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Spectrum of charmonium
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If not Q@ then what? Proposals...

e Tetraquark

O
< Qi

Compact object made of (Qq)3 and (GQ)3
o Hybrid g

O
Qi

Compact object made of (QQ)s + gluons

o Hadro-Quarkonium -

)
‘
&l

(QQ)1 surrounded by light quarks

e Hadronic Molecule

Extended object made of (Qq)1 and (qQ)1

Conclusions
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Hadronic molecules

Molecule = large probability to observe resonance in hadron-hadron channel

@ Proximity of open-flavour thresholds
— large admixture of meson-meson component

@ Bound state/virtual state/above-threshold resonance/CC pole
— dynamical problem

@ Binding forces origins
— different models

@ Free parameters fixing
—> combined analysis of exp. data in all channels
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Two-pion decays of Y(10860)

T(10860)
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Two-pion decays of Y(10860)

Belle 2011

’

_+*" Br[T(10860) — mrhy(mP)] ~ Br[T(10860) — 72T (nS)]
/// v \/

L Heavy quark spin flip No spin flip
L7
T(nS), hy(mP) . .
el Huge HQSS violation?!
m=12
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Near-threshold states in 7h;, channels (Belle 2012)
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Data consistent with two structures at BB* and B*B* thresholds
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Decays of T(10860)

" 12,(10650)) = 7[( o © 1g9) — (15, @ Ogg)]

| Z,(10610)) = \/—[(07 ®1g,) + (1 0 @ Oq_q)]

Bondar et al. 2011

Conclusions
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Spin partners W,; (J =0,1,2)

M A
T(10860)
T __-" . —, -7
Z,(10650) o -~ 7 BB
i T .7
m .-~ 1f Z and Z} are near-threshold
T(nS), hy(mP) s
s molecular states with JF¢ = 17—
Zy(10610) 4 ~ BB*
-t . .
o HQSS predicts existence of
v
T(nS), hy(mP)
Additional molecular states with JP¢ = j++ (J=0,1,2) BB
(Bondar et al. 2011, Voloshin 2011)
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W4s's in radiative decays

Xo1, Tl

Xb0s Xb1s Xb2

Predictions for Wy, ;'s
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Conclusions

Xb1s Xb2

A

9/21



Introduction Theoretical framework Data analysis for Z3's Predictions for Wy ;'s Conclusions

W4’s in radiative decays of Y (10860)

1 0 A
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Bad news: o = 3= penalty for I, production
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2, Good news: Huge statistics expected in future exps.
" "y
Y(nS), hy(mP) P X1, Xb2
Z,(10610)x~ Wy BE*
ﬂ'; ™ ;
T(nS), hy(mP) Xb0s Xo1s Xb2
BB
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W4’s in radiative decays of Y (10860)

Conclusions

Bad news: a = 7= \per/lalty for W, production 4
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W4’s in radiative decays of Y (10860)
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Bad news: o = == penalty for W;; production
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Building common EFT for Z;’s and W,;’s
e HQSS in potential = parameter Aqcp/my, < 1

@ Typical scale generated by coupled-channel dynamics
Piyp = /mpd ~ 500 MV § = mp- — mp ~ 45 MeV

is soft scale (hard scale A ~ 1 GeV) = parameter piy,/A < 1
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Building common EFT for Z;’s and W,;’s

HQSS in potential = parameter Aqcp/my, < 1

Typical scale generated by coupled-channel dynamics
Diyp = Vmpd ~ 500 MeV 0 = mp+ —mp ~ 45 MeV
is soft scale (hard scale A ~ 1 GeV) = parameter piy,/A < 1

Then

Pionic dynamics (no additional parameters!) is to be treated explicitly

D waves from OPE are important

Convergence of EFT has to be a special concern
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Building common EFT for Z;’s and W,;’s

HQSS in potential = parameter Aqcp/my, < 1

Typical scale generated by coupled-channel dynamics
Diyp = Vmpd ~ 500 MeV 0 = mp+ —mp ~ 45 MeV
is soft scale (hard scale A ~ 1 GeV) = parameter piy,/A < 1

Then

Pionic dynamics (no additional parameters!) is to be treated explicitly

D waves from OPE are important

Convergence of EFT has to be a special concern

o S-to-D O(p?) CT is promoted from NLO to LO
= improved renormalisability

o S-to-S O(p?) CT is included explicitly
= almost complete NLO [up to (small?) long-range two-pion exchange]
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Coupled-channel problem

Elastic potential:
Velcal = VCT(tO order O(po))
Coupled channels:
17~ : BB*(3S,,—-), B*B*(3S})
0tt: BB(ISO),B*B*(lSO)
1+ BB*(381,+)
27 . B*B*(°S)

Conclusions
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Coupled-channel problem

Elastic potential:
V-l = Vor(to order O(p?))+Vs
Coupled channels:
17~ BB*(®S1,-), B*B*(3S, ) BB*(3D1, —), B*B*(*Dy)
07" : BB(*Sy), B*B*(*So), B*B*(°Dy)
17t : BB*(3Sy,+), BB*(* Dy, +), B*B*(°Dy)
27 . B*B*(5S,), BB(*Dy), BB*(*D>),
B*B*(ng), B*B*(5D2), B*B*(5G2)

