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Spectrum of bottomonium
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Spectrum of charmonium
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Expectations

@ Twin bottomonium-like Z,, states (I = 1, J”¢ = 17~) are B®*) B* molecules

Zb ™~ BB" ~ fl[’ ® lbq ~ 11)}) ();i + 0]}() ® 1‘17(1

Zy ~ BB~ 1,®1; ~ 1j @05, — 0, ®lg

@ For mg > Aqcep spin of heavy quark decouples (Heavy Quark Spin Symmetry)
= Just two LO contact potentials: C; & C;
= Prediction for spin partners W, ;'s with JF'¢ = J++ (J =0,1,2)
@ Anticipate similar pattern in the spectrum of charmonium
= Z.(3900) ~ DD*
— 7,(4020) ~ D*D*
@ Flavour SU(3) for light quarks

— Accurate for couplings & potentials
— Explicit breaking via ms > m,, q
= Simple relation between potentials: C; (I = 1/2) =Cy (I = 1)
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Expectations

@ Twin bottomonium-like Z,, states (I = 1, J”¢ = 17~) are B®*) B* molecules

Zb ~ BB* ~ 'Ib ® lbq ™~ lbb ();/ + ()I)l) ® 1(7‘1

Zy ~ BB~ 1,®1; ~ 1j @05, — 0, ®lg

@ For mg > Aqcep spin of heavy quark decouples (Heavy Quark Spin Symmetry)
= Just two LO contact potentials: C; & C;
= Prediction for spin partners W, ;'s with JF'¢ = J++ (J =0,1,2)
@ Anticipate similar pattern in the spectrum of charmonium
—> Z.(3900) ~ DD*
— 7,(4020) ~ D*D*
@ Flavour SU(3) for light quarks

— Accurate for couplings & potentials
— Explicit breaking via ms > m,, q
= Simple relation between potentials: C; (I = 1/2) =Cy (I = 1)

Expect Zps (/s 2 11.2 GeV) and Z.; (v/s 2 4.5 GeV) molecular states to exist
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BES |1l data (Phys.Rev.Lett. 126 (2021) 10, 102001)
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BES |1l data (Phys.Rev.Lett. 126 (2021) 10, 102001)
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Previous similar analysis

Yang et al. Phys.Rev. D 103 (2021), 074029 <= /s < 4.05 GeV

Kt~
.
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Yang et al. Phys.Rev. D 103 (2021), 074029 <= /s < 4.05 GeV
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Previous similar analysis

Yang et al. Phys.Rev. D 103 (2021), 074029 <« /s < 4.05 GeV
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Extracted poles demonstrate good agreement with observed states Z./Z,
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Motivation and starting point

Progress
e Full energy range /s < 4.15 GeV studied (D? D* threshold covered!)
e Coupled-channel dynamics (D D* included, v/mp d ~ 500 MeV)
e LO potential (no need to include O(k?) terms)
e Additional (resonance) production mechanisms
@ Search for additional local minima = alternative scenarios
e Reliable prediction for Z'_ partner near D*D* threshold

Still missing (not yet required by data)

@ n-exchanges
@ More profound renormalisation procedures
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Coupled-channel analysis
Assumption: ete™ — v* — Y (4660) — K (D*D, + DD})
Coupled-channel scheme: {1,2,3} = {D,D*, DD?, D*D*}
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Note: Z.s is a dynamical state (pole of T-matrix)
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Relevance of various contributions

Tree-level diagrams with Dy; (J = 1,2) exchanges
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Theoretical framework

o Effective Field Theory (EFT) approach = LO short-range potential
@ Heavy Quark Spin Symmetry (HQSS) = Multiplets of particles

e Flavour SU(3) = symmetric potential + explicit breaking via masses
@ Number-of-events distribution

dN do

= € Ling [
dm23 dm23 1mn corr

€ — efficiency, Lyt — integrated luminosity, fcorr — radiative & vacuum polarisation correction

@ Maximum likelihood fit

—210g£:2z (ui—ni—l—nilog/{rj)
. (2
1

n; — number of events, u; — theoretical signal function

e Combined fit of 5 distributions with 5 fitting parameters
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Two scenarios for 7., and 7.,

T=V-V.G-T = T=V-(1+G-V)!

