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JP€ = 17 and I ~ 1MeV established by LHCb (e.g. [JHEP,08(2020),123])

Quark model in the charmonium sector
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O xa(1P) well established, “very CQM model” state.
X(3872) discovered by Belle [PRL,91,262001(03)] (also 2003!)

Compact 4q

charmonium

Appropriate tool: Weinberg's compositeness
[Weinberg PR,137,B672('65)]
[MA, Nieves, EPJ,C82,724('22)]

X (2P) Not established. Influence of open thresholds? X(3872) a molecular state, 4q,...?

7./7.. states have | = 10r 1/2, clearly “tetraquarks” (ccud, ...)

Many theoretical and lattice and experimental works: can’t cite them properly here!
(many references in [PR,D106,094002('22)])
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Introduction Interactions X(3960) HQSS & SU(3) multiplets Z5(3985) and Z¢(3900) Conclusions
o L] o [e]e]e} 0000000 o

HQSS and flavour SU(3) LO lagrangian

o SU(3) light flavour symmetry: Heany Quark
Q) ~ (au,qd, qs) ~ (D°, D, D7) S

+ *
o Hass: HQ = zy (P50 — Ps)

(withv - 5@ = 0)

[Grinstein et al., NP,B380('92); Alfiky et al., PL,B640('06), ...]

o HH — HH LO lagrangian (S-wave contact interactions):
Lo = e O (MR ] (s 207+ 5232 52)
+ % Tr [H(Q)“Hff’)yms] Tr [H(Q)Cﬁgé)w”'ys] <FB 3268 + XL - Xcd) :
o Only 4 constants, any linear combination can be used

10F
COa

2
. C1a:FA_§F,§\7
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2
, Cp=Fs— =F).
1b B 38
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D:'Ds_ interaction and BT — D;"DS_ Kt decay i, bong, MA, Du, Guo, Nieves, PR,D106,094002('22)]

o Scattering amplitude: T='(E) = V' — G(E) [LHCb: 2210.15153, 2211.05034]
o V=4m g M 4T ‘[L‘}-K‘Zs‘en?i?ar‘(J‘uh‘/S‘th‘,Z‘OZ‘Z)‘] LI A
8 2 o .
o G(E): loop functions, once-subtracted DR, G(Et) = Ga (Etn) 3 o -
— .
o Simple production model: . T A AR A A
1 ‘ ‘ ‘ ‘
T3(E) = P+ PG(E)T(E) = P———— B LHCb data |
o(E) BTE =P 56 50 I .
dr 1 =,
o &= o Ta(E)P g H
dE — (27)3 4m3 z
S30
v |
gzo l{
10 {h {
Lot g,gﬂ {H‘}{fé g,;ﬂﬁi,
4.00 420 4.40  4.60 4.80
Mo+ p— [GeV]
S S
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D:'DS_ interaction and BT — D;"Ds_ Kt decay i, bong, MA, Du, Guo, Nieves, PR,D106,094002('22)]

o Scattering amplitude: T='(E) = V' — G(E) [LHCb: 2210.15153, 2211.05034]
o v = 4t Coot G — Jh“? e
S 2 [
. - 2 i
o G(E): loop functions, once-subtracted DR, G(Et) = Ga (Etn) 572@} iﬁ% H{i}iﬂ{#} #ﬁl #HM
o Simple production model: . \mf#\ I
1 — ‘
T5(E) =P+ PG(E)T(E) = P——— ! LHCbdata |
8(E) @16 =P e | ! |
ar 1 S
o — 7 2 |Ta(E)[? L
dE — (27)3 4m3 z
: . Sag
o Fit: two solutions (virtual or bound), in both: 2
Myx(s960) = 3928(3) MeV 220
— Myx(age0) = 8(3) MeV
10
O LHCb: M = 3956(5)(11) MeV, I = 43(13)(7) MeV
QO [Prelovsek et al., JHEP 06,035('20)]: Bound state B = 6. 2+2 © MeV WHL .00 4.20 4.40 _ 4.60 .0

m_ . _ [GeV]
(cf. also [Bayar, Feijoo, Oset, 2207.08490]) Dy D;

