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Outline:

conventional and exotic hadrons

their masses, decay widths and other properties

from theory
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Today we know (from exp and theory) that hadrons with the following minimal quark and gluon contents. 

There may be more categories, but these are not reliably confirmed yet. 
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q̄ q
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q̄ G q

conventional hadrons exotic hadrons

G=gluon, q=quark=u,d,s,c,b

c c

uud

uGd = 𝜋1
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q̄ q = Pc [LHCb 2015]
c c
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q̄ q̄
= Tcc [LHCb 2021]

u d

image: 
https://physicstoday.scitation.org/do/10.1063/PT.5.7167/full/

minimal quark (q) and gluon (G)  contents

tetraquark

pentaquark

hybrid

meson

baryon

JPC = 1 - +

[several exp.]

experimentaly discoveded example



Theoretical approaches: nonperturbative approach to QCD  is needed to address hadrons
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Lattice QCD

Dyson-Schwinger  equations                 +             Bethe-Salpeter equations :  T,  K computed with certain trunctions

Effective field theories : effective degrees of freedom + symmetries of QCD +  expansion (in E, p, 1/mQ)

Quark Models

Models : effective degrees of freedom + symmetries of QCD +  but not rigorous expansion (in E, p, 1/mQ) , ....

Sum rules   these do not extract scattering amplitudes and  do not rigorously extract resonances

C =  DG Dq Dq C e
−SQCD /!

∫   
<latexit sha1_base64="kt7dv0SNtTKJXAWsNHxpau2O2pM="></latexit>

SE
QCD =

Z
d4xE LE

QCD(mq, gs)
E

T=scat. matrix K=scat.kernel

This talk:

• focus on first two ab-initio approaches where results are available: strongly stable hadrons and certain strongly decaying hadrons 

• solid ab-initio  results not yet available for many exotic states discovered in exp: present result from other approaches

often “non-precision” studies: 
<latexit sha1_base64="ALsMksMVfOJbmh91iW5+qL+5pj0="></latexit>

mu/d > mphy
u/d , m⇡>140 MeV

-1 -1

dressed quark prop. dressed gluon prop.

<latexit sha1_base64="dRUwwZgfvizRyVb4ut/DBhxUuGk="></latexit>

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

a)q �mq q̄qQCD:
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gs ⌧ 1 at hadronic energy scale
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BMW collaboration
Science 322, 2008

Proton and neutron mass  constitute more than 99% of the bright universe mass

exp

lattice QCD
mu=md

lattice QCD+QED
mu≠ md

exp
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M
p

BMW collaboration
Science 347,2015

image: 
https://physicstoday.scitation.org/do/10.1063/PT.5.7167/full/

Contribution of the Higgs mechanism 

to the valence quark masses

2mu+md ≅ 10 MeV [PDG]

u

u
d

proton



Bottomonia and bottomonium hybrids
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b b

Lattice QCD 
relativistic b quarks
Ryan & Wilson (HadSpec)  
2008.02656, JHEP

strongly stable below BB if 
bb annihilation is omitted 

mhybrid ≥ 10.9 GeV
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MeV

other predictions of hybrids: 

from quenched lattice static 
potentials / EFT 

Brambilla et al,  1805.07713, 
1908.11699, PRD

Schlosser & Wagner, 
2111.00741

JPC
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b̄Gb



Strongly decaying hadronic resonances
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Brief life 
of a resonance

hotemoji.com



Strongly decaying resonances
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Locations of poles in T(E): red

Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991

generalizations by many authors 
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E ! T (E) ! T (Ec)
for real Ereal E for complex E

analytic contin.
to complex E

Poles in T(E)  from  Bethe-Salpeter approach

K=scat.kernel
Γ = BS amplitude 
of a state

at

• solve this eigenvalue equation to find the resonance  pole

• in practice solutions 𝜆 ≠ 1 ared found for P2 below 
threshold (in singularity free region) and then analytically 
extrapolated to find P2 that correspond to 𝜆 = 1 above th.

• first results for resonances in QCD became available only recently

R. Williams, 1804.11161 PLB, Miramontes, Sanchis-Alepuz (2019)         
Eichman, Duarte, Pena, Stadler, PRD 100 (2019), Santowsky, Eichmann, 
Fischer, Wallbott, Williams, 2007.06495, PRD Miramontes, Sanchis-
Alepuz, Alkofer, PRD 103 (2021)
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P 2=�(m�i�2 )
2
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�=1

have to be extracted from the scattering of H1H2

scattering matrix T(E)

many resonances and 
bound states extracted 
in this way by now 
(appologies for not covering all)



Resonance  𝜎 = f0(500)
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q̄q + q̄qq̄q , I = 0 , JPC = 0++
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m = Re(E) [MeV]
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m = Re(E) [MeV]
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chiral unitary extrapolation

Dyson-Schwinger + Bethe-Salpeter equations
Santowsky, Eichmann, Fischer, Wallbott, Williams, 2007.06495, PRD

the only other lattice result for sigma pole:
Briceno, Dudek, Edwards, Wilson, 1607.05900 , PRL

See also works by RBC/UKQCD  2103.15131 PRD, Pelaez, Rodas 

truncation

coupled qq and qqqq 
several simplifications undertaken
the width  determined from qq part
currently: only qualitative comparison to exp 
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23

FIG. 17. Top: The scattering amplitudes-squared,
⇢a⇢b|t`Ja,`0Jb|

2, transcribed from Figure 10 with the energy
axis converted to physical units. Below the amplitudes are
the energy levels used to constrain the amplitudes (black
points). Bottom: The best estimate of the resonant pole
position, where uncertainties combine statistical and system-
atic uncertainties with variations across parameterizations.
The histograms show the best estimate of the magnitude of
each coupling with the lightly-shaded region reflecting the
combined uncertainties. The ⇡�{3S1} coupling is an estimate
of the upper bound.

of the ⇢ [38, 59–61] and K⇤ [62–65] couplings at various
values of m⇡. Considering

�����
cphys.⇡!{3`J}�
kphys.⇡!

�`

����� =

�����
c⇡!{3`J}�
k⇡!

