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“Old Hadron Spectroscopy”:
mesons = g triplet ® g triplets
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QCD “diquarks”

PHYSICAL REVIEW D VOLUME 15, NUMBER 1 1 JANUARY 1977

Multiquark hadrons. I. Phenomenology of Q20 mesons*

R. J. Jaffe’
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
and Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 July 1976)

The spectra and dominant decay couplings of Q*Q? mesons are presented as calculated in the quark-bag
model. Certain known 0" mesons [e(700),S*,8,k] are assigned to the lightest cryptoexotic Q*Q? nonet. The
usual quark-model 0 nonet (QQ L = 1) must lie higher in mass. All other Q*Q? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other Q2Q? states which may be experimentally
prominent are discussed.
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multiquark states from diquarks & diantiquarks

red-blue diquark green-red diquark blue-green diquark
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“exotic” hadrons that particle theorists love



multiquark states from “molecules”
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"exotic" hadrons that nuclear theorists love



Other proposed non-qg mesons
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Multiquark states have been discussed since the 15" page of the quark model

A SCHEMATIC MODEL OF BARYONS AND MESONS

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "‘eightfold way' *~9/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical ""bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

ber n¢ - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, u® and b°
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3.
We then refer to the members u3, d-3, and s~3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qqq), (%gqqq), etc., while mesons are made out
of (qd), (qaqqq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.




Volume 8, number 3

PHYSICS LETTERS

1 February 1964

Multiquark states have been discussed since the 15" page of the quark model

A SCHEMATIC MODEL OF BARYONS AND MESONS

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "‘eightfold way' *~9/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical '"bootstrap' model for all the strongly in. v
teracting particles within whi¢h one may tr o‘b

rive isotopic spin and sfrangeness co and
broken eightfold symmetry fr % istency
alone 4). Of co se, with o interactions,

the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

*

ber n¢ - nf would be zero for all known baryons and

mesons. The eresting example of such a

model is one.irf Which the triplet'has spin 3 and

z =gl e&h& four particles d-, s”, u® and b°
t ralfel with the leptons.

A Simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3.
We then refer to the members u3, d-3, and s~3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qqq), (%gqqq), etc., while mesons are made out
of (qd), (qaqqq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.




Visions of he

@

van Gogh prediction of B-mode polarizat

s Vel A {
s . Y/
~ - = > '_. A y \
” - el B N . g \
e = - St ~ - . \
o - ¢ », - 3
3 v S A ¢ AW,
- \ b .,
-

~N
5"

Through a theorist’s mind




Visions of he
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What is seen by an experimenter &\