N = 0.5GeV A =1.0GeV N = 0.5GeV A =1.0GeV
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D:'DS_ interaction and BT — D;"Ds_ Kt decay i, bong, MA, Du, Guo, Nieves, PR,D106,094002('22)]

o Scattering amplitude: T='(E) = V' — G(E) [LHCb: 2210.15153, 2211.05034]
. th
5 W a és Coa -2|- Cia A ‘[L‘I-l(‘js‘envlrrar‘ (J\UH\/S\ \'2\02\2)\] T
- 2
o G(E): loop functions, once-subtracted DR, G(Et) = Ga (Etn) Eiggﬁ #ﬂ}% H{i}iﬂ{#} #ﬁl} #HM
o Simple production model: . \mf#\ I
1 - ‘
T5(E) =P+ PG(E)T(E) = P——— | LHCbdata |
5(E) ©16 =P—es o b o -
1
ar 1 S
0 T = b [T(E)P o1
dE — (27)3 4m3 z i
Sag !
o Fit: two solutions (virtual or bound), in both: R i
My(a9s0) = 3928(3) MeV 220 i
1

— Myx(age0) = 8(3) MeV
O LHCb: M = 3956(5)(11) MeV, I = 43(13)(7) MeV

S

o,
O [Prelovsek et al., JHEP 06,035('20)]: Bound state B = 6. 2+2 2 g MeV 4.00 4.20 4.4 [G v 4.60 4.80
m — e’
(cf. also [Bayar, Feijoo, Oset, 2207.08490]) DD,

N = 0.5GeV A =1.0GeV N = 0.5GeV A =1.0GeV
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Fixing constants

o Lagrangian £ with HQSS and light-flavour SU(3) symmetry has 4 constants (Coa, Cop, Cia, Cip)

o Some relations can be independently useful. Some examples:

@ X(3872) and X, + +
[MA, Guo, Hidalgo-Duque, Nieves, Pavén, EPJ,C75,547('15)]

ﬂxuam 1M=V)

(DD*; o(1™1)| T |pD*; o(1™+)) _ "
(D*D*; o(2**)| T |D*D*; 0(2*F)) J — Coa - Con o

4006 4007 4008 4009 4010 4011 4012 4013 4014 4015
Mygaon) (MeV)

Distribution

Q 7.7, Zs, 7
[Du, MA, Guo, Nieves, PR,D105,074018('22); see below]

L [TT T T T T T T T[T T T T T[T T T[T TiTT TTTT]
(DB*; 1(177)| T|DB*; 1(177)) 60 ; .
(DD*; 3(1%)| T D" (1)) s [l 5 il iz Zs
sD 5 3 sU 5 3 _ o I B
(D*D*; 1(177)| T [D*D*; 1(177)) = Ca = Co 2 4o - i 1& ﬁ'ﬁ N
* B > * [ !l ! B
<DsD;%(1+) TDsDi%(ﬁ» S 20l i i 3 2] .
= i i B

o:\\:\\‘\\\\‘\\\\‘\:\\\‘\\\\‘\\\‘\\\\:

3900 4000 4100 4200
M (MeV)
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Fixing all constants [Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)]

0 X(3960): fixes Cp_p. = (Coa + Cia) /2 (as previously seen)

Q 25(3900)1 fixes Ciz = Cig — Cyp,
o Assume virtual state M = 381377 MeV ([2201.08253; 1512.03638] from a fit to BESIII data)
. Cox = (Coa + Cop) /2
X(3872): fixes
(3872) { Cix = (Ca + Cip) /2
o Experimental information:
[LHCb, 2204.12597]  R}#%

oy = 0-29(4)
[LHCb, PR,D 102,092005('20)]

= [—150, 0] keV +— M;X

+0.00 +0.05
(3872) — = 3871.69 75 04 .13 MeV

exp
BX(3872)
o Theoretically: [0911.4407; 1210.5431; 1504.00861]

1 Cox + Cix  Cox — Cix —i
V=- T=(I-VG V.
2 ( Cox —Cx Cox+Cx /)~ ( )
R _ U, — U, & 1= (2mprmp—)Ga (Cox +Cix)  (2myomp«0) Gi (Cox — Cix)
KO =G 0 W (2mpimpe— )G (Cox — Cx) 1 — (2mpompe0) Gr (Cox + Cx)

0 SU(3) and HQSS breaking corrections (30%) are taken into account for the LECs

1,500 T rTrr1rHq 1,50FT T 800 FFTTTTTT I 1T 800 FTTTTTTTTTITT
1,000 [y | 600 1 600
400 | 400
500 | 500 A 1 200
0o
(0] 10
Cop (fm?) Cia (fm?) Cp (fm?)
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Predictions (complete multiplet): X(3960) as virtual

[Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002(’22)]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.