�`

����� , (31)

where the cm-frame momentum is evaluated at the reso-
nance pole position, and where we use the values pre-
sented above on the right-hand side, and the experi-
mental b1 mass to compute kphys.⇡! , gives a prediction
of
��cphys.⇡!{3D1}

�� = 146(101) MeV. Subsequently, we obtain
an estimate for the ratio of couplings at the physical pion
mass of,

������

cphys.⇡!{3D1}

cphys.⇡!{3S1}

������
= 0.27(20). (32)
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FIG. 18. The b1 pole position for various pion masses. Blue
shows the ground-state mass of the axial-vector octet from
a lattice calculation with m⇡ ⇡ 700 MeV [38], red shows
the estimate from this work with m⇡ ⇡ 391 MeV and black
is the experimentally determined mass and width of the b1
resonance [15].

The PDG [15] reports a ratio of D-wave to S-wave ampli-
tudes for the b1 resonance of magnitude 0.277(27), which
is not computed at the complex pole position and there-
fore not precisely the same quantity as we quote.

X. SUMMARY

This paper has reported on the first lattice QCD cal-
culation of coupled ⇡!, ⇡� scattering, the first time cou-
pled pseudoscalar-vector scattering amplitudes have been
computed. This large-scale calculation made use of a
significant number of operators resembling single, two
and three-meson constructions to extract finite-volume
spectra which were used to constrain the coupled-channel
scattering amplitudes.

Analysis of the obtained finite-volume spectra required
consideration of coupled 3S1 �

3D1 partial-waves in ⇡!
scattering. A clear b1 resonance was observed, visible as
a rapid increase in the ⇡!

�
3S1

 
phase-shift through 90�

or correspondingly as a bump in the magnitude of the
⇡!

�
3S1

 
! ⇡!

�
3S1

 
t-matrix element. More rigorously,

we found pole singularities on unphysical Riemann sheets
relatively close to the real energy axis with couplings
that are large for the ⇡!

�
3S1

 
final state, significantly

smaller for ⇡!
�
3D1

 
and compatible with zero for ⇡�.

The mass and width of the b1 resonance found in this
calculation, with light-quark masses such that m⇡ ⇡ 391
MeV, appear to be compatible with a smooth interpola-
tion between a stable state for much larger quark mass,
and the experimental resonance at lower quark mass.
We explored the role of three-body channels by

including operators in our bases whose construc-
tion resembles a meson coupled to a two-body
resonance, utilizing earlier calculations of meson-
meson scattering channels [13, 42, 43]. There is no
su�ciently-mature finite-volume formalism capable
of rigorously incorporating three-body scattering
channels here. However, as a systematic test, the
finite-volume formalism, which in principle can handle

exp

lat (m 𝜋=391 MeV)

Woss et al, HadSpec,

1904.04136, PRD 
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2011.02541 JHEP, 1905.03506 PRD, 2111.02934

<latexit sha1_base64="Tbd46OB/QHJJdN6fbkSyJMGGs4M=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W7cFjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hY6RGhXogVqtf7btmreHOgVeLnpAw5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5gdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFffnmVtC4q/mWlel8t127yOIpwAqdwDj5cQQ3uoAFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ACOej1Y=</latexit>

D̄D state

<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs state

likely related to X(3915) / 𝜒𝑐0 (3930)
[BaBar,  LHCb 2009.00026]; explaining why 
it has narrow width to DD. Predicted
by Lebed, Polosa  1602.08421 

+ expected conventional charmonia

<latexit sha1_base64="ykqhlYWgs1xXhFrhiL8g2G+q3K8=">AAACC3icbVC7SgNBFJ31GeMramkzSRCswm4IGrAJ2tgIEcwDsmGZndxNhszsrjOzQljS2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8WPOlLbtb2tldW19YzOzld3e2d3bzx0cNlWUSAoNGvFItn2igLMQGpppDu1YAhE+h5Y/vJr4rQeQikXhnR7F0BWkH7KAUaKN5OUKwnNj5uZdxQTcu3lcrtruBXYF0QMp0htojr1c0S7ZU+Bl4sxJEc1R93Jfbi+iiYBQU06U6jh2rLspkZpRDuOsmyiICR2SPnQMDYkA1U2nv4zxiVF6OIikqVDjqfp7IiVCqZHwTefkRrXoTcT/vE6ig2o3ZWGcaAjpbFGQcKwjPAkG95gEqvnIEEIlM7diOiCSUG3iy5oQnMWXl0mzXHLOSpXbSrF2OY8jg45RAZ0iB52jGrpGddRAFD2iZ/SK3qwn68V6tz5mrSvWfOYI/YH1+QMVEpnU</latexit>

m⇡'280 MeV

<latexit sha1_base64="4KIiOYySCud60v91Q2yek+LLjq4=">AAAB7nicbVBNSwMxEJ31s9avqkcvqUXwVHalqBeh6EVvFewHdJeSTbNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJpxQoMYDwSLGMHGSu17v3ztl91eqeJW3RnQMvFyUoEcjV7py+9LksZUGMKx1l3PTUyQYWUY4XRS9FNNE0xGeEC7lgocUx1ks3Mn6NQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XTU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGiDcFbfHmZtM6r3kW19lCr1G/yOApwDCdwBh5cQh3uoAFNIDCCZ3iFNydxXpx352PeuuLkM0fwB87nD6VAjnk=</latexit>

I=0
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Conventional 

quark model

New paradigm 

<latexit sha1_base64="1JEt3MYbGWe5JbgRl1XjG3sTdV4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69pBZBEEoiRb0IRS/iqYL9gCQtm+22XbrZDbsToYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wMy+MOdPgON9WbmV1bX0jv1nY2t7Z3SvuHzS1TBShDSK5VO0Qa8qZoA1gwGk7VhRHIaetcHQ79VtPVGkmxSOMYxpEeCBYnxEMRvLuO3W/dO2XnM5Zt1h2Ks4M9jJxM1JGGerd4pffkySJqADCsdae68QQpFgBI5xOCn6iaYzJCA+oZ6jAEdVBOjt5Yp8YpWf3pTIlwJ6pvydSHGk9jkLTGWEY6kVvKv7neQn0r4KUiTgBKsh8UT/hNkh7+r/dY4oS4GNDMFHM3GqTIVaYgEmpYEJwF19eJs3zintRqT5Uy7WbLI48OkLH6BS56BLV0B2qowYiSKJn9IreLLBerHfrY96as7KZQ/QH1ucPHEGP2Q==</latexit>

