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Double-charm state 77
I=0 Jr=1"

Minimal quark content: ccud

1) — D°D7*
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T~ @ LHCb (Nature Phys. 18 (2022) 7, 751)

G 70: f —
% LHCh o2 I
= C S 25 4
= s Sa ' E
g F is 1k
S %, Hy\iim
B Iﬁl ??t: DODO7t sem B'Séev a7
30; ———  Background mpepors - [GeV/e ]i
- Total
20 ﬁ ,,,,, i o
B *ﬁﬂ ! M =
et AT TS Alif 1
3.é7 — 3.238 — 3.}539 - 3:,9
MpOpO+ [GOV/CQ}

dmpw = —273 £ 61 £ 571} keV Iy = 410 + 165 + 4375 keV/
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Simple Flatté fit (x2/Ny,s ~ 1)
VN :
A= — _
E — Ey + £[g(k1 + k2) + To]

Wn (V(E= B0+ 313 + (E-ED), B> B

iy (/B B+ 4T - (8- EW). E< B

=

th =0 = No compact component

Pole position:
Epole = (—347 —i31) keV

In neglect of D* width:

_ VE + A Xy — VEg
VEs+VER+ A VEp+VER+ A

For Ep = 347 keV and A =1.41 MeV: X; =0.7 X5 =0.3

Xy
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Pion exchange in [ = 0 DD* system

D*(p,¢) =—=—=—==—D(p))

: 2 - aVa-e"
i Vi) = () rom ST )

Long-range OPE

2 2
gC Mﬂ'
If; (2f7r> (—1 * q’> + [m72'r — (mp- — mD)z])

central

recsl Effective mass 2

@ Short-range OPE absorbed by (re-fitted) contact interaction
@ Perturbative long-range OPE as per

21,2
& _ 9elkzl
ast = 7Cf2” <1
(XEFT: Voloshin'2004,Fleming et al.’2007,...)
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Pion exchange in [ = 0 DD* system

D*(p,¢) =—=—=—==—D(p))

2fx

Long-range OPE

g\ pe
— (nj\ (_1+ 2 L2 - 21

Is pion exchange essential in 7.7

—

@ Short-range OPE absorbed by (re-fitted) contact interaction
@ Perturbative long-range OPE as per

21,2
& _ 9elkzl
ast = 7‘},2” <1
(XEFT: Voloshin'2004,Fleming et al.’2007,...)
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Comment on pion exchange in 7.}

e Physical 7.5 (m, < mp- —mp = p <0 & || < my):

— 3-body unitarity: ' +

I

= T.f spin partner at D* D* threshold

D-wave

Qr :ggqup/fg :gng(mD* _mD)/fz >1
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Comment on pion exchange in 7.}

e Physical 7.5 (m, < mp- —mp = p <0 & || < my):

1 \ 7

= 3-body unitarity: + i

I

= T.f spin partner at D* D* threshold

a7[T)-wave ~ ggqup/fz ~ gng(mD* — mD)/fz >1

o Lattice 7.5 (m!a' > ml3t — mlt = (plat)? > 0 & plat > m7prh):

= ar=g}l/f2~1

—> Left-hand cut in partial-wave amplitudes

2 "2 2

pn + (k+E) 4p

A Ve(k — k') ~log 20— — = = 1 1+ —
/ eV ) Ogu%—l-(k—k’)Q K=k=p ©8 +,u727
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EFT approach to 7./

Vs = VmpEg ~ 25 MeV A = 500 MeV
max Potential at LO

Pix = vV/mp ABaua = 100 MeV = OPE included

DPeoupl.ch. = \/mD(mD* —mp) ~ 500 MeV No couple channels
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EFT approach to 7]
78 = \/mpEg ~ 25 MeV A = 500 MeV
max \/7 Potential at LO
Peia = Vmp ALdata = 100 MeV = OPE included
Peowpicn. = V/mp(mp- —mp) ~ 500 MeV No couple channels

@ Lippmann-Schwinger equation for scattering amplitude (1 free parameter)
d3q
(2m)?

