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© Renaissance in Quarkonium Spectroscopy
@ QCD in its Full Form - The XYZ states

» Tetraquarks

» Thresholds - Molecules and Cusps
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Renaissance in Hadron Spectroscopy (2003)
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o BELLE observed X(3872) in Py el T
B* — K*rTn=Jp.
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XYZ States Today
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https://doi.org/10.1103/RevModPhys.90.015003

QCD dynamics - XYZ states

@ For heavy quark-antiquark (QQ)
systems the QCD effects of gluon
excitations and light quark pairs
become manifest above
(Qg + qQ) threshold. e

@ Theoretical tools @ e

hadro-charmonium

> Heavy Quark Symmetry dlquark-dlanthuark
(HQS)

@7
» Lattice QCD

i qq-gluon“hybrid”
(] (o] ¢ Ie r DO — D “molecul
M | app 0ac hes: lecule”

» tetraquark states with various
dynamic models

» molecules and cusp effects

» hybrid states - excited gluonic
degrees of freedom
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Recent Reviews (Models)

@ Tetraquark advocate: L. Maiani, “Exotic Hadrons,” CERN Heavy-hadron Spectroscopy,
July 2017

@ A. Esposito, A. Pilloni. A. D. Polosa, “Multiquark Resonances,” Phys. Rept. 668, 1
(2016) [arXiv:1611.07920].

@ A.Ali, J. S. Lange, S. Stone, “Exotics: Heavy Pentaquarks and Tetraquarks,” Prog. Part.
Nucl. Phys. 97, 123 (2017) [arXiv:1706.00610]

@ R. F. Lebed, R. E. Mitchell, E. S. Swanson, “Heavy-Quark QCD Exotica,” Prog. Part.
Nucl. Phys. 93, 143 (2017) [arXiv:1610.04528].

@ S. L. Olsen, T. Skwarnicki, D. Zieminska, "Nonstandard heavy mesons and baryons:
Experimental evidence,” Reviews of Modern Physics 90, 1 (2018)

o F = E DA
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https://indico.cern.ch/event/646144/contributions/2627357/attachments/1493836/2323242/Maiani_July2017.pdf
http://dx.doi.org/10.1016/j.physrep.2016.11.002
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http://dx.doi.org/10.1016/j.ppnp.2017.08.003
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https://doi.org/10.1103/RevModPhys.90.015003

Tetraquarks

QQqq QQ3F QQQQ
Qqqq QQQq

@ All the presumed tetraquark
states observed so far have
strong decays.

@ Only stable ordinary mesons:
m, K, D, Ds, D¢, B, Bs, B;,
B, B

@ Are there any stable
tetraquarks?

YES

Levels of stability for tetraquarks
A) Unstable

> Resonance with OZI allowed
strong decays.

> Typically large width

> Analog in QA systems are
states above two heavy light
meson threshold

B) Metastable
> Narrow states with strong
decays (but none OZI allowed).

> Analog in QQ systems: states
below heavy-light pair threshold

C) Stable

> No strong decays.
> Analog in QQ systems is B¢

[m] = = =

DA
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HQS implies stable heavy tetraquark mesons Q;Q;Gxqy

@ In the limit of very heavy quarks @, novel narrow doubly heavy
tetraquark states must exist.

@ HQS relates the mass of a doubly heavy tetraquark state to
combination of the masses of a doubly heavy baryon, a singly heavy
baryon and a heavy-light meson.

@ The lightest double-beauty states composed of bbiid, bbis, and bbds
will be stable against strong decays.

@ Heavier bbgy g, states, double-charm states ccgxq;, mixed bcgxq
states, will dissociate into pairs of heavy-light mesons.

@ Observing a weakly decaying double-beauty state would establish the
existence of tetraquarks and illuminate the role of heavy
color-antitriplet diquarks as hadron constituents.

EE & Chris Quigg, arXiv:1707.09575

] = =
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http://arxiv.org/abs/1707.09575

Systematics of doubly heavy tetraquarks

e Ground states - S waves.

» @ Q; color (1,8) spin (0,1) (Quarkonium-like)

» {QiQ;} color 3 spin 1 or color 6 spin 0 (flavor symmetic)

» [QiQj] color 3 spin 0 or color 6 spin 1 (flavor antisymmetic)
° m(Q,) > /\QCD > m(qj)

e The static energy between the heavy quarks is a (2x2) matrix in
color. As the separation, R, is varied:
» Energy varies.

