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1. Charm semileptonic decay (1982)

• The charm quark mass is definitely larger than ΛQCD, the invariant 
mass of the hadronic final system is also >>ΛQCD, and we can use 
parton model + perturbative QCD to compute the semileptonic width 
and the energy spectrum of the emerging charged lepton.  

• While in Paris, Cabibbo and myself worked out the semileptonic rate 
of the charm quark  (1978) and later (with G. Corbo’) the electron 
energy spectrum. 

• After discovery of the b quark, with even a larger mass, we  thought 
our formulae for the energy lepton spectrum near the end point could 
be used  to determine the Cabibbo-Kobayashi-Maskawa matrix 
element Vub, not determined by the total rate (dominated by the  
transition). 

•   Paolo Franzini (then still in Cornell with CLEO) observed however 
that the lepton end point in b decay corresponds to small hadron 
masses and therefore non perturbative QCD corrections come in.

b → c
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Semileptonic decays of c vs. b quarks
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charm decay is dominated by 
inelastic, large mass, hadron 
configurations: perturbative QCD 
corrections are adequate.

beauty decay is dominated by 
small mass, hadron configurations: 
resummation of perturbative QCD 
corrections is required.

Charged lepton energy end point configurations in c and b decay
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QCD experts get in

• The two Guidos, Altarelli and Martinelli, came in, with the crucial resummation 
of the perturbative terms and the result provided a valuable (and much used) tool 
in the estimate of Vub from inclusive rates: 

•  The other side of the story:  
an alternative method is to obtain  Vub from exclusive rates provided by the lattice 
computation of the the form factor of B meson → light flavoured vector meson. 

6

 G. Altarelli, N. Cabibbo, G. Corbo, L. Maiani and G. Martinelli, Leptonic 
Decay of Heavy Flavors: A Theoretical Update, Nucl. Phys. B 208 (1982) 365.

Inclusive average: 
 

Lattice QCD:  
see: 
Ceccucci (CERN), Z. Ligeti (LBNL), Y. Sakai (KEK) 
CKM Quark-Mixing Matrix  (PdG 2021) 

|V | = (4.25 ± 0.12+0.15
−0.14 ± 0.23) × 10−3

|Vub | = (3.70 ± 0.10 ± 0.12) × 10−3
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2. Weak Interactions on the Lattice (1984)

• After Ken Wilson’s papers, early lattice QCD work was focussed on the calculation of 
the hadron spectrum. 

• Exceptional work was done in Italy, starting from   conception and realization of the 
APE supercomputer (N. Cabibbo, G.Parisi and coll.) 

• An example of the preparatory work done in Italy for hadron spectroscopy is:

7

Hadron spectroscopy in lattice QCD 

F Fucito, G Martinelli, C Omero, G Parisi, R Petronzio, F Rapuano 

Nuclear Physics B 210 (3), 407-421 (1982)

• Cabibbo, Martinelli and Petronz started a new turn in 1983: a lattice QCD 
calculation of mesonic matrix elements of four-quark operators  

Weak interactions on the lattice 

N Cabbibo, G Martinelli, R Petronzio Nuclear Physics B 244 (2), 381-391 (1984) 
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A long story, going back to the works of Ioffe & 
Shabalin, Low…the GIM Mechanism…
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• Ioffe and Shabalin 
• F. Low (1967-1968)

Λ2 ∼ m2
c ; jμ ⋅ jμ = (s̄γμ(1 − γ5)d)(s̄γμ(1 − γ5)d);

• GIM (1970)

• Gaillard & Lee (1974): Vacuum saturation

< K0 | (s̄γμ(1 − γ5)d)(s̄γμ(1 − γ5)d) | K̄0 > ∝ f 2
Km2

K
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What you have to put on the 
lattice…and CMP result
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Cabibbo, Martinelli, 
Petronzio (1983)

• The operator in the origin of coordinates 
• propagators from origin to anywhere