V(M,p,p") = vo + Vore

T(Mvpap/) = V(Mvpvpl) - / V(Mapv q)G(Ma Q)T(M’qap/)

@ Production amplitude (1 additional free parameter: P = point-like source)

3
UM, p) =P — / (;ZT’;’ST(M@ 9)G(M, )P
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EFT approach to 7./

v8 = vVmpEp ~ 25 MeV A =500 MeV
o Potential at LO
Paa = VMp AEdata = 100 MeV ~  OPE included
Peoupl.ch. = \/mD(mD* —mp) ~ 500 MeV No couple channels
4 )
@ Lippmann-S 3-b0dy effects: barameter)
T(Mv ! + \‘ ’/ T(Maqap/)
/
\_ J

@ Production amplitude (1 additional free parameter: P = point-like source)

3
UM, p) =P — / (;’ijM,p, 9)G(M, )P
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Fitting schemes, results, and conclusions
I' p«=const, OPE T'p«(p, M), OPE I'p«(p, M), OPE
x2/d.o.f. 0.79 0.74 0.71
vy [GeV~2] —23.3440.08 —22.8870:08 —5.0415-29
Pole [keV] —368T45 —i(37+£0) —3337355 —i(184+1) —356750 —i(28+1)

® 7DDt

30 i ------ Scheme I: §=0.79
--=- Scheme II: )‘f =0.74
—— Scheme III: x*=0.71

S *+ 0 *0 ‘\

D ~== D**D° DD *thr

~ 20 : . :

=2 S O T BW mass, @ (Quasi)bound state just below
ST T R 74\ Background; s+ 10

g A D** D" threshold

k)

(3]

el 10

@ Compositeness: 70% & 30%

3.873 3.874 3.875 3876 3877
Mpopog+ [GeV]
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Fitting schemes, results, and conclusions
I' p«=const, OPE T'p«(p, M), OPE I'p«(p, M), OPE

x?/d.o.f. 0.79 0.74 0.71
vy [GeV 2] —23.3440.08 —22.8870:08 —5.0415-29
Pole [keV —368T95 —i(37+£0) —3337T35 —i(18+1) —356733 —i(28+1
42 36 38
Breit-Wigner fit: —273 —i410 keV
30
Simple Flatté fit: —347 — i31 keV
E I, = DT DD the
S 20 o ;;iwr:::; @ (Quasi)bound state just below
g i D**+DO threshold
bl
@ Compositeness: 70% & 30%
3.873 3.874 57 CF TR T
Mpopor+ [GeV]
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Spin partner 7"

HQSS: V'=°(D*D* — D*D*,17) = V'=%(D*D — D*D,1%) = vy

T.5 at D*D threshold hints existence of 7" at D*D* threshold

Scheme I: S5t = —1.4 MeV
Scheme |l §5F = 1.1 MeV
Scheme |l §5F = —0.5 MeV

S+ __ ¥ *
where 0" = 1 —me —mg
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Spin partner T."

HQSS: VI=%D*D* —» D*D*,17) =VI=9(D*D — D*D,1") =

T.5 at D*D threshold hints existence of 7" at D*D* threshold

cc

Scheme |[: 62‘2‘ = —1.4 MeV

Scheme |l 8= 1.1 MeV

Scheme |l §5F = —0.5 MeV
where 07 = Mot — mi—mg

Disclaimer:
o Coupled-channel effects D* D-D* D* neglected
o Multi-body effects & OPE included not selfconsistently

Conclusion: TX" is likely to exist but no reliable prediction is possible yet
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Spin partner 7"

HQSS: VI=%(D*D* —» D*D*1M) =VI=9(D*D - D*D,17) =

-
T at LHCb CoIIab Nature Communlcatlons 13 3351 (2022)

£
i
405—HI
Disclai ZZ: WWM& A i
e C 3.88 3.9 3.92 3.94 3.96 3.98 4
o M MDD [G(?V/(:Q]

\_ _J
Conclusion: T*" is likely to exist but no reliable prediction is possible yet
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T.. in lattice QCD
@ “Signature of a Doubly Charm Tetraquark Pole in DD* Scattering on Lattice,”
M. Padmanath and S. Prelovsek,
Phys. Rev. Lett. 129, 032002 (2022)
S. Collins, A. Nefediev, M. Padmanath and S. Prelovsek
arXiv:2402.14715 [hep-lat], Phys. Rev. D, in press

my, = 280 MeV 5 points in m.