JP =0+

<latexit sha1_base64="k3t5EaVln7KRVU2O3Tq4/SXF5ww=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oQ5lMJ+3QySSdmQg11B9x40IRt36KO//GaZqFth643MM59zJ3jh9zprTjfFuFtfWNza3idmlnd2+/bB8ctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2/mfvuBSsUica+nMfVCPBQsYARrI/XtMun5WKLJ02TR+3bFqToZ0Cpxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LprNRLFI0xGeMh7RoqcEiVl2aHz9CpUQYoiKQpoVGm/t5IcajUNPTNZIj1SC17c/E/r5vo4MpLmYgTTQVZPBQkHOkIzVNAAyYp0XxqCCaSmVsRGWGJiTZZlUwI7vKXV0mrVnUvqrW780r9Oo+jCMdwAmfgwiXU4RYa0AQCCTzDK7xZj9aL9W59LEYLVr5zBH9gff4ATwuS3g==</latexit>

cq̄ qq̄ q=u,d,s        n=u,d
<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄ +
Du et al, 1712.07957, PRD
Albaladejo et al,  1610.06727, PLB 

Lutz et al (2003), 0307133, PLB 

Beveren, Rupp;  Dmitrasinovic

3 ⨂ 8  = 3 ⨁6 ⨁15 SU(3)F

3
6

Scattering on the lattice
S=1  Mohler et al, 1308.3175, PRL

Lang et al, 1403.8103, PRD
RQCD, 1706.01247, PRD
HadSpec 2008.06432, JHEP

S=0   Lang et al. 1208.4059, PRD
(see backup)
HadSpec, 1607.07093, JHEP
HadSpec 2102.04973, JHEP 

S=-1  HadSpec, 2008.06432, JHEP

Ds0
*

D0
*

lat: 2.1-2.2 GeV (pole)

PDG: 2.3 GeV     (BW)

(see backup)

2.3 GeV

no state (mix with 
repulsive 15)

2.4-2.5 GeV      
reanalysis of lat 
1607.07093 by 
Albaladejo 1610.06727

virtual bound state 
HadSpec 2008.06432
partner of X(2900)  
[LHCb 2009.00025] ? 

<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄
new paradigm supported by:

• lattice

• effective models ChPT+HQET

• reanalysis of exp data

• states circled by blue seem 

to feature in the spectrum

mix

q=u,d,s
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<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Q=c,b   q=u,d,s
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū
<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū

<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū
<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū

models lattice models lattice

references from left to right 
models (many more references):
Eichten and Quigg (2017) 1707.09575 PRL
Karliner and Rosner (2017) 1707.07666 PRL
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 
Janc and Rosina (2004) hep-ph/0405208

lattice: most updated results
Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197 
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021) preliminary 
Bicudo, Wagner et al. 1612.02758 static potentials

models (many more references)
Eichten and Quigg (2017) 1707.09575 PRL
Parket al. (2018) 1809.05257
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 

lattice: most updated results
Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021) preliminary

m
 –

E t
h 

[M
eV

]

threshold: BB*                                     BBs*

earlier results of Frances et al in 1810.10550, 1607.05214 PRL

lattice mu/d a [fm]

Leskovec , Pflaumer et al mu/d  -> mu/d
phy 0.08-0.11

Junnarkar et al. mu/d  -> mu/d
phy a -> 0

Francis et al mu/d  -> mu/d
phy 0.09 

Bicudo et al. mu/d  -> mu/d
phy 0.08 

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

not found in exp, difficult to find
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū
preliminary lattice results of Frances, 
Colquhoun, Hudspith, Maltman  (2021) 
@Lattice2021, Hadron2021
supports  internal structure below
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<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū

color Coulomb

strongly binds bb

<latexit sha1_base64="97FMMoP3S54Q0TnUkFXsXro+tjw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m0qMeiF48VrC2kIexut+3SzSbsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5JBVcG8/7dkpr6xubW+Xtys7u3v6Be3j0pJNMUdaiiUhUh2DNBJesZbgRrJMqhmMiWJuM7mZ+e8yU5ol8NJOUhTEeSN7nFBsrRa6LAkLCKO8SrNBlRKeRW/Vq3hxolfgFqUKBZuR+dXsJzWImDRVY68D3UhPmWBlOBZtWuplmKaYjPGCBpRLHTIf5/PIpOrNKD/UTZUsaNFd/T+Q41noSE9sZYzPUy95M/M8LMtO/CXMu08wwSReL+plAJkGzGFCPK0aNmFiCqeL2VkSHWGFqbFgVG4K//PIqebqo+Ve1+kO92rgt4ijDCZzCOfhwDQ24hya0gMIYnuEV3pzceXHenY9Fa8kpZo7hD5zPH3qOku0=</latexit>

[bb]3̄c

<latexit sha1_base64="AyQPTUwZKhTBETz7Jtcc6vwqm50=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkqiRV0W3bisYB+QhjCZTNqhkwczE6GEgr/ixoUibv0Od/6N0zQLbT1wL4dz7mXuHD/lTCrL+jYqK6tr6xvVzdrW9s7unrl/0JVJJgjtkIQnou9jSTmLaUcxxWk/FRRHPqc9f3w783uPVEiWxA9qklI3wsOYhYxgpSXPPELOwMcCZUUPXC+/8MjUM+tWwyqAloldkjqUaHvm1yBISBbRWBGOpXRsK1VujoVihNNpbZBJmmIyxkPqaBrjiEo3L86folOtBChMhK5YoUL9vZHjSMpJ5OvJCKuRXPRm4n+ek6nw2s1ZnGaKxmT+UJhxpBI0ywIFTFCi+EQTTATTtyIywgITpROr6RDsxS8vk+55w75sNO+b9dZNGUcVjuEEzsCGK2jBHbShAwRyeIZXeDOejBfj3fiYj1aMcucQ/sD4/AECRpTl</latexit>

[ūd̄]3c
SP = 0+

good diquark

SP = 1+

lattice: dependence on mb and  mu,d

supported also by almost all model studes
Karliner and Rosner (2017), Janc and Rosina (2004), ... 

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

mb’ increases

mu,d decreases

(m
bp

hy
)

(m
u,
dp

hy
)
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<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

No other state  threo. found significantly (>40 MeV) below threshold

Two  that could be near threshold 

Padmanath, Mathur 2111.01147

Junnarkar, Mathur, Pad. 1810.12285  

States near or above threshold have to be identified as poles in 

scattering T(E):  more challenging  than to establish a state well below th.