Shifman, Vainstein, 
Zhakarov, vacuum 
saturation in QCD 
(1976)

CMP:
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An exciting program for non-leptonic weak interactions
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Cabibbo, Martinelli, Petronzio (1983):

C. W. Bernard, T. Draper, A. Soni, H. D. Politzer and M. B. Wise, 
Chiral Perturbation Theory and the  Rule, UCLA/84/TEP/14, Calt 68-1211, (1984) 
R. C. Brower, G. Maturana, M. Belen Gavela and R. Gupta, 
Calculation of Weak Transitions in Lattice, Phys. Rev. Lett. 53 (1984), 1318

ΔI = 1/2

New groups got into the game

Now: a fully fledged 
industry

• Focus on chiral symmetry in lattice QCD: 
• It is broken on the lattice by the Wilson term.… 
• and so must it be…otherwise the singlet axial current in QCD could not be 

anomalous (  !!!) 
• but in the continuum limit chiral symmetry for non anomalous currents has to 

be recovered. This was shown by the Roma group:

π0 → γγ

M. Bochicchio, L. Maiani, G. Martinelli, G. C. Rossi and M. Testa, 
Chiral Symmetry on the Lattice with Wilson Fermions 
Nucl. Phys. B 262 (1985), 331

H. Nielsen, M. Nonomiya (1981)
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• During the 1980s, the decay constants of the pseudoscalar mesons,  have been 
successfully computed in Lattice QCD by the groups listed before, in particular by the Roma-Paris 
(Orsay)-Southampton group. 

• A large effort by us and by the UCLA group (C. Bernard, A. Soni and coll.) went to lattice 
calculations of  non-leptonic decay amplitudes with , following  

- the QCD renormalization group results (Lee and Gaillard, Altarelli and Maiani 1974)  
- the successive the penguin diagram analysis (Shifman, Vainstein and Zakharov)  
-  the chiral symmetry prescriptions in Bochicchio et al and:  

- use the LG and AM hamiltonian at lattice level;  
- work with  i.e. dynamical charm quarks to justify the use of LG-AM 

hamiltonian (renormalised at a momentum scale ; 
- let SVZ penguins develop non perturbatively by QCD interactions on the lattice:

π, K, D, Ds

K → π ΔI = 3/2, 1/2

a−1 > 2 GeV
μ > > mc

Pseudoscalar meson couplings and non-leptonics

11

L. Maiani, G. Martinelli, G. C. Rossi and 
M. Testa, Nucl. Phys. B 289 (1987), 505

“eye” (b) develops the penguin 
(c) is the counterterm to be added 
to obtain the physical penguin 
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• We obtined very encouraging results for  amplitude    

 

• to be compared with the experimental value of [expt: ] 

• Preliminary results have been presented at the Blois Conference on Lattice QCD

ΔI = 3/2, K+ → π+π0

< K |HW |π+π0 >
mK

= (7 ± 2) ⋅ 10−8

3.7 ⋅ 10−8

12

M. B. Gavela, L. Maiani, S. Petrarca, F. 
Rapuano, G. Martinelli, O. Pene, C. T. 
Sachrajda, Nucl. Phys. B 306 (1988) 677.

 non-leptonics (cont’d)

Lattice QCD Meeting 
Blois, 1987• However, high statistics is required for the 

non-perturbative subtractions needed to isolate 
the  amplitude  

• this made the calculation not possible with the 
then available computer power and we could 
not continue the program; 

• our UCLA competitors, as well, could not 
make progresses on  amplitudes for a 
long time.

ΔI = 1/2, K → π

ΔI = 1/2

M. B. Gavela, L. Maiani, S. Petrarca, G. Martinelli and O. Pene, 
First Results for the  Amplitude in K Decays, With Quenched 
Lattice QCD and Wilson Fermions, Phys. Lett. B 211 (1988), 139
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3. The pseudoscalar coupling of B mesons on the lattice (1991)
•  In the calculations of the 1980s, the value of the inverse lattice spacing ( ) was generally 

taken between 1-3 GeV. Thus, on these lattices, it was not possible to simulate hadrons 
containing the b-quark ( ). 