The list keeps growing

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment
X (3872)  3871.6840.17 < 1.2 1" B K+ J/drtn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/onTn™) + .. CDF (83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn 7 Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B— K+ (J/¢7) BaBar [126], Belle [127] , LHCb [128]
B— K+ (¥'7) BaBar [126], Belle [127] , LHCb [128]
pp— (J/bmTan™) + .. LHCb [86], CMS [87]
X(3915)  3917.4+27 28F%0 0t B— K+ (J/hw) Belle [58] , BaBar [59]
ete” = ete” + (J/Pw) Belle [60] , BaBar [61]
xe2(2P) 39272426 2446 2tt  efe” w ete” +(DD) Belle [64] , BaBar [65]
X (3940) 304245 3772 0(7)~(F e:e_ — J/¥ + (D" D) Belle [27]
ete” = J/p+(...) Belle [26]
G(3900) 3943 +21  52+11 17  efe” = vy+(DD) BaBar [129], Belle [130]
Y (4008) 4008*121 226497 177 efem =+ (J/hwtaT) Belle [32]
Y (4140) 4144 +3 1749 7" B K+(J/ve) CDF [74, 75], CMS [77]
X (4160) 4156722 1397113 (7))~ etem — J/¢+ (D*D) Belle [27]
Y (4260) 426375 95+14 177 efem sy +(Jnta) BaBar [30, 131], CLEO [132] , Belle [32]
ete™ — (J/atn) CLEO [133]
ete” — (J/Y 7r071'°) CLEO [133]
Y (4274) 429246 34+16 7Y B K4+ (J/1o) CDF [75], CMS [77]
X (4350) 4350.6736 1337184 /2t efem = efTe (J/009) Belle [81]
Y (4360) 4361 + 13 74418 1= ete =wy+ @ ntn) BaBar [31], Belle [33]
X (4630) 463479 92733 177 efem =y (ATAD) Belle [134]
Y (4660) 4664+12  48+15 177 efem wy+ @ ntr) Belle [33]
Z7(3900) 3800+3 33+10 17 Y(4260) =7 + (J/omh) BESIII [39], Belle [40]
Y (4260) — m— + (DD*)* BESIII [56]
Now l ots ZF(4020)  4024+2  10+£3 1(2)TD Y(4260) = 7 + (hent) BESIII [41]
Y (4260) — n~ + (D*D*)* BESIII [42]
Of char'ged Z#(4050) 405172 82t3l 9™t B K4 (yant) Belle [43], BaBar [53]
Z sons Z%(4200) 4196135 370195, 1j‘ B— K+ (J/rT) Belle [51]
c Meso ZF(4250)  4248+1%5  177t321 9™ B K 4 (yant) Belle [43], BaBar [53]
Z1(4430) 4477420 181431 1T B K+ @' wh) Belle [44, 46, 47], LHCb [48]
B— K+ (Jy=t) Belle [51]
Y;(10890) 10888.4%3.0 30.7753 1~ ete — (Y(nS)ntn ) Belle [117]
Z;7(10610) 10607.2+2.0 18.4+24 17—  “Y(5S)" = m + (Y(nS)7¥), n=1,2,3 Belle [119, 122]
and two “Y(5S)" — 7~ + (h(nP)7*),n=1,2  Belle [119]
“r(58)" = 7~ +(BB*)",n=1,2 Belle [123]
Zb Mesons  zpaos10) 10609+ 6 1+~ “T(55)" — 7° + (T(nS)7°), n=1,2,3 Belle [121]
Z;F(10650) 10652.2+1.5 11.542.2 1t~  “Y(59)” = 7~ + (Y(nS)7+), n=1,2,3 Belle [119]

“U(55)" = 7~ + (he(nP)7t), n=1,2 Belle [119]
“r(58)" =7~ +(B*B* )", n=1,2 Belle [123]




cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?

| —the(5) charged Z_s
— __must have a minimal
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the Y(3915) mass and
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cC assignments for the XYZ mesons?
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The X(3872)

PRL 91, 262001 (2003)
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Seen by 7 experiments
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What is known about the X(3872)?



Mass and Width

My (3872) = 3871.68 + 0.17 MeV CDF Y |
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e system in X(3872)2>w*nJAp comes
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CDF PRL 98, 132002: JP¢=1*"or 2+

JPC=1++
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Decay modes

my rough estimates
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No X(3872)* in B> Kmt*rtJAp
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(If M(X?) > mg.+Mgeo & 3877 MeV, T(X*) may be wide)



Candidates/ 5 MeV/c?

CDF: ~85% of pp—=2>X(3872) is prompt
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DO: prompt pp=2X(3872)X = pp=2y’'X

DO: PRL 93, 162002

Candidates / 10 MeV/c ?
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400- 07 | il j
ey S A O - ;
oo | ] s ] % |
g i, G gost Y
006 07 08 09 1 w = | | 1 T
.o =M. . (GeVic?) 0.4 ! i i
ppmtn [T} - % E i
0.3F % ! i i
02F | ; |
0.12— | : :
- pr ¢ |yl icosb, i dl i isol | cosB,
O_ H H H H ]
Comparison

X(3872) & ' have similar cross sections & production
characteristics: p- & |y|-dependence, isolation, etc.

See, also, CMS: JHEP 04 (2013) 154



What is the X(3872)? |

Charmonium: (') ?

J=1

MASS [GeV/c?]