Final cocnlusion not yet reached.   

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū
lattice energy extracted, 

pole not established
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<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

No other state  threo. found significantly (>40 MeV) below threshold

Two  that could be near threshold 

Padmanath, Mathur 2111.01147

Junnarkar, Mathur, Pad. 1810.12285  

States near or above threshold have to be identified as poles in 

scattering T(E):  more challenging  than to establish a state well below th.

Final cocnlusion not yet reached.  

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū
lattice energy extracted, 

pole not established

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+
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<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

The only lattice study that extracts pole in T(E)

[Padmanath, S.P., S. Collins, preliminary 2022] , 𝑚$ ≈ 280 MeV, CLS ens.
more details at the back

<latexit sha1_base64="0Muq9OrngRmvUSTE345uWZIIWAA="></latexit>

�m = Re(E)� (mD0 +mD⇤+) [MeV]

<latexit sha1_base64="Cw1c7ab3PhbMVM0ZRaWOxsHKVCg=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoN2WmFBVEKIqoC6GCrYWZoWTStA1NZoYkI5Sh/oIbf8WNC0XcunLn35i2I2jrgcDJOfdy7z1+xKhUlvVlZObmFxaXssu5ldW19Q1zc6shw1hgUschC0XTR5IwGpC6ooqRZiQI4j4jt37/dOTf3hEhaRjcqEFEPI66Ae1QjJSWWmbRPUecI3hcdo9cjlRP8OSSDwtnRXj/83euSMMbtsy8VbLGgLPETkkepKi1zE+3HeKYk0BhhqR0bCtSXoKEopiRYc6NJYkQ7qMucTQNECfSS8YnDeGeVtqwEwr9AgXH6u+OBHEpB9zXlaMt5bQ3Ev/znFh1Dr2EBlGsSIAngzoxgyqEo3xgmwqCFRtogrCgeleIe0ggrHSKOR2CPX3yLGmUS/Z+qXJdyVdP0jiyYAfsggKwwQGoggtQA3WAwQN4Ai/g1Xg0no03431SmjHSnm3wB8bHN/9fnRc=</latexit>

�
=

2
Im

(E
)
[M

eV
]

Pole in  

lat LHCb

LHCb: Tcc : bound state p = i |p| in the limit of stable D*

Tcc : resonance - decays to DD𝜋,  D* strongly decays       

lat: Tcc: virtual bound state p = - i |p| for this 𝑚$

D* strongly stable for this 𝑚$

For 𝑚$ > 𝑚$phy the attraction is smaller and the LHCb 
bound state with 𝛿m=0.4 MeV is expected to become a 
virtual bound state. The lattice result confirms this. 

<latexit sha1_base64="kz2O9dCcz7+puRIpGhMmIguPMAQ=">AAACCXicbZDLSsNAFIYn9VbrLerSzdQiiEJJpKjLohVcVrAXaGKYTCft0JkkzkwKJXTrxldx40IRt76BO9/GaZuFVn8Y+PnOOZw5vx8zKpVlfRm5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xO6q0hEZJG4a0axcTlqBfSgGKkNPJMCOGVl9Zqd0djp+iQ+4QOnSLkXu2Ya6ypZ5assjUV/GvszJRAprpnfjrdCCechAozJGXHtmLlpkgoihkZF5xEkhjhAeqRjrYh4kS66fSSMTzQpAuDSOgXKjilPydSxKUccV93cqT6cr42gf/VOokKzt2UhnGiSIhni4KEQRXBSSywSwXBio20QVhQ/VeI+0ggrHR4BR2CPX/yX9M8Kdun5cpNpVS9yOLIgz2wDw6BDc5AFVyDOmgADB7AE3gBr8aj8Wy8Ge+z1pyRzeyCXzI+vgFvDZhL</latexit>

EDD⇤ ⌘mD +mD⇤

<latexit sha1_base64="OYkj90HsG3Oraq5j7o1rtGioixY=">AAACC3icbVDLSgMxFM3UV62vqks3oUWoi5YZKeqy6MZlhb6gU0smTdvQzCQkd4QydO/GX3HjQhG3/oA7/8b0sdDWA4HDOfdyc06gBDfgut9Oam19Y3MrvZ3Z2d3bP8geHjWMjDVldSqF1K2AGCZ4xOrAQbCW0oyEgWDNYHQz9ZsPTBsuoxqMFeuEZBDxPqcErNTN5nDNV1oqkLigfCrB7zEBBHfdIldn90nRm3SzebfkzoBXibcgebRAtZv98nuSxiGLgApiTNtzFXQSooFTwSYZPzZMEToiA9a2NCIhM51klmWCT63Sw32p7YsAz9TfGwkJjRmHgZ0MCQzNsjcV//PaMfSvOgmPVAwsovND/Vhgm3xaDO5xzSiIsSWEam7/iumQaELB1pexJXjLkVdJ47zkXZTKd+V85XpRRxqdoBwqIA9dogq6RVVURxQ9omf0it6cJ+fFeXc+5qMpZ7FzjP7A+fwBEyCZzg==</latexit>

T / (p cot �0 � ip)�1

Preliminary

𝑚$ ≈ 280 MeV

DD*

<latexit sha1_base64="u0W2wimTPLQDa8pz42tT6aHM+SU=">AAACDnicbVDLSsNAFJ34rPUVdekmWAqCNCRaWrsQSkVwI1SwD2hjmEyn7dDJg5mJUEL6A278FTcuFHHr2p1/46TNQlsPXDiccy/33uMElHBhGN/K0vLK6tp6ZiO7ubW9s6vu7Te5HzKEG8inPms7kGNKPNwQRFDcDhiGrkNxyxldJn7rATNOfO9OjANsuXDgkT5BUEjJVvNXdu2iUNEr99Hk5EwvxXY0KZR1M550XSiGzI1ucDO21ZyhG1Noi8RMSQ6kqNvqV7fno9DFnkAUct4xjUBYEWSCIIrjbDfkOIBoBAe4I6kHXcytaPpOrOWl0tP6PpPlCW2q/p6IoMv52HVkZ3Ijn/cS8T+vE4r+uRURLwgF9tBsUT+kmvC1JButRxhGgo4lgYgReauGhpBBJGSCWRmCOf/yImme6mZJL94Wc9VaGkcGHIIjcAxMUAZVcA3qoAEQeATP4BW8KU/Ki/KufMxal5R05gD8gfL5A6Osmqc=</latexit>

EB = �9.9 +3.6
�7.1 MeV

DD* sketch of expected behavior
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b̄bd̄u c̄cuud c̄cc̄c
Zb [Belle 2011]             Pc [LHCb 2015]             X(6900) [LHCb 2020]

challenging for ab-initio study 

due to many decay channels: 
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Q̄Qq̄q ! Q̄q + q̄Q, Q̄Q+ q̄q

Q̄Qqqq ! Q̄q +Qqq, Q̄Q+ qqq

quark spins correlated within         mesons                                                  diquarks    

Q q

Q q

Only partial conclusions are available 
from ab-initio approaches
[reviewed e.g. in S.P. 2001.01767]
I’ll discuss other approaches 
(also due to lack of time). 