» Color admixture varies.
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Dynamics

@ For small Q; — Q; separation the interaction is attractive in the color 3 and
repulsive for the color 6.

> The effective potential for color 3 is given by 1V,5(R). (LQCD)
> In a half-strength Cornell potential, rms core radii are small on
tetraquark scale: (r?)}/2 = 0.28 fm (cc); 0.24 fm (bc); 0.19 fm (bb).
@ For large Q; — Q; separation the light quarks mostly shield the color and the
system rearranges into two heavy-light mesons.
@ As m(Q;), m(Q;) — oo the ground state of Q;Q;g«g; has the properties:
» The two heavy quarks are attracted close together in a color 3
mesons.

(eg. m(QiQiGkGx) —2m(Q;dx) = A

» The tetraquark state becomes STABLE to decay into two heavy-light
with A fixed)

1/2
-3(3

a:)2m(@) + Oly)

o & = E DA
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Heavy quark symmetry mass relations

@ In the heavy limit, the color of the core Q;Q; is 3 the same as a Q.. Hence
in leading order of M ™! the light degrees of freedom have the same
dynamics in the two systems leading to the following mass relations

m({Q:QHaka}) — m{QiQita) = m(Qdakar}) — m(Q«qy)

m({Q:Q}akq]) — m({QiQta,) = m(Qlaral]) — m(Qxay)
m([QQl{aka}) — m([QiQla,) = m(Q{qkai}) — m(Qxqy)
m([Q QllGka]) — m([QiQla,) = m(Qulakaq]) — m(Qxgy) -

@ Finite mass corrections for all the states in these relations:
§~j; K
m=S8S——+ —
2M 2M

Estia Eichten HIEPA - Beijing - 19.02.18 10 / 38



Stability

@ Stable against decay to two heavy-light mesons.

@ Decay to doubly heavy baryon and light antibaryon?

(QiQiaxq) — (QiQqm) + (qxqiGm)
Starting from the HQS relation
m(QiQ;gkqr) — m(QiQjgm) = m(Qxqkqr) — M(QxGm)
stability requires
m(Qxqkqr) — m(QxGm) < m(qkq1Gm)

» M — oo does not systematically improve the stability.

» m(Qxqkqr) — m(Q«Gm) has form Ag + A1/ Mg,
m(Ac:) — m(D) = 416.87 MeV and m(Ap) — m(B) = 340.26 MeV,
Ap ~ 330 MeV

» m(qkqigm) > 938 MeV

v

As M — oo, stable Qi QGG mesons must exist

o F = = DA
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Estimating ground-state tetraquark masses

e Finite mass corrections

» Use the splittings in observed heavy-light mesons and baryons
to obtain the coefficients of the 1/ M corrections
@ Decay thresholds

> Strong decays (@ Qdd) # (QQiqm) + (31dm)
» Must consider decays to a pair of heavy-light mesons case-by-case
@ Doubly heavy baryons
» One doubly heavy baryon observed, =,
LHCh: M(=1") = 3621.40 + 0.78 MeV
» At present others must come from model calculations:

We adopt Karliner & Rosner, PRD 90, 094007 (2014)
» Future: Experiment or LQCD doubly heavy baryon calculations

o & = E DA
Theoretical Overview of XYZ States


http://dx.doi.org/10.1103/PhysRevLett.119.112001
http://dx.doi.org/10.1103/PhysRevD.90.094007

Expectations for ground-state tetraquark masses

State JP m(Q;Q;qkar) Decay Channel Q [MeV]
{cc}ad] 1t 3978 DTD*Y 3876 102
{cc}Gx3] 1t 4156 DD~ 3977 179
{cc}{qrar} ot,1t, 2+ 4146, 4167, 4210 Dt ptD*0 3734, 3876 412,292, 476
[bc][ad] ot 7229 B~ Dt /B°DC 7146 83
[be][Gx3) ot 7406 BsD 7236 170
[bel{axar} 1t 7439 B*D/BD* 7190/7290 249
{bc}ad] 1t 7272 B*D/BD* 7190/7290 82
{bc}G,3] 1t 7445 DB} 7282 163
{bc}{qeq} ot 1t 2F 7461, 7472, 7493 BD/B* D 7146/7190 317,282, 349
{bb}[ad] 1t 10482 B~ B*° 10603 -—121
{bb}[d3] 1+ 10643 BB /BsB* 10695/10691

{bb}{Geq} 0F,1%,2%  10674,10681,10695 B~ B°, B~ B*? 10559, 10603 115,78, 136

@ No excited states of doubly heavy tetraquark systems will be stable.