•  An interesting technique for the study of heavy-quark physics on the lattice was proposed by E. 
Eichten and B. Hill (Phys. Lett. B 234 (1990), 511): 

• expand the heavy-quark propagator in inverse powers of the quark mass and take the leading 
term, corresponding to propagation only along the time direction 

  

• coupling the static b to a fully dynamical light quark, it became possible to consider the local 
heavy-light axial current  in Lattice QCD. 

• To compute the  pseudoscalar coupling   from the correlation function  
, one has to isolate the one-particle intermediate state (i.e. the ground 

state B meson) and: 
 

• The first calculation of   in the static limit was done by the Roma-Southampton group (Allton, 
Sachrajda, Lubicz, Maiani and Martinelli)  on a lattice with  with the surprising 
result 

 

with  , contrary to expectation.

a−1

mb > a−1

Action = b†(i∂0 + gA0)b

A0 = b†(x)γ0γ5q(x)
fB

G(x) = < A0(x)A0(0) >

< 0 |A0 |B > = fBp0

fB
a−1 = 2 GeV

310 ± 25 ± 50 MeV

fB > fD

13
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 and fB , Mtop sin 2β

14

All went well 
Present world average, including some other 
measurements, is  

. CKM Quark-Mixing 
Matrix  (PdG 2021) 
Top quark was observed in 1994, 

sin 2β = 0.699 ± 0.017

Mtop = 173 GeV

• We realized soon a totally unexpected effect of the large value of   .  

• Combined with a high value of the top quark mass, above the lower limit then available 
(100 GeV), a large  had the effect to push the CP-violating asymmetry in  
decays to a much larger level than previously estimated. 

• We found that 
  would lead to values 

 

The lower bound to the asymmetry is, in this case, about a factor 5 larger than previously 
found, which corresponds to about a factor 25 reduction in the luminosity required for a 
given statistical error in the asymmetry measurement.  
….We wait eagerly for new data from Fermilab to tell us if the t-quark is below 130 GeV. 
or not.. 

fB

fB B → J/Ψ + KS

Mtop > 140 GeV and 200 GeV < fB < 300 MeV
sin(2β) = 0.6 − 0.8

M. Lusignoli, L. Maiani, G. Martinelli and L. Reina, Nucl. Phys. B 369 (1992) 139.
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…at present

15

• In QCD, one expects the asymptotic scaling law:    . for large quark mass. 

•  Setting:   , one would expect  

• A sizeable deviation was seen by Allton et al. and is confirmed in more recent estimates of 
 (see Table)….???…

fP MP = const

fP MP = A(1 −
C

MP
) C = 𝒪(ΛQCD) ∼ 0.25 GeV

fB vs fD
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Right Panel: Non-leptonic decays of Kaons,  Neutral meson mixing of  mesons (D meson and 
Kaon mixing  not shown in the figure).  
Lattice QCD computed also  some long distance contributions to K and D neutral meson mixing and  
short distance contributions to   decays, not shown in the figure.

Bq

B → K(*)ℓ+ℓ−

Guido Martinelli. QCD and Supercomputers, in: Bruno Touscheck 100 YEARS, Roma, Frascati 2-4 December 2021; 
Luisa Bonolis, Luciano Maiani, Giulia Pancheri  Editors, Springer (2022)

Synthetic overview of the amplitudes most frequently computed for Weak Interaction Phenomenology
Left panel:    Leptonic, Semi-leptonic  and Radiative decays (also  for baryons and electromagnetic 
transitions not shown in the figure). 