GRRR!
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virtues:

- in line with most of exotics listed by Tamponi

- near thresholds 

- interaction depends on isospin

-

- prevents to quick

mesons exchanged (M): 

- P = 𝜋, . . L ∝ H 𝜕𝜋 𝛾! .𝐻
V = 𝜌, . .

not natural candidates for molecules:

bb𝑢𝑑 , X(6900)= ̅𝑐𝑐 ̅𝑐𝑐
albeit see: Baru, Guo, Hanhart et al:

2107.03946, 2009.07795 PRL
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-
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FIG. 2: Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the
Υ(1S) (a,b), Υ(2S) (c,d), and Υ(3S) (e,f) signal regions. The
hatched histogram shows the background component.

available phase space is significantly smaller and contri-
butions from the f0(980) and f2(1270) channels are not
well constrained. Since the fit to the Υ(3S)π+π− signal
is insensitive to the presence of these two components,
we fix their amplitudes at zero. Due to the very limited
phase space available in the Υ(5S) → Υ(3S)π+π− decay,
there is a significant overlap between the two processes
Υ(5S) → Z+

b π
− and Υ(5S) → Z−

b π
+.

Results of the fits to Υ(5S) → Υ(nS)π+π− signal
events are shown in Fig. 2, where one-dimensional pro-
jections of the data and fits are compared. Numerical
results are summarized in Table I, where the relative nor-
malization is defined as aZ2

/aZ1
and the relative phase

as δZ2
− δZ1

. The combined statistical significance of the
two peaks exceeds 10 σ for all tested models and for all
Υ(nS)π+π− channels.
The main source of systematic uncertainties in the

analysis of Υ(5S) → Υ(nS)π+π− channels is due to un-
certainties in the parameterization of the decay ampli-
tude. We fit the data with modifications of the nom-
inal model (described in Eq. 1). In particular, we vary
the M(π+π−) dependence of the non-resonant amplitude
Anr, include a D-wave component into Anr, include the
f0(600) state, etc. The variations in the extracted Zb

parameters determined from fits with modified models
are taken as estimates of the model uncertainties. Other
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FIG. 3: The (a) hb(1P ) and (b) hb(2P ) yields as a function
of Mmiss(π) (points with error bars) and results of the fit
(histogram).

major sources of systematic error include variation of the
reconstruction efficiency over the Dalitz plot and uncer-
tainty in the c.m. energy. Systematic effects associated
with uncertainties in the description of the combinato-
rial background are found to be negligible. The overall
systematic errors are quoted in Table I.

To study the resonant substructure of the Υ(5S) →
hb(mP )π+π− (m = 1, 2) decays we measure their yield
as a function of the hb(1P )π± invariant mass. The decays
are reconstructed inclusively using the missing mass of
the π+π− pair, Mmiss(π+π−). We fit the Mmiss(π+π−)
spectra in bins of hb(1P )π± invariant mass, defined as the
missing mass of the opposite sign pion, Mmiss(π∓). We
combine the Mmiss(π+π−) spectra for the corresponding
Mmiss(π+) and Mmiss(π−) bins and we use half of the
available Mmiss(π) range to avoid double counting.

Selection requirements and the Mmiss(π+π−) fit pro-
cedure are described in detail in Ref. [3]. We consider all
well reconstructed and positively identified π+π− pairs
in the event. Continuum e+e− → qq̄ (q = u, d, s)
background is suppressed by a requirement on the ra-
tio of the second to zeroth Fox-Wolfram moments R2 <
0.3 [13]. The fit function is a sum of peaking compo-
nents due to dipion transitions and combinatorial back-
ground. The positions of all peaking components are
fixed to the values measured in Ref. [3]. In the case of
the hb(1P ) the peaking components include signals from
Υ(5S) → hb(1P ) and Υ(5S) → Υ(2S) transitions, and
a reflection from the Υ(3S) → Υ(1S) transition, where
the Υ(3S) is produced inclusively or via initial state ra-
diation. Since the Υ(3S) → Υ(1S) reflection is not well
constrained by the fits, we determine its normalization
relative to the Υ(5S) → Υ(2S) signal from the exclu-
sive µ+µ−π+π− data for every Mmiss(π) bin. In case of
the hb(2P ) we use a smaller Mmiss(π+π−) range than
in Ref. [3], Mmiss(π+π−) < 10.34GeV/c2, to exclude
the region of the K0

S → π+π− reflection. The peak-
ing components include the Υ(5S) → hb(2P ) signal and
a Υ(2S) → Υ(1S) reflection. To constrain the normal-
ization of the Υ(2S) → Υ(1S) reflection we use exclu-
sive µ+µ−π+π− data normalized to the total yield of the
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contact interactions + 
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A survey of  molecules 

Dong, F.-K. Guo, Zou, 2101.01021, 2108.02673 
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(c̄q)(q̄c), (c̄q)(cqq), (q̄c)(q̄c), (q̄c)(cqq)

229 molecules                         124 molecules

• systematic spectrum based on a single-model

• exchange of  V mesons  

• exchange of P omitted: subdominant near th. L∝ H 𝜕𝜋 𝛾! )𝐻
• symmetries: ChPT, hidden local symmetry, heavy quark spin, SU(3)fl