@ The assumption of the core Q;Q; being dominately a color 3, becomes less
reliable as we approach the lowest two heavy-light meson threshold.

@ Unstable doubly heavy tetraquarks near thresholds might be observable as
resonances in wrong sign BB, BD, DD modes

@ Karliner &_Rosner model results, arXiv:1707.07666.
Q({bb}[ad]) = —215 MeV

=] (=)

DA
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https://arxiv.org/abs/1707.07666

Generalizing results for (meta)stable tetraquark states

@ All heavy quarks implies perturbative QCD applies:
{QiQHQAQ] {QiQHQQ}, [QiQj][QxQ], [QiQ{ QxQi} with
m(Qi) = m(Q;) = My > m(Q«x) = m(Q;) = M2 >> Aqcp
A. Czarnecki, B. Leng & M. Voloshin model results, arXiv:1708.04595
One state (w.) bound for My/M; < 0.152

@ bbbb not bound.
C. Hughes, E. E., & C. Davies LQCD calculation arXiv:1710.03236

@ Can one map out the general region of stability using LQCD?
Calculate the static energy of the heavier quarks and then use the SE.
P. Bicudo, K. Cichy, A. Peters, B. Wagenbach &M. Wagner PRD.92.014507
Fitted V(r) = —% exp (—(5)P) + Vo (with p = 1.5...2)

0= (ud-du)V2  qa= uu, (ud+du)/V2, dd 44 = (D@2

- T T 0
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https://arxiv.org/abs/1708.04595
https://arxiv.org/abs/1710.03236
https://arxiv.org/abs/1505.00613

Implication for Q,-qukﬁ, systems

Ground states - S waves.
o QiQ; color (1,8) spin (0,1) (Quarkonium-like)

By a similar argument as above applied to Q;Q;qkq)

e For small Q; — @; separation the interaction is attractive in the color
1 and repulsive for the color 8.

@ The effective potential for color 1 is given by V55(R). (LQCD)

@ In a full-strength Cornell potential, rms core radii are small on
tetraquark scale: (r?)1/2 = 0.24 fm (cc); 0.21 fm (bc); 0.14 fm (bb).

@ For large Q; — C_)j separation the light quarks mostly shield the color and the
system rearranges into two heavy-light mesons.

o F = = DA
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Implication for Q,-@jqkal systems

As m(Q;), m(Qj) — oo the ground state of Q,-quké, has the properties:
@ The heavy-antiquark quarks are attracted close together in a color 1
@ The tetraquark state becomes stable against decay into two
heavy-light mesons.
(eg. m(Qiiqrdr) — 2m(Qigk) = A — (5a5)°m(Q;) + O(ﬁ)
with A fixed)

e But stability would requires m(Q; Q;qx i) < m(Q;®;) + m(qxa) -
NO ARGUMENT FOR STABILITY.

Hence:
@ A ccC tetraquark resonance would have a

corresponding state in the bb system significantly lower
(relative to the associated heavy-light threshold.)

] = =
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Threshold States
Why was the X(3872) so surprising?

o [m(D°) + m(DO*)] — m(X(3872)) ~ 0 [to O(0.1 MeV)]
o Narrow: I < 1.2 MeV

o JPC = 17F suggests it could be the 23P;(cc) charmonium state
e Decay X(3872) — J/v + m + 7 is dominated by J/v + p.
Large isospin violation.

X(3872)=¢'+y
XGs2) i = 2.6 +0.6

After 15 years aspects of the X(3872)
are still not fully understood

o F = = DA
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cc States (LQCD)

@ Study elastic scattering using Luscher's d .
415 (o} b
LQCD finite size method. gebol .t
Soss[ =00 b0
Nucl. Phys B 339 (1990) 222 7
¢ a o] o}

@ Padmanath, Lang and Prelovesek find:

.
() 1=0: éc(au+dd) & éc

» A pole appears just below
threshold in the JP€ = 1T | =0 + e -
channel H t

» But requires both the (c¢) and -
the DD* components

» Suggests there is a significant

(c€) component of the X(3872) T s

» No pole observed in the / =1 e
channel or the | = 0 (DsD;) Gt e
channels R

e Promising future method

M. Padmanath, C.B. Lang, S.Prelovsek
Phys. Rev. D92 (2015) 034501

o F = = DA
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https://doi.org/10.1016/0550-3213(90)90540-T
https:doi.org/10.1103/PhysRevD.92.034501

XYZ States and the 23P,(cc) States

@ The x2(2P) has I1¢(JPC) = 0F(2+7)
M =3927.2 £ 2.6 and [ = 24 + 6 (MeV)

Possible xc0(2P) seen in J/1DD

M = 386272748 and I = 20172455 (Mev)

K. Chilikin, el al. (Belle Collaboration), [arXiv:1704.01872]

Supports the charmonium view that the
X(3872) has a large x.1(2P) component.