@ “T.1(3875) relevant DD* scattering from Ny = 2 lattice QCD,”
S. Chen, C. Shi, Y. Chen, M. Gong, Z. Liu, W. Sun and R. Zhang,
Phys. Lett. B 833, 137391 (2022)

my = 348 MeV

@ “Doubly Charmed Tetraquark 7. from Lattice QCD near Physical Point,”
Y. Lyu, S. Aoki, T. Doi, T. Hatsuda, Y. lkeda and J. Meng,
Phys. Rev. Lett. 131, 161901 (2023)

m, = 146 MeV HALQCD technique
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ERE analysis of lattice data for 7.

0.2+
a
Q
§ 0.1
o
S .
2 M

—— NL=24

.1 T : T .
—0.008 —0.004 0.000 0.004 0.008 0.012
(p/Epp~)?

(Padmanath & Prelovsek’'2022)

1 1
— =T YE)=pcotd —ip=—+ ~rop*> —ip
n ag 2
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ERE analysis of lattice data for 7.

0.2 _ '_
Virtual state with
Q
3.6
,_@ 0.1 Ep =9.912% MeV
=
’s)
) %j%}b
S o0 g _
a ’ —e— N;=32
—o— N;=24

.1 T : T .
—0.008 —0.004 0.000 0.004 0.008 0.012
(P/Epp+)?

(Padmanath & Prelovsek’'2022)

1 1
——T_I(E) =pcotd —ip=— + —rop2 —ip
n ag 2
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EFT analysis of lattice data for 7.

Lippmann—Schwinger equation

3
T(p.p; E) = V(p.5/) - / Tk Y (p. k)G EYT (ke E)

(2m)3

V(p,p') = [260 + 205 (p? +p’2)] + Vip,p)
g S-wave OPE

Contact interactions

Sketch of full potential Types of supported poles

V(r) Im(p)
— l

r Bound state
. Re
Virtual state w)
Resonance™ Resonance
[ [

X (6200) Conclusions
o]
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EFT analysis of lattice data for 7.

0.20 [ Two-body threshold| ' I
z - z
015: ERE t.;+5}’p ]
& | o] \
W 0.10f AN ]
o) f
3 0.05f ;
o [ ]
0.00} ]
' — 1
-0.05f ]
~0.005 0000 0005 0010
(P/Epp.)?

Lattice data: Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002
Theoretical curve: Du et al., Phys.Rev.Lett. 131 (2023), 131903
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EFT analysis of lattice data for 7.

0.20 [ Two-body threshold| '
015: ERE t.;+5}’p
8 1ol Eethmnde] \
1] .
< E
S 0.05f
o [
0.00}
i .
-0.05] )
LA . . . . . L . . . R T . T
-0.005 0.000 0.005 0.010
(p/Epps)?

Lattice data: Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002
Theoretical curve: Du et al., Phys.Rev.Lett. 131 (2023), 131903
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Lattice 7. pole dependence on m,

C

Im(p”) [MeV] Re(p?) MoV
. , , , e(p?) [Me

-60 &40 -20 _ 50 . 20 40 60
0 o i O%
~100

4 ¢ 1 \Q iy

3e* 2 3
4 %
]?t,. g ..‘.21*

-150
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Comment on lattice 7 pole dependence on m,

0 :_' —— | -I_

= 0.348 Ge\/ _____ -
s e - |
9 e :
= _10{""""cTT7T SR
@) :
% -15F __
-20¢} my, = 0.146 GeV __
E B

0.0 0.1 0.2 0.3 0.4

ptyp y GeV
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T.. pole motion across (m., m,) plane

e Filled circle — physical T,

@ Cross — starting lattice point

mi)h

@ Open circle — lattice T,
as shallow bound state
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Twins Z;,(10610) & Z;,(10650)
I[=1 JPC =1t
Minimal quark content: bbgq
1(10860) — 72 — x[BB™]

Y(10860) — 72" — w[xhy(1,2P)]
1(10860) — 72" — [xY(1,2,39)]

Conclusions
o]

17/36



T+

. Zy /Wy g o X (6200) Conclusions
ObOOOOOOOOOOO 0®00000 000000 00000000000 o]
Zy's (JFY =177) and W,;'s (JFC = J*T) in decays of T(10860)
M1
T(10860)
Z,(10650) o -~ LW Wi B*B*
. ™. . .
T e T T
v e v
T(nS), hy(mP) e Xot, Xot, Xi2
Z(10610).4 Wi BB*
——  e—
ey ™
v v
T(nS), hy(mP) Xb0s Xb1> Xb2
Wio BB
N
™
v
Xb1: Tl
- B B B _ B _
Z,(10610) ~ BB* ~ qu ® lgq ~ 1;, ®0z, + 0p, ® 1z,