Jo 00 Ca+ 5Cs 3Cr
G=| 0 Jy 0 V= ¢y Cq+ 5Cy

0 0 J ~5Cr 75Cs

o |Cr| < |Cal
det(1+G - V) ~ (CgJo + 1)*(CaJ + 1)
~0 ~ 0
o AC = Cy+Cy with |AC| < |Cq — Cy]

det(1+ G- V)~ (ACJy + 1) (Cd(Jo +Jg) + 1)
N’ N——’

Conclusions
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@ Scenario 1

Coupled-channel analysis

Pole positions

JP©) State Threshold, MeV RS Poles fit 1 RS Poles fit 1’
1% Z,4(3982) | DyD*/D:D 3975.2/3977.0 | (++ +) 3042 + 11 (——+) 393775,
17 Z.5(3982) | D,D*/D:D 3975.2/3977.0 | (— — +) 3071 +2 (--+) 3072 + 2
1T 7 DD 4119.1 (——+) 4115+£2—(10£2)i | (++—) 4087719 +07 3%
17~ Z.(3900) | (DD*,-) 3871.7 (++) 3841+ 11 (—4) 38327 %
177 Z,(4020) D*D* 4013.7 (—+) 4009+£18—(9+2)i | (+-) 3975715+ 0%
17 Wy (DD*,+) 3871.7 () 3864 + 2 (-) 3866 + 2
27t W D*D* 4013.7 (-) 4009 + 2 (-) 4011 +2
@ Scenario 2

JP©) State Threshold, MeV RS Poles fit 2

17 Z.,(3982) | D,D*/D:D 3975.2/3977.0 | (+ + +) 3954 + 2

v Z.5(3982) | DsD*/DiD 3975.2/3977.0 | (— —+) 3959 £ 7 — (47 £ 16)i

1+ Zl, D:D* 4119.1 No state/not spin partner

17— Z.(3900) | (DD*,-) 3871.7 (-+) 3864 +7 — (58 £ 13)i

17 Z.(4020) D*D* 4013.7 Not spin partner

177 Wa (DD*,+) 3871.7 (+) 3852+ 2

2FF We D*D* 4013.7 (+) 3990 + 2
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Total cross section of eTe™ — K(D; D* + D~ DY)
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Peaks at 4.64 and 4.69 GeV due to resonance production via Dg; and Dys
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Predictions for the e"e™ — K*D*"D* at /s = 4.681
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Conclusions

@ Recent BES Il data are consistent with molecular scenario for Z.,(3982)

@ Present data are not accurate enough to understand the nature of Z., (most
relevant pole, bound vs virtual)

@ Various mechanisms play important role for understanding data
e Production through D, ; (J = 1,2) intermediate mesons
e Triangle singularities
o Delicate interplay between short-range interactions
e SU(3) nonet exchanges (?) — to be studied
@ Data are consistent with two utterly different scenarios
e Scenario 1: Z.(3900), Z.(4020), Z.s(3982), Z., — spin partners

e Scenario 2: Z.(3900), Z.s(3982) — spin partners, but not Z(4020),
and no Z., exists

@ Precise data are strongly needed in D7 D*? + D*~D° and D?D* channels for
more robust consclusions on nature of Z_

@ Remains to be seen whether Z.4(3982) is related to structures observed by LHCb



Conclusions
Discussion

@ Experimental problems/pespectives

e Zys at Belle Il: any hope?

o Better data from BES IlI: when?

e Data in complimentary channels: any hope? When?

o What at all to expect from experiment in the near future???

o Any breakthrough from Super-c-7 factori(es), linear eTe™ colliders etc?
@ Theoretical problems/perspectives

o A simple quantitative (!) procedure to assess relevance of poles!

e Association of multiple poles on different RS's with a given state?

Interpretation of multiple local minima? Hard to search...

SU(3) exchanges (technical issue; most probably no impact)

NLO calculation (no way/need until better data arrive)

o Combined analysis of Z. and Z_.,7?

How to “sum” data sets of utterly different quality?
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