@ What about the X(3915)?

@ Count states. Dynamics is complicate. No

simple model is adequate.
» Possible true tetraquark states

» Many thresholds in eTe™ opening in

region below 4.0 GeV [total 8]
* pOpO, (DOB%* 4 DO* ),
DD (DEDF* 4+ DE*DF),
DsDs, (DsB; + D Ds)
solid dashed

State EFG DLGZ BGS LQCD

23Py | 3949 3927 | 3937 3927 | 3979 3927 | 4048 3927
2'Py | 3926 3904 | 3916 3906 | 3956 3904 | 4024 3904
23P; | 3906 3884 | 3914 3904 | 3953 3901 | 4021 3900
23P) | 3870 3848 | 3848 3838 | 3916 3864 | 3972 3881

Sample caleulations of 2P states: (EFG [1111.0454), DLGZ [1609.00287),
BGS[hep-ph/0505002] and LQCD([1610.01073])

QCD - hadronic
AB(QQ).C(QQ9)
Hi,H2(Qq)

A C
JAC X + X——X

+
2 AHLH2,B
O
+

Simple expansion
near threshold.

u]
8

I

ul
it
S
pe)
i)
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https://arxiv.org/pdf/1704.01872.pdf

2P(cc) Shifts :Q(W)
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X(3872)
Ra = Im([W — M — Q(W)] ™)

@ Add a small intrinsic decay width
(1 MeV) for non-OZI decays

@ Vary the bare mass M in 50 steps
of 5 MeV/step.

o—
g 8 % ¥ ¥ %

H

@ First step has pole below threshold
(3.8618 GeV).

raea—

Prae—

¥ H g H

o F = E DA
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heavy-light loops:

Expectations for the X;,(10,604): If X.(3872) is a molecular state
e State at threshold as in cC

e /=0

If X.(3872) is only associated with the nearby 2P; and free

e The 23P; is more than 70 MeV below threshold.
o No state will be observed at BB* threshold

o & = E DA
Theoretical Overview of XYZ States
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https://doi.org/10.1103/RevModPhys.90.015003

Charged States
Z£(10610), Z;5(10650) 16(JP) =17 (1)

@ Z(10610): M = 10607.2 + 2.0, T = 18.4 + 2.4

Channel BR(%)

B+§*0+EOB*+ 82.6+-2.9+2.3 100 T
T(AS)m" 0.60 = 0.17 4 0.07 ~ (a) B ws data | Rs data |
TS 4.05 4 0.81 & 0.58 T T Medelo
T@BS)t 2.40 4 0.58 4 0.36 5oL s Model-z ]
h(1P)t 4.26 +£1.28 £ 1.10 o Bachground ]
hy(2P)m 6.08 & 2.15 + 1.63 Sk ]

H ]
@ Z(10650) : M = 10652.2 £ 1.5, = 11.5 + 2.2 & E
Channel BR(%) 100 : : { P N
B**B*0 4 B*0p*+ 82.6+2.942.3 _ ) B3 WS data + RS data |
T(S)nt 0.60 4 0.17 4 0.07 T 8L 3
T(2S)n+ 4.05 +0.81 £ 0.58 5oL o Medel-o E
TES)H 2.40 + 0.58 + 0.36 = wodels L } ]
hy(1P)rt 426 £1.28 4 1.10 Sof T ke T E
hp(2P)7t 6.08 +2.15 & 1.63 H ]
H i
@ C ts: a2 oo, E
omments L SRS ]
| 3 States 0n|‘y 3 MeV above threshold. 10.57 1059 10.61 10.63 10.65 10.67 10.69 10.73

M, (1), Gev/c?
P Isopsin violation effects tiny

» HQS guarantees the analogy states cc and bb at the

same thresholds.

o F = = DA
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Z+(3885), Z+°(4020)

@ Z7F(3885): M = 3886.6 + 2.4, — 28.1 + 2.6

Channel Ratio DD* /X
DTDH*0 4+ POp*t 1

J/pmt 6.2+ 11427

he(1P)wt not yet observed

@ 7E0(4020): M = 4024.1+ 1.9,T =13+ 5

Channel Ratio D*D* /X
D*+H*0 4 pFOp*+ 1
J/prt 12+5
he(1P)m™ not yet observed
P»(2S)rt not yet observed

@ Comments:

P States less than 10 MeV above threshold.