Guido’ summary figure: Weak Interactions on the Lattice
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The virtues of heavy quarks 
(  ): 
• the inclusive decays are calculable deep 

inelastic processes; 
•  bound states involve short distance 

forces: a calculable spectrum of charmonia/
bottomonia; 

• inside hadrons,  pairs are not easily 
created or destroyed: a hadron decay into 

 indicates a valence 
 pair → heavy-quark counting is 

possible.

mQ > > ΛQCD

cc̄ or bb̄

cc̄ or bb̄

J/Ψ or Υ + …
cc̄ or bb̄

Thirty years later…. 
Unanticipated hadrons: what are they?

17
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No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, Multiquark 
Hadrons, Cambridge University Press (2019)

18
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Compact Diquark-Antidiquark
 L. Maiani, F. Piccinini, A. D. Polosa and 
V. Riquer, Phys. Rev. D 71 (2005) 014028; 
D 89 (2014) 114010.
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<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

QCD  
Forces1,8

<latexit sha1_base64="/96yD5f3N6hhkjZXRxk+WqAOjT8=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWFRIDKhKykDHChbGItGH1EaV4zqtVceJbAepRPkSFgYQYuVT2Pgb3DQDtBzp6h6dc698ffyYM6Ud59sqbWxube+Udyt7+weHVfvouKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3a78HuPVCoWiQc9j6kX4olgASNYG2lkV9OhHyA3u8x7MxvZNafu5EDrxC1IDQq0R/bXcByRJKRCE46VGrhOrL0US80Ip1llmCgaYzLDEzowVOCQKi/ND8/QuVHGKIikKaFRrv7eSHGo1Dz0zWSI9VStegvxP2+Q6KDppUzEiaaCLB8KEo50hBYpoDGTlGg+NwQTycytiEyxxESbrComBHf1y+uk26i7V/XGvVNr3RRxlOEUzuACXLiGFtxBGzpAIIFneIU368l6sd6tj+VoySp2TuAPrM8feemSTg==</latexit>

HadroCharmonium (1) 
Quarkonium Adjoint Meson (8) E. Braaten, C. Langmack and D. H. 

Smith,  Phys. Rev. D 90 (2014) 01404

S. Dubynskiy, S. and M. B.Voloshin, 
Phys. Lett. B 666,(2008) 344.

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

Nuclear  
Forces Hadron Molecule

F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)
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• Doubly heavy tetraquarks have been anticipated long ago 
•  seen by LHCb (2021) 

• The possibility has been raised that   be stable under strong 
and e.m. decays

𝒯+
c = ccūd̄

I = 0, JP = 1+, 𝒯−
bb = bbūd̄

Esposito, Papinutto, Pilloni, Polosa, 
Tantalo, Phys. Rev. D88, 054029 (2013) 

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001. E. J. Eichten and C. 
Quigg, PRL 119 (2017) 202002.;  S. Q. Luo et al. Eur. Phys. J. C  77 (2017) 709.

• extended calculations of  and  mass have been presented, in the Born-Oppenheimer 
approximation, analytical 

• A recent lattice QCD calculation shows a deeply bound 6 b-quarks dibaryon:  

𝒯cc 𝒯bb

[bb][bb][bb]
L. Maiani, A. D.Polosa and V. Riquer, Phys. Rev.  D100 (2019) 074002,

N. Mathur et al.  ArXiv:2205.02862 

• Projection of the lattice  
result over Dd (yellow) or BB (blue) 
gives a picture of  the space 
arrangement of light quarks at a 
given bb distance, R 

• Mainly  at the peak of the 
bb wave function ~0.2 fm. 

[bb][q̄q̄]

[bb]3̄[q̄q̄]3

Meson-Meson← B1B1 =

← Dd = [bb][q̄q̄]

P.Bicudo et al. Phys. Rev. 
D 103 (2021) 114506

Radiography of the double beauty tetraquark on lattice
Dd = [bb][q̄q̄]; BB = Meson − Meson
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Congratulations to Guido 
and 

Thank You !