• no coupled-channel effects, no mixing with cc

• can provide only qualitative features
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JPC

p = i |p|                          p = - i |p|               
<latexit sha1_base64="NTzC5xOdQnL3oD/HsLrFCb+e8DQ=">AAACF3icbZBNS8MwGMdTX+d8q3r0EhyCMCjtGOpBYcyLxwnuBbaupFm6hSVtTVJhlH0LL34VLx4U8ao3v43ZVkE3Hwj88/s/D8nz92NGpbLtL2NpeWV1bT23kd/c2t7ZNff2GzJKBCZ1HLFItHwkCaMhqSuqGGnFgiDuM9L0h1cTv3lPhKRReKtGMXE56oc0oBgpjTzTgtyrXnbknVAp95xuqRh3S+PiDyhl4EJ7RX31zIJt2dOCi8LJRAFkVfPMz04vwgknocIMSdl27Fi5KRKKYkbG+U4iSYzwEPVJW8sQcSLddLrXGB5r0oNBJPQJFZzS3xMp4lKOuK87OVIDOe9N4H9eO1HBuZvSME4UCfHsoSBhUEVwEhLsUUGwYiMtEBZU/xXiARIIKx1lXofgzK+8KBolyzm1yjflQqWaxZEDh+AInAAHnIEKuAY1UAcYPIAn8AJejUfj2Xgz3metS0Y2cwD+lPHxDVI1niU=</latexit>

mB =
q

m2
1 + p2 +

q
m2

2 + p2 < m1 +m2

q=u,d,s



Hadrons from diquarks
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<latexit sha1_base64="U/L3cdpsBm4XDMUwUmpYuWdiUXw=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUpQBYwVLIxFog+piSrnxmmtOg/ZDlIVZWThV1gYQIiVT2Djb3DTDNByJFtH59x7fX28hDOpLOvbqKysrq1vVDdrW9s7u3vm/kFXxqkA2oGYx6LvEUk5i2hHMcVpPxGUhB6nPW9yM/N7D1RIFkf3appQNySjiAUMiNLS0DzOnGJIJqifY+x4RGCY3xggx0OzbjWsAniZ2CWpoxLtofnl+DGkIY0UcCLlwLYS5WZEKAac5jUnlTQhMCEjOtA0IiGVblbskONTrfg4iIU+kcKF+rsjI6GU09DTlSFRY7nozcT/vEGqgis3Y1GSKhrB/KEg5VjFeJYK9pmgoPhUEwKC6V0xjIkgoHR2NR2CvfjlZdI9b9gXjeZds966LuOooiN0gs6QjS5RC92iNuogQI/oGb2iN+PJeDHejY95acUoew7RHxifP4A9mP4=</latexit>

c̄c̄cc

LHCb: 2006.16957

Giron, Lebed, 2008.01631 PRD X(6900) used to fix diquark mass

Bedolla, J. Ferretti, Roberts, Santopinto 1911.00960, EPJC

<latexit sha1_base64="vo3DQjI6yws9lauHYpev7pPMJWc=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQmqgLGChbGV6ENqospxblqrzqO2g1RFXVj4FRYGEGLlH9j4G9w0A7QcydbROfdeXx8v4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEQmcRdBSTHHoJgJI6HHoeKPbmd95ACFZHN2rSQJuSAYRCxglSkt98yRz8iGZAH+KHY8I3MzvcXM87ZsVq2rlwMvELkgFFWj0zS/Hj2kaQqQoJ1L2bCtRbkaEYpTDtOykEhJCR2QAPU0jEoJ0s3yBKT7Tio+DWOgTKZyrvzsyEko5CT1dGRI1lIveTPzP66UquHYzFiWpgojOHwpSjlWMZ5Fgnwmgik80IVQwvSumQyIIVTq4sg7BXvzyMmlfVO3Laq1Zq9RvijhK6BidonNkoytUR3eogVqIokf0jF7Rm/FkvBjvxse8dMUoeo7QHxifP1ZBmHg=</latexit>

Q̄q̄Qq many works by Jaffe, Maiani, Polosa, Riquer, Piccinini, 

Pilloni, Espositop, Lebed, Giron, Ferreti, Santopinto, ..   

Drawbacks: 

• independent of isospin: same spectra for I=0 and 1

• sizable width to

• ground state  JP= 0+  ( experimental states have JP= 1+ )

maybe 0+ is to broad to be observed

Partial solutions to all these aspects were proposed 

<latexit sha1_base64="jOpMnsi2GxDnqQAtOIfUhd3akzI=">AAAB+3icbZDNTgIxFIXv4B/i34hLN43EBDZkxhB1SXTjEhIBE5iQTulAQ6cztB0jmfAqblxojFtfxJ1vY4FZKHiSJl/OvTf39vgxZ0o7zreV29jc2t7J7xb29g8Oj+zjYltFiSS0RSIeyQcfK8qZoC3NNKcPsaQ49Dnt+OPbeb3zSKVikbjX05h6IR4KFjCCtbH6drHc87FEzWZlCZNJpW+XnKqzEFoHN4MSZGr07a/eICJJSIUmHCvVdZ1YeymWmhFOZ4VeomiMyRgPadegwCFVXrq4fYbOjTNAQSTNExot3N8TKQ6Vmoa+6QyxHqnV2tz8r9ZNdHDtpUzEiaaCLBcFCUc6QvMg0IBJSjSfGsBEMnMrIiMsMdEmroIJwV398jq0L6ruZbXWrJXqN1kceTiFMyiDC1dQhztoQAsIPMEzvMKbNbNerHfrY9mas7KZE/gj6/MHsJaS8A==</latexit>

(Q̄Q)(q̄q)

Lattice QCD: no indication for strongly stable                       [Hughes, Eichten, Davies, HPQCD, 1710.03236, PRD] 
<latexit sha1_base64="9jLbj86Rk6nOsVwN8kYiIAerXhc=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMlOqy6MZlBfuAdihJmmlDM5khyQh16Je4caGIWz/FnX9j2s5CWw9c7uGce8nNIYng2njet1PY2Nza3inulvb2Dw7L7tFxW8epoqxFYxGrLsGaCS5Zy3AjWDdRDEdEsA6Z3M79ziNTmsfywUwTFkR4JHnIKTZWGrjlPsEKEZI3NHArXtVbAK0TPycVyNEcuF/9YUzTiElDBda653uJCTKsDKeCzUr9VLME0wkesZ6lEkdMB9ni8Bk6t8oQhbGyJQ1aqL83MhxpPY2InYywGetVby7+5/VSE14HGZdJapiky4fCVCATo3kKaMgVo0ZMLcFUcXsromOsMDU2q5INwV/98jppX1b9erV2X6s0bvI4inAKZ3ABPlxBA+6gCS2gkMIzvMKb8+S8OO/Ox3K04OQ7J/AHzucPeSGSVA==</latexit>

b̄bb̄b

Explains several observed features. 