43 ‘ -
L e == Bound states |
42 DR === == Virtual states |
e p;p*
MDD - - s .
= P DD* - -
SRGOIEEREE D.D* /DD |
3 - |
€ [Emf-=—-------mmmmm==- ,
T 391 pep x@60) -
o - X(3872) B
Lo 2:(3900 i
" DD R /4 o) o
3.7 j t
36 t \ \ \ \ \ \ \ \ .

N X ></ X & ></ X <<

Q S N W\ Q N N N

& ¢ ¢ ¢ & &
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Predictions (complete multiplet): X(3960) as virtual

[Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002(’22)]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.

43 ‘ .
IF A == Bound states |
42| B0 — ~ Virtual states |
- B oot
AN DID - - - - g - — - b g
s 40f D*B* ——=- 15° - — - __ ]
zOF T N BB R = D;D* /DD |
) . §
Y ephy— -—-—-----—-—-—--+7 = .
T 391 pep x@60) =
2 - X(3872) g
B 2:(3900 1
" DD 2 (208 o
37 .
36 B ! ! ! ! ! ! ! ! .

X e s& 5 & N x g

Q N X % Q X N N

QOO
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Predictions (complete multiplet): X(3960) as bound

[Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002(’22)]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.

43 ‘ -
L e == Bound states |
42 DR === == Virtual states |
e p;p*
MDD - - s .
= P DD* - -
SRGOIEEREE D.D* /DD |
3 - |
€ [fmph-=—-------------=- ,
T 391 pep x@60) -
o - X(3872) B
Lo 2:(3900 i
" DD R /4 o) o
3.7 j t
36 t \ \ \ \ \ \ \ \ .

N X ></ X & ></ X <<

Q S N W\ Q N N N
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Predictions (complete multiplet): X(3960) as bound

[Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002(’22)]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.

43 ‘ .
IF A == Bound states |
42[ D505 — — ®m ~ Virtual states |
- B oot
MDD ---- o - - s i
= ED*D* ==~ & =—=- — - _ _
2" — @B R B = D;D* /DD |
) L 5F §
O U Fop; — B B B .
T 391 pep x@s0) |
2 - X(3872) g
B 2:(3900 1
" DD S Zc(3700) o
37 .
36 B ! ! ! ! ! ! ! ! .

X e s& 5 & N x g

Q N X % Q X N N
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A closer look into Z.(3900) and Z.5(3985) [Du, MA, Guo, Nieves, PR,D105,074018('22)]
o (DD*; 1(117)| T|DpD*; 1(1+7)) = (DsD*; 1(11)| T [DsD*; 3(11)) = Cia — Cip = Ciz
o Constant V and single channel: only virtual or bound states (pole condition V="' = G)

o Extension of the previous approach in two directions [MA, Guo, Hidalgo-Duque, Nieves, PL,B755,337('16)]:

=1 L [DD* — D*D], J/3pm
@ Coupled channels , \[ [ . ‘5 ] /v ) (also necessary forete™ — J/3pmm data)
=3 (% [DSD —D;B], /)

@ Energy dependence Ci; — Ci7 + b

o Production mechanism (includes triangle singularity!) for Y — D° D*— 7t

p°
D*_/D*O
D1 -
1 1

N
. o%/p~
S e Nt Moo+ . _+

™ ™
1 hs
Ex(s)—
AMDL_

2 2

+1(5)T22(s)

at )+ -
Dy 2

12 + 1(s)T22(s) +3[1+Gz(5)7’22(5)]
mp,
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A closer look into Z.(3900) and Z.5(3985) [Du, MA, Guo, Nieves, PR,D105,074018('22)]
o (DD*; 1(117)| T|DpD*; 1(1+7)) = (DsD*; 1(11)| T [DsD*; 3(11)) = Cia — Cip = Ciz

o Constant V and single channel: only virtual or bound states (pole condition V="' = G)

o Extension of the previous approach in two directions [MA, Guo, Hidalgo-Duque, Nieves, PL,B755,337('16)]:

— Eﬁ [DD* — D*D], /v 7r)

1 B R
2 [DB" — 0;B], JjwK)
s—th

I
@ Coupled channels { (also necessary forete™ — J/3pmm data)

1
I=3

@ Energy dependence C; — Ciz +b

o Production mechanism (includes triangle singularity!) for Y — J/¢ 7w+ 7=

= oot P
R 5%/pt 2 o 00/p— . e
-
-
AMVWWNVe— I/ % < ; * /p*0 _ * = /p*0
S. of/p;” \D ° 9/} & prm
~ = ~ e ~ 7r+
_ 3cos? 6 — 1
2 4 2 4 2 (42
[A1(s, D17 = [7(5)[*a% (s) + [7(8)|"az (8) + = [T6)7(O" + 7(9)" 7(t)]a (s)ax (t)

+ ;{lf’(snzsf,(s) +1T OPE O + [ 6T O + 'O O ]Ex ()Ex (D)}
() = V2U(s)T(s) + a  7'(s) = V2I(s)Tr(s) x (hs/hp)
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Fit to data [Du, MA, Guo, Nieves, PR,D105,074018('22)]

o Fitted data:

o J/apm™ distribution ineTe™ — J/spmt T [BESI, PRL119(17)]

o D°D*~ distribution in ete™ — D°D* ™ T [BESIILPR, D92(15)]

o ete” — (D*°D; + DD} ) K™ [BESIII, PRL126('21)]
o Some production/background/normalization constants are also fitted (not shown here)
o Four schemes:

o AorB:b = Oorfree

o lorll: hs = 0 or not (D- or S- and D-waves)

—0.222(6)
—0.177(4)
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Fit to data (scheme A) [Du, MA, Guo, Nieves, PR,D105,074018(22)]
— A ———— lA ———. IABckg. —-—-- - IIABckg. I BESIII Data
T B0p Ty A
L efem — y/wntn™ | F ete™ = y/pntr™ - ete™ — DD*r
A400j [W = 4.23 GeV] | 200 [W=4.26Gev] — [W = 4.26 GeV]
S - 15 = 1 =39
([ = 1 2 o 1 °
> 300/ - = 150l o4 =
e L 12 F 1 4
3200 | 2 100f S
c [ 1 <€ - B <
g | 18 | 1 &
fir} 100 ¥ o~ . i1} 50| E 10
/ | é | 1 |
d Nl g Y g u.f.ﬁiiﬁii"a“-.
3.40 3.60 3.80 4.00 3.40 3.60 3.80 4.00 3. 90 3.95 4.00 4.05 4.10
My [GeV] M= [GeV] mpop«— [GeV]
ete — (0*°p; +D%D} )
1 oy e e et ey e e
[W = 4.628 GeV] W = 4.641GeV] | [W = 4.661GeV] [W = 4.681GeV] [W = 4.698 GeV]
25

= N}
o o
Ll

w

Events /(5 MeV)
w3
TTTT T TIT T TTIT[TTT I 1177

398 4.00 4.07 3.98 400 402 398 400 402 398 400 4.07 598 400 4.00
RM(KT) [GeV] RM(K ™) [GeV] RM(KT) [GeV] RM(KT) [GeV] RM(K™) [GeV]
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Fit to data (scheme B) [Du, MA, Guo, Nieves, PR,D105,074018(22)]
—— B ———— B IBBckg. —-—-- IBBckg. |} BESIIData
CrTTTTTTy 20p Ty 4O
L efem — y/wntn™ | F ete™ = y/ntr™ ete— — pp*n |
A400j [W = 4.23GeV] | 200 [W=4.26Gev] — = W =4.26Gev] |
> | 1 = - B >

([ = 1 2 o 1 ° 1
> 300[- - = 1501 14 = :
v [ 1w TF 1 S4d n
3200 | 2 100f S ]
c [ 1 <€ - B < N
g r 18 | 1 2 ]l
© 100[ - % 5o = E -
4 B | |