P Small isopsin violation effects.

Theoretical Overview of X
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More ccq;q; states

cCss: X — J/1 + ¢ observed at LHCb

7 S = =
Particle |JP| Signif-| Mass r : F|tt. 3 |
icance faction s F H —=-data
(MeV) | (MeV)) ) Ziof Loy | —— total fit (K s)

2 F 1+4ed

X(4140) 1+ BA4oc  41465:45%) 83:217 130321 2 wE Hﬂ

X(4274) 1* 6.00 4273328377 5611} 712253 oF il L

X(4500) 0* 6.10 45061172 92:21%) 6622473 405— —_ background

X(4700) 0* 560  4704=107% 120312 12257 20E

4100 4200 4300 4400 4500 4600 4700 4800
[MeV]

My

@ Thresholds: D,D; (4081), D} D} (4225), Ds(1Py)Ds(1Py)(4636)
@ SU(3) symmetry — cCus, ccds states

o F = E DA
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The Y(4260) and Y(4360) System

100 150

3 Wb ~+xvz 5 —+ Scan
= — Fitl e —Fitl
~ = 1001
2 e --Fitll 5 -~ Fitll
E "
B B
osr 1 s
© ©
1’« 20 ‘&’,
=) =)
n L L L 1 o n L n 1
0 38 4 42 44 46 38 42 4.4 46
15 (GeV) 1s (GeV)

Ablikim, M., el al. (BESIII Collaboration), PRL 118,092001, 2017

e JPC€ =17 but no signal in AR,
» 1(4415) conventionally identified as 45 state
» not a conventional (c€) charmonium state

e Lattice calculations suggest a possible hybrid state (ccg) in this
mass region

o & = E DA
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https://doi.org/10.1103/PhysRevLett.118.092001

Nearby Thresholds
There are many heavy-light meson pair channels opening in region
42 —44

nearby_thresholds

450 450
4451 DPID ) 445 ppyp- — A
D) b, — T D(FID* b — T PP
a.40} PP 4.40
435 435
"
2 — (P, — D(P)D.
Ba30F ppp . = BRB {4307 ppyp — — BUALD
D(P)D
425 425
DD} —
420 4.20
— DD — DR
4.15 4.15
4.0 4.10
neutral charged
= = S E = vae
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cC States (LQCD)

® Lattice calculations (mr =240 MeV) " G Cheung, et al., arXiv:1610.010

i 3y (V)

0 0 G79(6)  1197(7)  1295(18)

1| oss(1)  7as(T)  sGR(T)  1316(17) 1345(27) 1427(17)

2 | s79(7)  1352(21) =y ’ m =

27+ | sSS(7)  1414(24)  1472(21) :

37| 002(6)  1442(18)  1484(40) 1700 =B [ =

4+ | 1474(19) - = =

1 | 1450(18) =

0 466(3) 989(10)  1485(25)  1607(46) ; - - = e =
10| 531(4)  1038(12) 1486(25) 1534(35) 2 ol — - =

1 545(4)  1041(12) 1454(23) 1587(27) 1643(47) 1681(53) “T — —_ —_ o
2+ | 571(4)  1065(13) 1154(11) 1173(11) 1639(32) & -= - -

a++ | 1166(11) = = o
3+ | 1173(11)  1660(34) \‘ =

4+ | us1012) = ——

T [ 1326(23) ool =

o+ | 1453(27)

2+ | 1518(18)  1647(26)

@ No ccg (17 7) hybrid state below Cemmm e
(4160)[2° Dy (c€)]
@ The ordering of hybrids states in

a spin multiplet is stable as
x = 392 — 240 MeV
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Low-lying multiplet:

e (§=0) 17 (S=1) ot 1+ 2+
e So if we identify the Y(4260) as a hybrid:
» State Shift Mass (MeV)

1=~ 0 4260

0o-+t —132 4128

1=t -—101 4159

2=+ 45 4305
e Expect photon transitions.

(Very small branching fractions).
To do list:

e Y(4660) 5S state or radially excited Y(4260)?

e Measure R in the highest energy region (4.6-4.7) in
detail.

e The corresponding states in the bb system await a
detailed lattice calculation

o F = = DA
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Summary

Many puzzles of the XYZ states remain but:

@ HQS summetry gives insight into scaling between (cc) and (bb) for
tetraquark states. Stable bbiid, bbis, and bbds tetraquarks exist.