4.4

4.0

Mp+Mop-

3.8

2Mp

3.6

3.4

3.2

3.0

- sy |20 |

Xc2(33P2)

Xc1(33P1)

Xc0(3%Po)

ne(21P4)

T

Y"'(13D1)

Xco(23Po)

’(2381)
Ne’(2'So) 1

13P
]
Xe1(13P1)

-

established cc states
predicted, undiscovered
JP(13S4)
| [ne(17So)

0—+ 1-—- 1+- 0++ 1++ 2++




What is the X(3872)? |

Charmonium: (%) ? - mass is too low

feer a2 AM(2P)=55+3 MeV

S=1 ‘Xc0(23P0)
§
= c )
Xer(12P) 7+ AM(1P)=45.6 MeV
L=1 Xco(13Po)
Theory: AM(2P)<AM(1P)
(%) - width is too narrow

Likelihood
[=]
o -

b more phase space —» T'(X(3872))<1.2 MeV<1.4I(y,,)
0s £ . & decay channels
0z f (T(x,,) = 0.86 MeV)
; ! 2 Width (MeV)3 expeCt: F(XCII)> 17 l—‘(Xcl)
- TIsospin violation 1-0 I=1 I=0
Xcl 9 p J/w

AT=1



What is the X(3872)? Il

Molecule: 5(p'D")+[p"D")| ?




What is the X(3872)? Il

Molecule: %(‘DOE*O%‘DWT)O» ? “binding energy"”:

Ww@ M| =My sy = (41, <02 MeV

l<—r >l size ® scattering length

1
<r00>,ms = m

@ ~0.5 fm
->| K

'\.). E

o d
,lpl
@
ARzl produced with similar cross sections
in highest energy pp collisions?

>75fm




What is the X(3872)7? Il
QCD tetraquark: cq55_1> ?

Ga tetraquark
q(c

meson



What is the X(3872)7? Il

QCD tetraquark: chc_]> ?

should be others:

w tetraquark ‘CMC_M> < Xu(3872) é“é

q C meson

cded) < X,38) QB
dic
‘cch_l> < X'(3872) @
dic

cden) < X382 QB
0(c



What is the X(3872)7? Il

QCD tetraquark: cq56_1> ?

should be others:

AD oo auct) = X,387) QD
etraquar

q C meson - E

cded) < X,3872) QO

not seen o a.E

2 B+e|<°n+£01/w i ‘CMEE> & X+(3872) @

Ll »
i

M (G Mi®Ip) (Gev)

‘T‘W it M ‘CdC_Lt> <« X<3872) w
Ugc



What is the X(3872)? IV

QM-mixture of the above ?

“core” state
Charmonium, QCD tetraquark

go W

T

molecule

See Eric Braaten’s talk at QWG 2014, CERN



“hybrid” model for the X(3872)

Example calculation:

Takizawa & Takeuchi
PTEP 9, 093D01

89_0/0 50/0 60/0
X(3872)) =0.94/D°D™) +0.23D*D"") - 0.24|cT)_| ;)

Looks like a molecule, but binding comes from

cc-DD* couplings (hot from D-D* attraction)



DOD*0 and D*D*- radial wave functions

0.12

0.104 ,.

0.08{:

0.06 4

0.04 ¥

0.02

0.00 4

X(3872)) =0.94|D°D™) +0.23 D"D"") - 0.24]c?)

———

oSty 5 1X(3872))=083(DD") _ ) +0.51(DD"),_,) ~0.24]cc)
X>wl/p decays  X=2>pl/y decays production



X(3872): not a pure Isospin state

69% 26% 6 %
X(3872))=083(DD"),_ )+0.51|(DD"), ) -024|cz)

D*D*-

(DD*),,




Is there an orthogonal I1=1 state?

2,("3872")) =0.51|(DD"), ) -0.83(DD"),.,) ~0.24|cc)

(mostly) Ispin=1state
with M= my.+mps.. 2?

~3880 MeV




MASS [GeV/c?]

The Y(4260)

4.4 n0(41So) P(43S1)

(3'P1) Xc1(33P+)

Xc2(3%P2)

42 - Xc0(3%Po)
3!
40 |- e
Xc2(23P2)
P
- 23P,
3.8 RN
2Mp
P’(2°S4)
'(21S;
36 | S
c2(13P:
he(11P1) Xer(13P4) Xe21°P2)
34 |- Xeo(13Po)
3.2 - ‘ established cc states |
Jp(1381) ‘ predicted, undiscovered |

30 - [asy]

1+

0++ 1++ 2++
JpPC




found by BaBar in ete"— y gt J/Ap

-2
10

s

LS , T

4 F X —
o(e*e” > hadrons) ™ | \ i

= sf ,
o F oo
10 -8 i I I | | | | | ] Ll 1 ‘ ‘}\b:

2




found by BaBar in ete"— y gt J/Ap

¥(25)

1 |||||I|| I |

-
(=]
N|l|l||| T TTT

| IIIIIIII

(0 BaBar PRD86, 051102 | . . .\ /|

60—

40

e e b I | ot R
3.8 4 42 44 46 48 5 52 54
Sy

M(rtrrJd/y) (G(;_V)




Y(4260) — n*n-Jp confirmed by Belle

No sign of Y(4260) — D)D(")

Y(4260) peak in o (wrtJ/4)

occurs at a dip in o(DHDMN

—I(n+n) /) is large,
but OZI suppressed for cC

X. H. Mo et al., PLB 640, 182

— ete” Dyt /Y

||||||||

Belle PRL99, 182004 -

e Y ISR i
/ (s -

ch -7 i

et \\W :

ete- —=hadrons

M(n T J/xp) (GeV)

4.6
E,. (GeV)

5.5



Is there a b-quark version of Y(4260)?

I ete” = hadrons
10 E | T T Il I T | 1 T T | I I T T T ?
-3 E o K J/'l’ E
°F ves) .
) f o “p . 4 f
= . % ﬁ?;'s\' ' ; ,: §
§’
B
!
A | |
D ol ' E_(GeV
.g of “H H ” * *# HH HH i ++H+++ +H +++*+ H*#q cm ( )

4 4.5 5 5.5



Is there a b-quark version of Y(4260)?

vvvvvvvv

) n €Y (43), where
= # B factories run.
> | 53/10860 ]
> : “ H:
e*e” = hadrons - BB 'LU‘
107 ¢ /'2 ’}y ’*w’ N q’
(b}

—

E | 1 L I I | 1 T T
- w ¢
i J é _
3 b /v £? BB CLEO 85’ PRL 1
10 E v(2S) | R a4 o4 T F
= . Py Y 10.5 0.7 10.9 "
-4 ; ."iﬁ . p ~_ CENTER OFfF MAZSS ENER_E GeV)
2 - ; Q;ﬂ*"' - i e




Is there a b-quark version of Y(4260)?

11111111

’UT L
i -
= Y (1S)
E - -J
+
- P
" e*e” = hadrons Nt o e
10 ? I LI LJI l I T I L | -:-q)
S oy o | 1
10 ¥(25) e 3
= : Py Y 10.5 0.7 10.9 n
-4 ; ."j{, *“p ‘ CENTER OF MAZSS ENER_E GeV)
o ~ ; <;T;“’\.' -~ : t E
+
4'5 | |
N & ' E__(GeV

4 4.5 5 3.5



Yes

0.50
045} @
0.40 -
035
030

R, = oftB)/ %)

025

e*e > B*)B(*)(x))

020

PR Y

b

/ o°l1u]
g

e
3
|

ofY(nS)xq

§
b

o _“‘ET{ e*e‘%n:*ﬂ:'Y(nS)

108 10.85 109 10.95 11

Js (GeV)

PRD82,091106(2010)

11.0

Y (nS) rate is 100’s of times
bottomonium model expections



10.8

10.6

—_
o
SN

MASS [GeV/c?]
S
N

10.0

9.8

9.6

9.4

+ Belle PRL 108, 122001 (2012)

“Y(5S)” > WA 121.41"

|9 Y (1,2,35)

— | Nb(21So)

Y(13D1
TTH

Y(23S7)

~410,610 MeV
~ 110,660 MeV

Xo1(29P1) | X02(2°P2) "

%0(2%Po)

\

ho(17P+) Xo1(13P1) Xv2(1%P2)

Xbo(13Po)

- - _:

i ‘ established bb states | 1 S)_E

(1751) | recently found bb states | ]

R [ chaged thsiates E
0+ 1— 1+- 0++ 1++ D4+ D o.qls oo "Ho.=

Jpo MY (1S)TT) 1ax



B-B* & B*-B* molecules??

Z,(106010)*

_R¥ « ” —
B-B* “molecule B*-B* “molecule”

M —(Mp+M,..) =+ 3.6 £ 1.8 MeV
Zy,(106010) (Mp+My.) MZb(106010) —2Mg. =+ 3.1 £ 1.8 MeV

Slightly unbound threshold resonances??