0 A 0 it Y 0 ] ii y
3.40 3.60 3.80 4.00 3.40 3.60 3.80 4.00 390 3.95 4.00 4.05 4.10

My [GeV] M= [GeV] mpop«— [GeV]
ete — (0*°p; +D%D} )
30T T T T T T T T T I T E e L L
W = 4.628Gev] | [w =4.641GeV] | [W = 4.661GeV] W =4.681GeV] | [W = 4.698GeV]
25

[S)
o

[

w

Events /(5 MeV)
w3
TTTT T T I T TTIT[ITT I 17177

RM(KT) [GeV]

RM(KT) [GeV]

RM(K™) [GeV]

3.98 4.00 4.02 398 4.00 4.02 3.98 4.00 4.02 3.98 4.00 4.02

RM(K™) [GeV]

398 4.00 4.02
RM(K™) [GeV]
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Not possible to distinguish different scenarios in J/1)7 spectrum

ete™ — J/ymtn—
[W = 4.23GeV]

400 T T T T T T T T
—~ 300 —
>
[ - |
2 —_— IA
v - |
£ B | -——- A
a
g 200 8
@ -— 1B

_ }  Besipata
100f— —
TN T T T T T >
3.80 3.85 3.90 3.95 4.00

Ly

o The effect/peak produced by a virtual pole is always at threshold
o The peak of a resonance can be shifted from Re+/s;
o and in this case the effect is very close to threshold
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Introduction Interactions X(3960) HQSS & SU(3) multiplets Z5(3985) and Z¢(3900) Conclusions
o o o 000 0000000 )
%k 3k
Zés) and Zé ) poles [Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)]
" Z: [MeV] Zes [MeV] Z7 [MeV] 77 [MeV]
DiD* | a2(1) | —pags /2| Mass T/2| Mass [/2| Mass [/2
—2.5 (381372, vir [39207% vir. [39627% vir [40697Z vir.
IA D 122 g o q 115 q 17 .
—3.0 3812726 vir. 392475, vir 3967722 vir. 4078713 vir.
—2.5 [ 379977, vir | 39077% vir. | 394977 vir [40577% vir.
IIA| S+D +25 ; +1 : +22 : +19 :
—3.0 | 379877 vir 3915,  vir | 395577, vir | 40677,  vir
—2.5 | 389779 3775 | 399674 3775 | 40357 3778 | 41377, 367,
1B D +5 10 +5 49 14 +9 +5 +8
—3.0 | 3898%5 38119 | 3996"% 3577 | 403574 347% | 413675 337
el s | 25 390276 3877 | 400276 3877 [ 404275 3877 | 414475 37
+5 +9 +5 +8 +5 +8 +5 +8
—3.0 | 3902%5, 37 | 4000%5, 358 | 403975 3578 | 4140%, 331
(4.2)(527) 60 o i
; . M = 3881.2(4.2)(52.7) MeV ITHR - T s
© ZeeXpi oy 95.9(2.3)(18.0) MeV s Zs | o 1 & | Zes
s 40 e * gk
o Zoexp: M = 3982.5(2.6)(2.1) MeV S g i B
o &P /o = 6.4(2.6)(1.5) MeV S 20 i r
| | |
O [Yangetal., PR,D103('21)] (Zcs and distribution) i I 1
3900 4000 4100 4200
O [Ikeno, Molina, Oset, PL,B814('21)] (Z threshold effect) M (MeV)
O [JPAC, PL,B772('17)] Several possibilities for Z,

o Both schemes (IB and 11B)
o Including SU(3) breaking effects
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Z. and Z form a J°¢ = 17— octet

2 Z05(3985) 1
[ccds] [ccus]
7:(3900)° .
Z¢(3900) ~ 2¢(3900)
([cEdﬁ]) [ccud]
2:5(3985) z
[cest] [cesd]

[Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)]

03®3=8@1

o AZ2 has also been found by BESIII
[PRL,129,112003(22)]

o In the case of | = 0 one cannot make direct
identification (mixing vs. coupled channels)

Q [Talk by E. Santopinto, Thursday 4:30pm]
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Photoproduction of Z states would be beneficial... [JPAC, PR,D106,094009('22)]

, o A new method to confirm or discard these new
7v(a) v(a) Z(qa") XYZ states

o In principle, photoproduction is free of
i triangle-singularities that can give rise to
Yy~ (k) resonance-like effects