! * % — — — _ _ _
Zj(10650) ~ BB ~1,@1; ~ 1, ®05, — 0, @1z,
(Bondar et al’2011,Voloshin'2011,...)
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Zy's (JFY =177) and W,;’s (JPC = J*1) in decays of T(10860)

Mi
-

= Constructive interference between Z, & Z; in 7Y channels
= Destructive interference between Z;, & Z] in wmh;, channels
= Relevant (HQSS breaking!) parameter r = (m.-—m.)/I', (rphys = 3)

= Br(nmhy)[rphys|/Br(mmY) [rpnys) ~ 1

Z,(10610) ~ BB*~ 05,®1; ~ 15 ®0g, + 05 ® 1o,

! * % — — — _ _ _
Zj(10650) ~ BB ~1,@1; ~ 1, ®05, — 0, @1z,
(Bondar et al’2011,Voloshin'2011,...)
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Zy's (JFY =177) and W,;’s (JPC = J*1) in decays of T(10860)

Mi
-

= Constructive interference between Z, & Z; in 7Y channels

= Destructive interference between Z;, & Z] in wmh;, channels

= Relevant (HQSS breaking!) parameter r = (m.-—m.)/I', (rphys = 3)
= Br(nmhy)[rphys|/Br(mmY) [rpnys) ~ 1

\ {
f A~1GeV )

Peouplch. = Vmp(mp« —mp) = 500 MeV = Potential at NLO

OPE included (D waves!)
\. J
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Zy’'s in EFT approach
B™ B* potential:
V = Vr(to order O(p°))

Coupled channels:

17 : BB*(3S1,-), B*B*(351)

0™+ : BB(!Sy), B*B*(1S))

17 BB*(38,+)

27 . B*B*(5S,)

Conclusions
o]
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Zy’'s in EFT approach
B™ B* potential:
V = Vr(to order O(p?))+Vi

Coupled channels:

17 : BB*(3Sy, — ) B*B*(3S) BB*(?’Dl,—),B*B*(?’Dl)

0"+ : BB('So), B*B*('Sy), B*B*(° Dy)

17 : BB*(3S1,4), BB*(®D1, +), B*B*(°Dy)

27 . B*B*(5S,), BB(* D), BB*(*D>),

B*B*('Dy), B*B*(°Ds), B"B*°G5)

Lippmann-Schwinger equation (a, 3,7 = (BB*, B*B*) @ (L = 0,L = 2)):

Top(M,p,p") = Vi (p, D) Z/

3 ow pa )G’Y(M7q)T’Yﬁ(M7q)p/)
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B™ B* pot

Coupled ch
1

—_—

| N}

Lippmann-$

Toc,B(M7pu

Zp /W g Zes X (6200)
0O00@000 000000 00000000000
4 )
Free parameters:
e Contact potentials (4)
e Couplings to hidden-bottom channels (5)
@ Overall normalisations (7)
e -7 interaction (6)
Total: 22
\_ J

Conclusions
o]
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B®™ B* pot

Coupled ch

[um— [} [—

| N}

Lippmann-§

Ta,@(M7pu

Zyp [ W g
0008000

X (6200)

Zecs
000000 00000000000

s

Free parameters:
e Contact potentials (4)

e Couplings to hidden-bottom channels (5)
@ Overall normalisations (7)

e 7-7 interaction (6)

Total: 22
Naive sum of BW's:

@ Masses (2 x 7 = 14)

e Widths (2 x 7 = 14)

@ Relative phases (7)

@ Overall normalisations (7)

e -7 interaction (?)