A puzzle comparing   Tcc and    X(3872)
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<latexit sha1_base64="7PZk8eeiycjwXBWoCjZLHdlvVuw=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSKIh7IrRT0W7cFjBfsB7bZk02wbmmSXJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19YzO3ld/e2d3bLxwcNnSUKELrJOKRagVYU84krRtmOG3FimIRcNoMRrdTv/lIlWaRfDDjmPoCDyQLGcHGSt1q1+0EWKFqNz13J71C0S25M6Bl4mWkCBlqvcJXpx+RRFBpCMdatz03Nn6KlWGE00m+k2gaYzLCA9q2VGJBtZ/Orp6gU6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dOTHjtp0zGiaGSzBeFCUcmQtMIUJ8pSgwfW4KJYvZWRIZYYWJsUHkbgrf48jJpXJS8y1L5vlys3GRx5OAYTuAMPLiCCtxBDepAQMEzvMKb8+S8OO/Ox7x1xclmjuAPnM8f9OiRhg==</latexit>

D0D̄⇤0
<latexit sha1_base64="Ipc4PBfpEA/nl5dRaoAcPevYVfw=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCmFXgnoMmoPHCOYhySbMTmaTITOzy8ysEJZ8hRcPinj1c7z5N04eB00saCiquunuCmLOtHHdbyezsrq2vpHdzG1t7+zu5fcP6jpKFKE1EvFINQOsKWeS1gwznDZjRbEIOG0Ew9uJ33iiSrNIPphRTH2B+5KFjGBjpcdKx6100rPzcTdfcIvuFGiZeHNSgDmq3fxXuxeRRFBpCMdatzw3Nn6KlWGE03GunWgaYzLEfdqyVGJBtZ9ODx6jE6v0UBgpW9Kgqfp7IsVC65EIbKfAZqAXvYn4n9dKTHjtp0zGiaGSzBaFCUcmQpPvUY8pSgwfWYKJYvZWRAZYYWJsRjkbgrf48jKpXxS9y2LpvlQo38zjyMIRHMMpeHAFZbiDKtSAgIBneIU3RzkvzrvzMWvNOPOZQ/gD5/MHkfyPng==</latexit>

D0D⇤+
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū
<latexit sha1_base64="dj7S3BMevs3hJteWm6kxqt7RqUY=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBVgipgrGBhLBJ9SG1UObdOa9VxUttBqqIu/AoLAwix8hls/A1umgFajmT5+Jx7dX2PH3OmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqiiRQBsQ8Ui2faIoZ4I2NNOctmNJSehz2vJHtzO/9UilYpF40JOYeiEZCBYwINpIPfuo6xOJYZxdYzjH8zf07LJTcTLgZeLmpIxy1Hv2V7cfQRJSoYETpTquE2svJVIz4HRa6iaKxgRGZEA7hgoSUuWl2QJTfGqUPg4iaY7QOFN/d6QkVGoS+qYyJHqoFr2Z+J/XSXRw7aVMxImmAuaDgoRjHeFZGrjPJAXNJ4YQkMz8FcOQSALaZFYyIbiLKy+T5kXFvaxU76vl2k0eRxEdoxN0hlx0hWroDtVRAwGaomf0it6sJ+vFerc+5qUFK+85RH9gff4ABPaVZw==</latexit>

c̄qq̄c, c̄c

Why both reside within 1 MeV of threshold in exp ? There are many differences ... 

Similarities:

• JP=1+ , I=0
• in molecular picture: attraction via light vector exchange [e.g.  Guo et al. 2101.01021, 2108.02673] 

Differences: 

• in molecular picture:  attraction from one-pion exchange for X(3872) [Tornquist 1994]

slight attraction from one-pion exchange for Tcc [eg. Du, Guo, Hanhart, 2110.13765]

• presence of Fock component  cc for X(3872) [e.g. Padmanath, Lang, SP 1503.03257, PRD]

• presence of Fock component [cc][ud] for Tcc



Glueballs   from QCD without sea-quark effects
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gluons

gluon

M
 [G

eV
]

2110.09180, EPJC

2007.06422, JHEP 

Bethe Salpeter eq. [Huber, Fischer, Alpuez 2021]

omitted to prevent glueballs from strong decay to mesons

JPC



Conclusions
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Compliments to experiments for GREAT results !!

Status on hadron spectrum from Lattice QCD  :

• strongly stable :  “straighforward, done”

• strongly decaying to  1    channel    “mostly done”

• 2-3  channels “challenging, some of  them studied”

• > 3  channels “very challenging, mostly unexplored” 

• Pc , Zc , Zb , X(6900),...  decay via many channels: reason why lattice has only partial conclusions on those

• R → H1 H2 H3 ”very difficult”  [formalism by Sharpe, Hansen, Briceno, Doring, Mai, Rusetsky, Lopez et. al]

a1 → 𝜋𝜋𝜋 [GWU, 2112.03355] , 𝜋𝜋𝜋 several groups , 𝐾𝐾𝐾 [GWU]

• why mu,d >mu,d
phy ? Smaller number of decay channels, smaller statistical errors on E and T(E)

Status on hadron spectrum from Bethe-Sapleter + Dyson-Schwinger equations :
strongly stable :  “mostly done”

strongly decaying   to  1    channel : “few resonances done over past few years”

> 2   channels: “not done yet”

Exotic hadrons: one picture can not explain all exotic hadron states; for each exotic hadron there is at least one viable picture

Theory predicts many conventional and exotic hadrons yet to be discovered 
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bottomonia
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Sigma resonance with Bethe-Salpeter approach
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pion

pion

[qq]

[qq]



Scalar D0
* resonance
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Puzzle:  why strange and non-strage scalars mesons almost degenerate 
m[D0

*(2300)] ≈ m[Ds0
*(2317)] 

Mass of the lowest scalar charmed resonance (it is broad due to decay to D𝜋 )

Mass from BW fit [PDG]

Mass from pole (lattice 2102.04973 , 1208.4059  and effective field theories) give lower value 
m=2.1-2.2 GeV. This makes D0* in more natural partner of Ds0

*(2317)

Comment on the D0* mass from the lattice simulation 2102.04973
The BW fit at real energies rendered m≈2.32 GeV, while the corresponding pole in the complex 
plan based on the same lattice data is at m ≈ 2.12  GeV.