Belle: M=10608.1+1.7 MeV M=10653.3+x1.5 MeV
I'=15.5+2.4 MeV I'=14.0£2.8 MeV

PDG:  Mj+ M. =10604.5£0.6 MeV My, + M. =10650.2 = 1.0 MeV



Are there c-quark versions of Z,’s

10

O [mb]

§|||||||

Y(4260) discovered
I I L , \

Is there a b-quark equivalent?

|

Yes, & it decays to Z, states

¥(29)

Are there c-quark versions of Z,'s?

II’

10



run BEPCII/BESIII as a Y(4260) factory

ete— /Y
@E__=4260 MeV

J/TP /TE+ . ’.' .\;\\

" Belle PRL99, 182004

80 ete” Vgl /YP
g : e yISR
BESIII: PRL 110, 25200142043)//‘:6@— e
o(ete— m*wl/y) = (62.9+1.9+3.7) pb | H X, ——>m

o AT
20 ““m |h ! {”ﬂH HH +H+ ++++ ++H+++ A W* j

A
m (GeV)




MASS [GeV/c?]

4.4

4.2

ay
o

Mp+Mp~

w
(o)

2Mp

3.6

3.4

3.2

3.0

Y(4260)2>mZ,

- (oS e
Y (4360) )
Xc2 2
| Y(4260) he(3'P+) Xc1(33P1)
— -Xc0(33Po)
[ X(4160) | w(23D;
s " | Significance
| [ne@is0) L&) [raosor ‘O 100: >80
S~
Y(3915) | | Xc2(2°P2) % 80~
-------------------------------------------------------- D [C o775 o O) /
| X00(23PO) /
971D I S 60
o _
P’ (2354) | — _
TEE] p— g 40 |IHIre:
— C - ]
1 Xc2(13P2) o -
he(1'P1) | Xe1(19P1) o 20p
i . X
JU 3.7 3.8
established cc states
predicted, undiscovered > Mass =
J(%S1) neutral XYZ mesons > Width =
oz
0—+ 1-— 1+- O++ 1++ 2++

(3900)*
5 iy

™ @
Y(4260) Q/Wo

- +
€ e : e

BESIII: PRL 110, 252001

\

3.9

+ [ sideband

—4- Data
— Total fit
=== Background fit

-.=- PHSP MC

4.0
Max (TEJAY) (GeV/c?)

(3899.0+3.6+4.9) MeV
(46+10+20) MeV

» Fraction = (21.513.317.5)%



Z.(3900) also found by Belle

Significance

>5.20
60F
50
40
30
20
10

Events / 0.02 GeV/c?

II[IIlIJIIIII]IIIIIIIIII\II

+ data
— Fit
— Background

===: PHSP MC

Mass = (3894.5 + 6.6 £ 4.5) MeV
.{. Width = (63 £ 24 + 26) MeV
Fraction = (29.0 £ 8.9)% (stat. err. only)

O -

P IR L =
38 39 4 41 42

M, ax (/) (GeV/c?)

Belle: PRL 110, 252002



Z (3900)->DD*

BESIII:
ete” =2 Y(4260) - nDD*

Y(4260)-> 7t Z,(3900)

|9 DD*

M(D°D*) (GeV/c?)

D+5*0

20F

Events / 4 MeV/c?
[0)]
Q

385 350 3.55 4.00 4.05 4.10 415
M(D*D*?) (GeV/c?)

BESIII PRL 112, 022001



MASS [GeV/c?]

Y(4260)>7*Z (4020)

4.4

4.2

»
o

Mp+Mp-

@
o®

2Mp

3.6

3.4

3.2

3.0

Y(4360)

i [ X(4160) | y(22D;

— nc(31SO)

N 7T

| |:r]c(41So) Y(4%S1) l-

Xc2(33P2)

(3%P4)

Xco(33Po)

Y(3915) Xe2(23P2)
X(3872)
- Xc0(23P0)
$”’(13Dy)
P’(2°S4) -
r]c’(2180) J-E
Xe2(13P2)
Xc1(13P1)

Xco(13Po)

established cc states

predicted, undiscovered

neutral XYZ mesons

hadfons

O++ 1++ 2++

Lsath,

120 no significant signal for Z(390Q)*>m*h_
50
100 40
S0 30

20 flLowgars
60

Events/(0.005 GeV/c?)

