- above threshold behavior is decidedly non-pointlike

Accompanying structures seen in other channels
-- dips in o(e*e™> 3(n'ir) & K*K rt*rv) at E.,=2m, (but not 2(rt*1r’))
-- peak in ete™> @ K*K at E_ =2m,

A subthreshold O pp state seen in J/Y->ypp
-- associated structure seen in ete™> ' n’

More results expected soon
-- e*e>X2 and == at threshold from BESII|
--more e*e=> pp and nn from CMDS, SND & BESII|



There is lots still to be learned about
the "well known’’ stable baryons



Thank You
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