Lippmann-Schwinger equation (VT = Voo + s Velcinel-el):

Top(M,p,p') = Z/

3 oz'y pa )GW(M7q)T’Y/3(M7q)p/)
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Combined fit to the data for Z,’s
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o ’
Results and conclusions for Z,’s

Description of data is nearly perfect (x?/d.o.f = 0.83)

Parameters (LEC's and couplings) are extracted directly from data

@ Data are compatible with HQSS

Effect from (long range) pion exchange is visible

e BB*-B*B* transitions:

60,

e Enhanced by pions 5 (@)
e Not supported by data (surprise!) g4 1 l
=
=
e Tamed by S-to-D contact terms gz hlil
E T ‘ 1
< I L
0p 1 ;1][| l] I
o7 w_l
10.60 10.62 10.64 10.66 10.68 10.70
M(BB")(GeV/c?)
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Results and conclusions for Z,’s
@ Description of data is nearly perfect (x2/d.o.f = 0.83)
@ Parameters (LEC's and couplings) are extracted directly from data
@ Data are compatible with HQSS

Apply the same EFT to W), ;'s

e BB*-B*B* transitions:
60,
e Enhanced by pions : @)

w
=]

e Not supported by data (surprise!)

e Tamed by S-to-D contact terms
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Predicted line shapes for 1V,
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Predicted line shapes for 1W;;
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Predicted line shapes for W,
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Predicted relations between partial decay widths

Predicted partial branching fractions (not considered channels neglected):

JPC| BB BB* B'B* xw(1P)m  xw(@P)m xu(1P)7  xu(2P)m  xee(1P)m  x0(2P)7  meo(1S)m  meo(25)m

oft ] 073 — 0.14 — — 0.05 0.06 — — 0.002 0.01
1+ | — 076 —_ 0.03 0.06 0.02 0.04 0.04 0.05 —_ —_
2++ 1006 007 054 — 0.03 0.06 0.09 0.16 — —
Predicted ratios of partial widths:
1++ o+t o+t 70t - ) e
I’Bg*(g,sl) : FB*B*(552) : FBB(lso) : FB*B*(l,SO) ~15:12:5:1
2++ . 2++ . ot++ ~ . .
FBB(ng) : FBB*(SDQ) : FB*B*(lso) ~3:3:2
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Pole positions (mirror poles not shown)

JPC  State Threshold Ep w.r.t. threshold, [MeV] Residue at pole
1t~ Z, BB* (—23£05) —i(1.1£0.1) (~1.2+0.2) +i(0.3£0.2)
-z, BB (1.842.0) —i(13.6 £3.1)  (1.5+£0.2) — (0.6 £0.3)
0t Wy BB (2.3+4.2) —i(16.0 £2.6)  (1.7£0.6) —i(1.7£0.5)
ott Wy, B*B* (-1.34+0.4) —i(1.7£0.5) (—0.940.3) —i(0.340.2)
1t Wy, BB* (10.2+2.5) —i(15.3+£3.2)  (1.3+£0.2) —i(0.4+0.2)
ott Wy,  B*B (74+28) —i(9.9422)  (0.7+0.1) —i(0.3+0.1)
@ Relevant pole = pole with the shortest path to the physical region
@ Riemann sheet is fixed by combination of signs of Im(p) for all channels
@ Relevant pole can be bound state, virtual state, resonance
@ Virtual state enhances threshold cusp

Resonance distorts line shape above threshold (hump for nearby pole)

Conclusion: All Z,'s and W, ;'s are resonances
(without pions — virtual states)
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Role of pions
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@ Blue dashed line — prediction of the pionless theory
@ Black solid line — prediction of the full theory with pions
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Conclusions

EFT approach to near-threshold molecular states:

Compatible with constraints from unitarity, analiticity, HQSS
@ Incorporates all most relevant types of interactions and scales

@ Able to explain existing data on Z;(10610) and Z,(10650)

Suitable to predict in parameter-free way spin partners W
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Conclusions
Phenomenological approach based on molecular picture:

Conclusions
e Compatible with constraints from unitarity, analiticity, HQSS
‘Desperately wait for new data!

@ Nwuic w t}\lJldlll C)\IDLIIIS Udtid VIl L/b\lUULU} dliiu LJb\lUUUU}

@ Suitable to predict in parameter-free way spin partners Wz
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Conclusi

Phenomenological approach based on molecular picture:
@ Compatible with constraints from unitarity, analiticity, HQSS

‘Desperately wait for new datal
@ AUIC LU CAPIdIT SAISLIE Udld Ul 25| LUULU) diiu Zp| LUUDU)

@ Suitable to predict in parameter-free way spin partners Wz

Further theoretical developments needed:
@ Complete NLO — to improve theoretical accuracy

@ Pion FSI — to improve parameters extraction from data
@ Inclusion of w.f. compact component — to treat isoscalar molecules

Extension to SU(3) flavour group for light quarks — to predict
molecules with strange quark

@ Tests of accuracy of HQSS (especially in c-sector) — to better control

theoretical uncertainties
21/21



Theoretical uncertainty estimate
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