@ Lattice QCD identifies where to expect hybrid states in the cc.

BESIII , Belle2, LHCb will provide critical data for disentangling
the nature of the XYZ states:

@ Detailed studies of transitions from higher mass states in the (¢¢)
that greatly increased luminosity will make possible.

@ Observing(or not) HQS partners of the (cZ) XYZ states in the (bb).
Challenges for theory:
@ Lattice QCD calculation of the (bb) spectrum (with hybrids).

@ Continued LQCD progress on identifying XYZ states by the Luscher
method.

@ A better model of line shapes for resonances in the threshold region.

@ Model builders - Make your predictions for XYZ states in the (bb).

o F = = DA
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Backup
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23Py Toy model
Rplot_00
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Possible quarkonium-like tetraquark mesons
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Known ground-state hadrons containing heavy quarks

@ The spin dependent corrections can be directly calculated from the known
mass spectrum.

State Je Mass (jo + %) Mass (j, — %) Centroid Spin Splitting S [GeV?]

D™) (ed) L 2010.26 1869.59 1975.09 140.7 0.436

oi (s 1 2112.1 1968.28 2076.15 143.8 0.446

Ac (cud); 0 2286.46 - - -

Y (cud)g 1 2518.41 2453.97 2496.93 64.44 0.132

= (cus)3 0 2467.87 - - -

=/ (cus)s 1 2645.53 2577.4 2622.82 68.13 0.141

Qc (css)g 1 2765.9 2605.2 2742.33 70.7 0.146

Zcc (ccu)z 0 3621.40 - -

B™) (bd) 1 5324.65 5279.32 5313.32 45.33 0.427

B (bs) 1 5415.4 5366.89 5403.3 485 0.459

Ap (bud); 0 5619.58 - -

¥, (bud)g 1 5832.1 5811.3 5825.2 20.8 0.131

=, (bds); 0O 5794.5 - -

=, (bds)g 1 5955.33 5935.02 5048.56 20.31 0.128

Qp (bss)s 1 6046.1

Bc (b&) i 6329 6274.9 6315.4 54 0.340
o = = = z 9ace
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Expectations for ground-state

tetraquark masses

State JP Je m(Q;Qqm) HQS relation m(Q; Q1) Decay Channel Q [MeV]
{cc}ad) 1" 0 3663 m({cc}tu) + 315 3978 D¥D*7 3876 102
{cc}dxs) 1" 0 3764 m({cc}s) + 392 4156 DD} 3977 179
{cc}{ag} ot 1T, 2% 1 3663 m({cc}u) + 526 4146, 4167, 4210 DD, DT D*O 3734, 3876 412,292, 476
[be][ad] ot 0 6914 m([bc]u) + 315 7229 B~ D*/BDC 7146 83
[be][Gk 3] ot 0 7010 m([bcls) + 392 7406 BsD 7236 170
[bel{Gkar} 1+ 1 6914 m([bc]u) + 526 7439 B*D/BD* 7190/7290 249
{bc}ad] 1+ 0 6957 m({bc}u) + 315 7272 B*D/BD* 7190/7290 82
{bc}[dk3] 1t 0 7053 m({bc}s) + 392 7445 DB} 7282 163
{bc}{gqrg} oF, 17, 2" 1 6957 m({bc}u) + 526 7461, 7472, 7493 BD/B*D 7146 /7190 317, 282, 349
{bb}[ad] 1+ 0 10176 m({bb}u) + 306 10482 B~ B*0 10603
{bb}[g3] 1t 0 10252 m({bb}s) + 391 10643 BB /BsB* 10695/10691

§d 0t 1%, 2 1 10176 mi u) +512 10674, 10681, 10695 ~B%, B~ 10559, 10603 115,78, 136

bb}{da o1t 2t bb B~ B°, B~ B*?

RHS+all shifts
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JP = 1% {bb}[id] meson, bound by 121 MeV _
(77 MeV below B~ B%)

bb _ =0 = po _ A=

Tia (10482)" > =4 p, B~D¥n™, and 8 D' 7

JP = 1% {bb}[d5] and {bb}[d5] mesons, bound by 48 Me

weak!
{bb} - =0 %~ {bb}
Tiog) (10643)" — =} > Taq

MeV below BBs7)
—0 /7 =0
(10643)°— =0 _(A,X)

o & = E DA
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