It is not surprising that mass from BW fit and the pole differ so much in this case, since this 
resonance is broad and not very high above the threshold 
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<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū
<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+
[Padmanath, S.P., S. Collins, preliminary 2022] 

Ptot =0     Ptot =0            Ptot =1 2𝜋/𝐿

<latexit sha1_base64="kz2O9dCcz7+puRIpGhMmIguPMAQ=">AAACCXicbZDLSsNAFIYn9VbrLerSzdQiiEJJpKjLohVcVrAXaGKYTCft0JkkzkwKJXTrxldx40IRt76BO9/GaZuFVn8Y+PnOOZw5vx8zKpVlfRm5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xO6q0hEZJG4a0axcTlqBfSgGKkNPJMCOGVl9Zqd0djp+iQ+4QOnSLkXu2Ya6ypZ5assjUV/GvszJRAprpnfjrdCCechAozJGXHtmLlpkgoihkZF5xEkhjhAeqRjrYh4kS66fSSMTzQpAuDSOgXKjilPydSxKUccV93cqT6cr42gf/VOokKzt2UhnGiSIhni4KEQRXBSSywSwXBio20QVhQ/VeI+0ggrHR4BR2CPX/yX9M8Kdun5cpNpVS9yOLIgz2wDw6BDc5AFVyDOmgADB7AE3gBr8aj8Wy8Ge+z1pyRzeyCXzI+vgFvDZhL</latexit>

EDD⇤ ⌘mD +mD⇤

Lattice eigen-energies used in fit of T(E) using L=0,1: blue, green circles

Analytic energies based on extracted T(E): black circles

Non-interacting energies: black lines

Lattice energies not used in the fit of T(E): gray circles

Results for partial wave L=0

<latexit sha1_base64="+CLpXDf97lgeQXHyOy3VzlAZDDE=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0WoLkpSiroRinbhzgr2AU0Mk+mkHTp5MDMplJD/cOOvuHGhiCvBhX/jtA2irQcGzj3nXu7c40aMCmkYX1puaXlldS2/XtjY3Nre0Xf3WiKMOSZNHLKQd1wkCKMBaUoqGelEnCDfZaTtDq8mfntEuKBhcCfHEbF91A+oRzGSSnL0CoQwsTBi8Ca9sETsOxTWS9aIYBg5iUnT4/r9yU9dUTV09KJRNqaAi8TMSBFkaDj6h9ULceyTQGKGhOiaRiTtBHFJMSNpwYoFiRAeoj7pKhognwg7md6WwiOl9KAXcvUCCafq74kE+UKMfVd1+kgOxLw3Ef/zurH0zu2EBlEsSYBni7yYQRnCSVCwRznBko0VQZhT9VeIB4gjLFWcBRWCOX/yImlVyuZpuXpbLdYuszjy4AAcghIwwRmogWvQAE2AwQN4Ai/gVXvUnrU37X3WmtOymX3wB9rnN9/wnto=</latexit>

O =
X

i

D(~p1i)D
⇤(~p2i)

<latexit sha1_base64="OYkj90HsG3Oraq5j7o1rtGioixY=">AAACC3icbVDLSgMxFM3UV62vqks3oUWoi5YZKeqy6MZlhb6gU0smTdvQzCQkd4QydO/GX3HjQhG3/oA7/8b0sdDWA4HDOfdyc06gBDfgut9Oam19Y3MrvZ3Z2d3bP8geHjWMjDVldSqF1K2AGCZ4xOrAQbCW0oyEgWDNYHQz9ZsPTBsuoxqMFeuEZBDxPqcErNTN5nDNV1oqkLigfCrB7zEBBHfdIldn90nRm3SzebfkzoBXibcgebRAtZv98nuSxiGLgApiTNtzFXQSooFTwSYZPzZMEToiA9a2NCIhM51klmWCT63Sw32p7YsAz9TfGwkJjRmHgZ0MCQzNsjcV//PaMfSvOgmPVAwsovND/Vhgm3xaDO5xzSiIsSWEam7/iumQaELB1pexJXjLkVdJ47zkXZTKd+V85XpRRxqdoBwqIA9dogq6RVVURxQ9omf0it6cJ+fFeXc+5qMpZ7FzjP7A+fwBEyCZzg==</latexit>

T / (p cot �0 � ip)�1

<latexit sha1_base64="+0APprykB1OFLIcI8JrIfn16bYs="></latexit>

p cot �0 =
1

a0
+

1

2
r0p

2

a0 = 1.04± 0.29 fm , r0 = 0.96± 0.19 fm

EB = �9.9 +3.6
�7.1 MeV

Preliminary

CLS ens:  
<latexit sha1_base64="89mOsaPe6quPnVdAlHyHkXg7NEA=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVFWCKmBAqIKFsUj0IbUhchy3tWonke0gRVH4AxZ+hYUBhFgZ2fgb3DYDtBzpysfn3Cv7Hi9iVCrL+jYKC4tLyyvF1dLa+sbmlrm905JhLDBp4pCFouMhSRgNSFNRxUgnEgRxj5G2N7oa++17IiQNg1uVRMThaBDQPsVIack1DyF307jiZxf5eZdGwySrwAfuynNd0zt0zbJVtSaA88TOSRnkaLjmV88PccxJoDBDUnZtK1JOioSimJGs1IsliRAeoQHpahogTqSTThbK4IFWfNgPha5AwYn6eyJFXMqEe7qTIzWUs95Y/M/rxqp/5qQ0iGJFAjx9qB8zqEI4Tgf6VBCsWKIJwoLqv0I8RAJhpTMs6RDs2ZXnSeu4ap9Uaze1cv0yj6MI9sA+OAI2OAV1cA0aoAkweATP4BW8GU/Gi/FufExbC0Y+swv+wPj8AdPvnRw=</latexit>

mu,d > mphy
u,d , ms < mphy

s
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Th"ory pr"dictions

Tcc theory predictions (taken from Ivan Polyakov, EPS meeting)
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Tcc theory predictions (taken from Ivan Polyakov, EPS meeting)
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Charmonium resonances from lattice