1
p(p) }Q o Different background, easier to pin down the
scattering amplitude part
[Talk by A. Hiller-Blin, Tuesday 4:30pm]

102 ETTT T T 7T T 1T T 1171713 102 ETTT T T T T T T[T 1113
= B LP.AC | —— z@oot 3 B LPAC 1 —— (3900~
oi | o ——— z,(10610) " i— A | T 2p(10610)™
© 10 | —— z(0e50)" & 10 F ———  7,(10650)~
N | | -
N B
T ———'yp—>Z+n T - __ 'yp—>Z_A++
= 10° a 100 | Sz atp
5 s
S B
—1 T TN T O —1 TR T / T |
10 5 10 15 20 10 5 10 15 20
Wop (GeV) Wop (GeV)
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Summary and conclusions

o We have considered DE:))DE:)) interactions with HQSS and SU(3) light-flavour
symmetry.

o The X(3960) structure in LHCb data on Bt — DD K* can be explained with a
bound or virtual state.

o The experimental information coming from X(3960), X(3872), and (a virtual)
Z:(3900) allows to fix the four constants appearing in the LO lagrangian.

o Predictions are made based on these constants for multiplet partners of these
states in other sectors

o Considering a generalization of the interactions, the BESIII data for the Z. and Zs
states can be well reproduced, being Z. and Z.; flavour partners within the same
octet
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X0(3915) and x»(3930)?

Reaction Collab. Ref.

o X ——i B9 s j/3pwk(+:9) BaBar  BaBar:2007vxr
o #—o—i B9 s j/4pwk:?) BaBar  BaBar:2010wfc

o . —e—i Yy = I pw Belle  Belle:2009and
o |'2,. o4 vy = J/pw BaBar BaBar:2012nxg

- ! - efe™ — ~vJ/Yw BESII  BESIII:2019qvy

—e—1 —e—i ete” — v/ Ppw BESIII  BESIII:2019qvy

- +-0-4 Bt — DD KT LHCb  LHCb:2020pxc

o e B" — DD K" LHCb  LHCb:2020pxc

—o—i1 —e—i ~~y — DD Belle  Belle:2005rte

e | —o—t vy — DD BaBar BaBar:2010jfn

° | - pp — DD + anything LHCb  LHCb:2019Inr

| A T ) T T Y Y |
3900 3920 3940 0O 20 40 60 80

M (MeV) I (MeV)
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Results: Fit
o Exp. resolution taken from LHCb (§ ~ 400 keV):

NeoolE) = / dE' Ruce (E,E') New(E')

o Check: pull of the data seems randomly

b 1 distributed.

3
2
= } [ Parameter A=10GeV A =0.5GeV |
g 9 H}ﬁm 1\} % Hrq + % p} } ?{ ) } Co(A) [fm?]  —0.7008(22)  —1.5417(121)
-2 ‘ Ci(A) [fm?] —0.440(79) —0.71(27)
70 ‘ o 0.228(108) 0.093(79)
; ! —~ 40 x2/dof 0.95 0.92
60 | 3 g
g = 30 o Good agreement (x?/dof = {0.92,0.95})
50 | S 20
i S
3

40 |

o Statistical uncertainties obtained by MC
bootstrap of the data

Nev/(0.5MeV)
8

Mpop0 .+ (GeV)
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Spectroscopy

o Bound state pole in T-matrix, det (1 — VG) = O:

~ 0.05 —
8i8j

£2— (Mg~ /2)

o Width: mpx —iFD*/2:> MT+ —iFT+/2

Ti(E) = 5 Ae oo

det [1 — VG]

o Pole position (wrt D** DO threshold):

A (GeV) 5MT§E (keV) rTSE (keV)
1.0 —357(29) 77(1)
0.5 —356(29) 78(1)

o Good agreement with LHCb determination:

(SM-,—F (keV) FT+ (keV)
[2109.01038] ~ —273(61)  410(165)
[2109.01056]  —360(40) 48(2)
o Our width is somewhat larger than the ~ 50 keV Myop0 .+ (GeV)
obtained by LHCb and [Feijoo et al., 2108.02730], [Ling et al.,
ZEBOT7T o Results similar to [LHcb, 2109.0156] (top) and
o [Duetal,211013765]: [+ depending on the model used. [Feijoo et al., 2108.02730; Du et al., 2110.13765] (bottom).
cc
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Molecular state?
2,2

O Weinberg compositeness [Weinberg, PR,137,8672(65)]: P =1 — Z =~ :_g = —g°G/(Es)
U]

O Weget Pputpo = 0.78(5)(2), Ppxop+ = 0.22(5)(2) — Pi=o = 1purely molecular state (model built-in!)