38 39 40 41

40 5
Mn+hc(GeV/c )

-
.
-
‘.
.

TET T

[\
=
[T

BESIII PRL 111, 242001
0 i ® g T rg'ﬂxmﬂ"z:ll-.--.--------l
3.95 4.00 4.05 4.10 4.15 4.20 4.25

M(st*h,)
5.6 + 2.8 MeV above D*9D*- thresh.
\ = 4017.3 +0.3 MeV

. Mass = (4022.9 +0.8 +2.7) MeV
Fit results: width = (7.9 2.7 +2.6) MeV
fraction = 0.18 £ 0.07



Could Z_(3900) be a threshold cusp?

Y(4260)

I

0.2

0.15 |

01 r

0.05 r

-0.05

-0.1

Analyticity:

Bugg: EPL 96 11002 (2011)

My / |
ReToclP/ ds III]T.

n thr S, — S



Could Z_(3900) be a threshold cusp?

Bugg: EPL 96 11002 (2011)

0.2
0.15
01 r
0.05
0
Y(4260) b* e
-0.1
K*(ky) D Im7T g2\2/—]3FF( s')
Po v (ks3) R
nalyticity: 2 v
K~ (ky) > - % . /J‘jv ds’ ISI’n_ 1;

B. Ketzer (Wed talk)



Comparisons with data

Swanson: arXiv:1409.3291

100

Chen et al. PRD 88 036008409.3291

o, £,(980)
T' T T, D: T
Y J\/W Y = A
O ———r——
| BES{..I Belle (a)
© 60| i I / !| L
z | i’ { , 'l |
§40. L]/ I 'll# |
< .. ”"!'Ii; N
c 20r l J.l Sl -
= | M Ii I-
0| I

42



Combined fit to J/1p & DD* channels

Guo, Hanhart, Wang, Zhao: arXiv:1411.5584

120

100

80

60

40

Events / 4 MeV
Events / 0.02 GeV

20




Events / 4 MeV

Add 2"d-order perturbation terms

n: D n: D D
— =l
@) (b)
n: D D D
e A S
D’ D’ D’
e —
\
! - -
100} g == 2-loop

Events / 0.02 GeV

Mpo p- [GCV]
Guo, Hanhart, Wang, Zhao: arXiv:1411.5584



Add 2"d-order perturbation terms

120

100F1
80

60

40

Events / 4 MeV

390 392 394 396 398 4.00
Mpo p- [GCV]

Guo, Hanhart, Wang, Zhao: arXiv:1411.5584



Require perturbation series to converge

n: D n: D D
Y i Y C i
(a) (b)
D D D
e A G
Y E3
D D D
e —
Iy
" \
100']' \\
> ,'
Q F |
E I
<+ !
~ il
Q |
o |
0] |
>
58]

388 390 392 394 39 398 4.00
Mpo p- [GCV]



Require perturbation series to converge

n: D n: D D
Y i Y C i
(a) (b)
D D D
e A G
Y E3
D D D
e —
Iy
: \
100']' \\
> ,'
0] F |
E I
<+ !
~ il
Q |
o |
0] |
>
58]

388 390 392 394 396 398 4.00
Mpo p- [GCV]



Require perturbation series to converge

n: D n: D D
= =
D’ D’ D’
(@) (b)
n D D D
= w+
Y
D’ D’ D’
120 p-r———+—+——+—1—"——"1"—r1 1
0 \\ Guo, Hanhart, Wang, Zhao: arXiv:1411.5584
L} ]

"..the approach used [by Swanson
and Chen et al] is intrinsically
inconsistent,”

Events / 4 MeV

: N "... there has to be a near-
388 390 392 394 396 398 400 threshold pole.”
Mpo p- [GCV]




cusp vs BW phase motion

02 :
\
0.15 | i
!}".
o i
LU
0.0
oF—— : [P
0.05 L RdT)
a1 —] |
mD+mD. 0

slow phase
motion @ m,

Bugg: EPL 96 11002 (2011)

[ T B B
& [o2] o (=) N b D o4}
o o o o o o o o

N
(=]

phase [degrees] or |[mag|~ 2 [arbitrary units]