Total: > 42
J

\

Conclusions
o]
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Fitted line shapes for Z;’s
| (@) 3 | ) © s 3 Po@
50| ; 40| | 5 | | | |
I ‘ ‘ ; , | I
sl ‘ z | z | W £ ‘ i
Sa %] | L £, L3I L s
23 z [ z el g -
& I R £ oL g (s
£o b1 £ C L £ toy 1 27 :Jl‘:w
BRI H | o 1 S R I RN R F i
T Pt L | F \ | T ”Hx L ” [ P S s i
di, LIy o] : S
10.60 10.62 10.64 10.¢ 10.68 10.70 10.63 10.64 10.65 10.66 10.67 10.68 10.69 10.70 16.40 10.45 10.50 10.55 10.60 10.65 10.70 1055 10.60 10.65 10.70
M(BB")(GeV/c*) M(BB")(GeV/c?) M(hy(1P)m)(GeV/c?) M(hp(2P)m)(GeV/c?)
50
W Y(1s " ©
% w0 (1S) S 5% Y(@3S)
g 301 E’ 30 E 30
= g 40 2
S € 30 € 2
8 o g
0 } 0 it [
102 104 106 108 110 112 114 116 ?nx 110 112 114 116 1125 1130 1135 1140 1145 1150
M (Y(18)Mmax [GeVZ/e*] M (Y(28)Mmax [GeV/e*] M (Y(38)Mmax [GeV?/c]
0 25
~ (b) M3(x*77) > 0.2 GeV?/c* _ (@) M(z*77) > 0.14 GeV?/c* s ® M*(r*n) > 0.1 GeV2/c*
S w0 % 50 220
& & X
& 3 8 0 ’ ‘ 2 s
g B W |||m| g
< 20] = } | S 10
: 3 || “H ) \ B
q 0 o |
0.0 05 1.0 15 20 0.0 02 04 06 08 0.10 0.15 020 025

M2(x*77) [GeV?/c']

M2z 77) [GeV3/et]
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Predicted line shapes for 1, ;’s

§ 0+ 0+ 29 0 12 0
3 20
= 2
3 10 = 1]
2 =
D)
By 19
5 03
1 \— = o]
~
RS 0 e 06 06 030 1085 10660 T66s 10670 056 1058 e 1062 1061 0] 05 0T 0 106 06 10
M(BB) [GeV/c*] MBB) [GeV/c?] MOy, om @) [GeV/e] M, 15 ) [GeV/c’]
15
i ] -
1 3 1
10f =
S
=
05| S o]
5
~J
G A Y T T 0 TR T0RT 1067 06T 1087 105
M(BE) [GeV/c*] M, 1y 1) [GeV/e]
P P o+ o
4
i <15
= =
3 31 S 10]
g2 T &
s ) )
P < o3 P
5 = o
i
of °
o1 067 6T 06T 1065 105 1057 W6 06 e 106 0% 1067 TS 10650 10655 10660 10665 10670 [ T
M(BB) [GeV/c?] M(BB) [GeV/c?] MBEB) (GeV/c’] M(xs, 17 7) [GeVic?)
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Role of pions
20
o+t
z 15
£ o
515 E]
z =,
<
= =
=}
b 210
=10 ®
= <
= =
2 -
R 5
£ = os
2 05 = o
& S
= .
55 1 [ S
0 0.0 .
10.645 10.650 10.655 10.660 10.665 10.670 10.645 10.650 10.655 10.660
M(B*B") [GeV/c?) M(xs, 1) ™) [GeV/c?]

@ Blue dashed line — pionless theory
@ Black solid line — full theory with pions
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Strange Z.,(3982)
JEC =1+

Minimal quark content: ccsq

ete” = KT [D;D* + D D]

Conclusions
o]
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Expectations

@ Twin bottomonium-like Z;, states (I = 1, J¥¢ = 17-) as B®*) B* molecules

Z,(10610)  ~ BB* ~ 05 ®1; ~ ><(JW + 05, @17,
Z4y(10650)  ~ B*B* ~ 1o, @1; ~ 15 ©@07, — 0;, ® 17,

aqb bq qq ~ ~qq

@ Similar pattern in the spectrum of charmonium
Z.(3900) ~ DD*
Z!(4020) ~ D*D*

@ Flavour SU(3) for light quarks

= Accurate for couplings & potentials
— Explicit breaking via mg > m, 4
— Simple relation between potentials in I =1/2 and I =1 channels

24/36
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Expectations

@ Twin bottomonium-like Z; states (I =1, JP¢ = 17-) as B®*) B* molecules

Zy(10610)  ~  BB" ~ 05, ®1; ~ 15 @0z + 05 ® 1o,
Z}(10650) ~ B*B* ~ 1

o - @05, — 05, @1,

® 15(/ bb aq >~ qq

@ Similar pattern in the spectrum of charmonium

Z.(3900) ~ DD*
Z!(4020) ~ D*D*

@ Flavour SU(3) for light quarks

= Accurate for couplings & potentials
— Explicit breaking via mg > m, 4
= Simple relation between potentials in I = 1/2 and I =1 channels