O Relation to ERE parameters a, r Q@ Single channel & isospin limit:
[Weinberg,PR,137,B672('65)]
| A (GeV) 0.5 1.0 |
g 2l E(ev)  833(67)  856(53)
Y82—2 ’ aj—o (fm) —5.57(25) —5.18(16)
1 Z r—o (fm) 0.63 1.26
r=———14...
Y 1—2Z
O Average values: app, = —5.38(30) fm, rpy = 0.95(32) fm, vg,p, = 40.4(1.7) MeV.
_2\\\\\\\\\\\\\\\ 27\\\\\\\\\\\\\\\7 L O o 3
Lo 1 e o/ R
= | . :L?.(Z) 1 = 9= 1 - 1112
— p =] oS 1 - -
‘é ¢ | e | :‘E B .. 1 E 2.0 —
S .- =k | rons. B S - ]
2 = =l o B Tl 1
I I no@ 10| -
-6 S B i B ]
(NI O A B N I T I VI (o Yo) I M W
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
4 z z

[ The values obtained clearly support a molecular picture for T:; ]
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Molecular state?
MZgZ

O Weinberg compositeness [Weinberg, PR,137,B672(65)]: P = 1 — Z ~ o —gZG'(EB)
Y8

O Weget Pputpo = 0.78(5)(2), Ppxop+ = 0.22(5)(2) — Pi=o = 1purely molecular state (model built-in!)

O Relation to ERE parameters a, r Q@ Single channel & isospin limit:
[Weinberg,PR,137,B672('65)] + [MA, Nieves,EPJ,C82,724('22)]
[ AlGev) 0.5 1.0 |
g 2127 (122N ‘.. Es (keV)  833(67) 856(53)
Yv82—1Z 2 — ’ ai—o (fm) —5.57(25) —5.18(16)
ri—o (fm) 0.63 1.26
r=————+4or+
Y 1—2Z
O Average values: app, = —5.38(30) fm, rpy = 0.95(32) fm, yp,, = 40.4(1.7) MeV. Minimum at r =~ rp, =~ 1fm
_2\\\\\\\\\\\\\\\ /2 e e 4.0 7 3
B anio(2, 6r) I ]
_ | :LO(Z) : 0 L _ E 2
R = B B E R
S - - | l ’;;i?’\ 5 B
= =l . Tl 1
== o= —— b= UTICIRN ]
-6 — i Lo (2, 8r) :
T T Y BT S I AV 0.0 7
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.2 03 0.4
4 z z

[ The values obtained clearly support a molecular picture for T:; ]
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HQSS partner

o Heavy-Quark Spin Symmetry (HQSS) predicts that heavy-meson interactions are independent of the
heavy-quark spin in the limit mq — oo.

o Relation between D*D* — D*D* and D*D — D*D amplitudes.

o The interaction kernels of the I(J?) D*D* systems are related to those of the D*D ones as:
(D*D*, o(1*) |V| D*D*, 0(1T)) = (D*D, 0(1T) |V| D*D, 0(17)) = Vo ,
(D*D*, 1(2%) |V| D*D*, 1(27)) = (D*D, 1(17) |V| D*D, 1(17)) = v4 .

o We predict the existence of Tz, a D*D* molecular state, HQSS partner of T.%, with a binding energy
(wrt the different D*D* thresholds) of 1.1-1.5 MeV.

6MT:C (keV)
Isoscalar solution Isovector solution
A=10GeV A=05GeV | A=10GeV A =0.5GeV
D*TD*F —1580(71) —1156(79)
D*TD*0 | —1561(71) —1148(79) —1561(71) —1148(79)
D*0p*0 —1543(71) —1140(79)

o Similar predictions are obtained in a later work [Dai et al., PR,D105,016029('22)]

o Previous works predicting D*D* states: [Molina et al., PR,D82,014010('10); Liu et al., PR,D99,094018(19)].
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