=y
<

0

8
iR
2
0

Im(amp) Lo legT

-

96 38 20 42 44 46 48 50 28 —6 -4 -2

m [GeV]

rapid phase
motion @ m,

0 2 4 6 8

Re(amp) ReT

Z.(3900)>n*J /¢ amplitude analysis currently underway at BESIIT, results soon?



s the Z_(3900) the I=1 X(3872) partner

|X(3872)) = q,

Z.(3900)°) = b,

No! Wrong C (G) parity

X(3872)0; JPc=1++ even allowed  forbidden
Z (3900)°: JPc=1+ odd forbidden allowed
c :

Hep ) D)), +al[D)+(0D)] -l

1=0

E(0D)|(0D))]  +6%]|(0D)) I (0D)]



1* states: what we see

45 — —
Ze Zo(412(4430) |

--------------------------- L O —
4.4—
43—
4.2
41—
SN F27 oy 271 :E .............. DI e
397 [2{z0dze00] P2 oo e G5 E‘?/f,
()

1+ JPC 1++



1* states: what we see

45 — —
Ze Zo(412(4430) |

--------------------------- L O —
4.4—
4.3-
4.2 .
41—
S 2 7 2717 M S
3.9 - [z{za{z900) EE’M ________ e @7
38 ~ =1 1=

1+ JPC 1++



1* states: what we see

45 — —
Ze Zo(412(4430) |

--------------------------- my’ -----e- [MD+HMD*(28) - oo ommmmmmmmmeme e
4.4
4.3 -
4.2 .
4.1 -
Z:4 7 dz@023)| PD* e
g Zo(4.4(4023). “1rhe 2Mb
G o, ., oD+
qic O 397 12(7,(34Z:(3900) ndg DM --e-eeeeeeeeee X(3872)
tetraquark + DD* ?

1+ JPC 1++



1* states: what we see

4.5 — —
Zo Z0(412:(4430) |

4.2 -

tetraquark + D*D* ?%1 -

?.? Oy EIRMERI]PD"...2ry

@ - _ Dﬁ*

qec ® 387 [2{zpdze00] PV oo T
tetraquark + DD* ?

38 ~ =1

1+ JPC 1++



1* states: what we see

tetraquark+DD™(2s) ? 4.4-

4.3 -

4.2 -

tetraquark + D*D* ?%1 -

Zo4Z:(4023)] DD* DND -

Xcl' + DB* ?

DD* DOD*0
2:(39.2:(3900) | - Jf DM e X(3872) | p J/y
w J/w

1+ JPC 1++



1* states: what we see

tetraquark+DD™(2s) ? 4.4-

43_ AM=580 MeV =(m,, —m,,,)

4.2 -

tetraquark + D*D* ?%1 -

Zo4Z:(4023)] DD* DM o

Xcl' + DB* ?

39— [z ) DD* DoD*0
~J/1p ------------------ Z(34.£:(3900) | I MDA et X(3872) | p JAp

w Jw

38 ~ =1

1+ JPC 1++



1* states: what we see

tetraquark+DD™(2s) ? 4.4-

43_ AM=580 MeV =(m,, —m,,,)
tetraquark?
@ 4.2 — |Zc 2c1‘ Z.(4200) "J/ll.l no nearby I:].
alc A " | 1 thresholds

g =N Z(47 dz:4023)] PD* N

Y, + DD*?

_ DD* DOD*0
397 Zo| Z:(39 Z(3900) i mD+mD*...........Y.... X(3872) | p J/ _
— w J/U ¢
tetraquark + DD* ?

1+ JPC 1++



Future

&€ Look for associated states

€ XYZ physics without guilt



Are there other 1* states?

4 5 - r

_______________________ A )
4.4—
43—

D*D*
2IMD* --oeoesrermmansnssesnananass Xo(?2?2?)| w JP
T Xc1

d Z(3900) ___—m" _____ DoOD*0

= — — pJAY
DD* /P DD*nJ/y  pJ/y, DD w J/U

I=1 I=0 I=1 I=0

1+ JPC 1++



XYZ physics without guilt



What is common to (almost) all of the

charmonium-like XYZ mesons?

State M (MeV) T (MeV) Jre Process (decay mode) Experiment

X (3872) 3871.68+0.17 < 1.2 1"t B K+ (J/¢yntn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/bntn™) + .. CDF [83, 91, 92, 125], DO [84]
B— K+ (J/Yntn %) Belle [94] , BaBar [59]
B — K + (D°D°z°) Belle [95] , BaBar [96]
B — K + (J/v7) BaBar [126], Belle [127] , LHCb [128]
B— K+ ¥'y) BaBar [126], Belle [127] , LHCb [128]
pp— (J/orta) + ... LHCb [86], CMS [87]

X(3915)  3917.4+2.7 28%'9 0" B K+ (J/ypw) Belle [58] , BaBar [59]
ete” wete™ + (J/Ypw) Belle [60] , BaBar [61]

X2(2P) 3927.2+2.6 2446 2t ete” w ete” +(DD) Belle [64] , BaBar [65]

X (3940) 3942719 37827 0(7)"DF efem — J/p+ (D*D) Belle [27]
ete”™ — J/+(...) Belle [26]

G(3900) 3943 +21 52411 17— ete” = v+ (DD) BaBar [129], Belle [130]

Y (4008) 40081120 226497 177 efem 5y + (J/pwTa) Belle [32]

Y (4140) 414443 1749 7t B K+ (J/ve) CDF [74, 75], CMS [77]

X (4160) 4156722 1397118 0(7)~(D* etem — J/p + (D*D) Belle [27]

Y (4260) 426315 95+14 177 ete w4+ (J/prTaT) BaBar [30, 131], CLEO [132] , Belle [32]
ete” = (J/YntnT) CLEO [133]
ete” — (J/Yn°n°) CLEO [133]

Y (4274) 429246 34+16 7" B K+ (J/ve) CDF [75], CMS [77]

X(4350)  4350.673¢ 13.3T155 0/27T efem —ete (J/v o) Belle [81]

Y (4360) 4361 +13  74+18 17— ete” wy+ @ ntn) BaBar [31], Belle [33]

X (4630) 4634* 3 92+3) 17— efem =y (ATAD) Belle [134]

Y (4660) 4664+12 48+15 177 ete 5 y+ @ ntr) Belle [33]

Z1(3900) 3800+3 33+£10 17 Y(4260) > 7 + (J/o7T) BESIII [39], Belle [40]
Y (4260) — n~ + (DD*)* BESIII [56]

Z1(4020) 4024 +2 10+£3 1(7)TD~ Y(4260) = 7= + (hen') BESIII [41]
Y (4260) — 7~ + (D*D*)* BESIII [42]

Z (4050) 4051133 82121 77" B K+ (xanh) Belle [43], BaBar [53]

Z*(4200) 4196735 370795, 17T B K+ (J/¢nt) Belle [51]

Z5(4250) 4248718 1773 7" B K+ (xarh) Belle [43], BaBar [53]

7Z%(4430)  4477+20 181431 1*T B K+ W' 7h) Belle [44, 46, 47], LHCb [48]
B— K+ (Jynt) Belle [51]

Y,(10890) 10888.4+3.0 30.7737 17— efe — (T(nS)ntn ) Belle [117]

Z;F(10610) 10607.2+2.0 184424 17—  “Y(55)" -7~ + (Y (nS)nt), n=1,2,3 Belle [119, 122]

“r(58) = 7~ + (he(nP)7n"), n=1,2

Belle [119]
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h.: from discovery—=>important tool

Discovered by CLEO-c in 2005
(after 30 yrs of searches)
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h. signal in BESIII

e*e" 2| Y(4260)

E,.=4.26 GeV —

Reconstruct 16 different
n. decay channels
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Discovery of Z_(4020) in th_ channels

Z.(4020)*>mth,
Z.(4020)*>n'h,
PRL 111, 242001 (2013)
BESIII ete- — m0nho(1P) at BESIII
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Z(4020)*>mth,
PRL 111,242001 (2013)
BESII| 7°7%h(1P) at BESIII
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Expect more XYZ states with
non-J /v (y’) decay modes from
BESIIT in the future



Summary

@ 4-quark, charmonium-like mesons have been observed

-large partial widths to (cc)+hadrons
-many, but not all, have mass near D*)D(*) thresholds

€ To date, searches have been confined to XYZ mesons that
decay to J/ or 1’ final states

-BESIII is examining more complex final states

€ Kinematic “cusp” explanations of near-threshold peaks
have some troubles under close scrutiny

@ Lots to do at BESIII, LHCb, Bellell, PANDA, etc