Expect: Zys (/s 2 11.2 GeV) and Z. (1/s = 4.5 GeV) molecular states exist

24/36
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Z.s @ BES I (Phvs.Rev.Lett. 126 (2021) 10. 102001)

Events /(5.0 MeV/c?)

s - 4681 Gev —+— Data
30k (a) — Total fit
— — — Z.(3985)
20F | { - 5*1(2500)"0*"
-- non-Res.
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0000000
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000000

X (6200)
00000000000

1op #4% p, )
0 [ comb. BKG
4 4.05 4.1
20
s = 4.628 GeV (s = 4.641 GeV

s = 4.661 GeV
(d) {

s = 4.698 GeV

L

4.1 4 405 41
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Z.s @ BES I (Phvs.Rev.Lett. 126 (2021) 10. 102001)
40
(s = 4.681 GeV —t+— Data
30 (a) — Total fit
— —— Z,(3985)
20 - f?$2600fD“
—_ non-Res.
L 10 D, D¥
E 0 comb. BKG

Discovery of Z.,(3982)
M = 3982.5738 + 2.1 MeV

I =12.870% £ 3.0 MeV

T

4.1 4 4.05

RM(K*) (GeV/c?)
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Theoretical framework

e 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

= ———€Lint [
dm23 dm23 1’ corr

€ — efficiency, Lint — integrated luminosity, fcorr — radiative & vacuum polarisation correction
@ Maximum likelihood fit
n;
—2log L =2 E (,ui —n; +n;log >
- i
i
n; — number of events, u; — theoretical signal function

@ Combined fit of 5 distributions with 5 fitting parameters
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Fit results and different scenarios

s w0 w0 g o A aw
RMIKD) (GoV] v RMK) Gov]

Scenario 1 Scenario 2
Z.(3000) «—25 7 (4020) Z,(3900) ﬁ}&» Z,(4020)
SU3) SU@3) SU(3)
Z(3082) 2L 1 7,4(3982) no 7!,
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—s [ ] A LN o ol L

BES I1I: Chin. Phys. C 47, 033001 (2023)

efe” - KtD:~D*0 +cc.
RM(K") (GeV/c?) RM(K") (GeV/c?) .
& 1wl D,,(2536)° D, — Comb. BKG
;“ L --- NR -¢- Total data .
@ r — Total fit — 7% én
= r
: Z s i
k) (Go) é} i + + + )
2 A S
%‘“ - o 0*?\&1;“;&3"1“-‘---{\.4_.1:.—_— %
i : 4.12 4.14 4.16 418 v
T e RM(K") (GeV/c?) oo
\ Z
HQSS HQ&S
Z,(3900) Z,(4020) Z(3900) Z,(4020)
SU3) SU(3) SU(3)
HQSS
Z5(3982) e——————— 7/, Z.5(3982) no Z!,
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Double-J /1) spectrum
X (6200) vs X (6900)

[=0 JPC=0tr/2t"

Minimal quark content: cccc

Conclusions
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LHCb: nonresonant production
220 —m™m8m ™ ———————————F——————
D
200 LHCb —+ paa

180 — Totd fit
160 B ors

140 — NRSPS
120
100
80
60

T BRSO TS
e S os s o
35 AR b
RIS S
RO RIS

R
oy SO
KKK

20

Weighted candidates/ (28 MeV/c?)

200 7000 T 8000 9000
Miary (MeVIc?)

NRSPS=NonResonant Single Parton Scattering
DPS=Double Parton Scattering
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LHCb: conclusions from analvsis

o 20— v ~N

§ 200 Thus LHCb reports:

= 180

% 160 @ A narrow resonance-like

< 140 structure at 6.9 GeV

g 120

% 100 @ A broad structure just

g 80 above double-J /v

3 60 threshold

% 40

T 20 @ 50 deviation from

= nonresonant double-.J /v
200

production
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Choosing relevant channels

@ Restrict ourselves to thresholds in the range 6.2-7.2 GeV

Consider only S-wave channels

Compatible with light exchanges

o J/YJ/Y & XesXes (J =0,1)
Lowest exchange particle (w) is (relatively) heavy = suppression

o J/J/ o (28) /0, p(3TT0)T /b, . ..

Mediated by soft gluons (two pions) = no suppression

Retain only HQSS-allowed channels

o J/YJ/tb & hche

Heavy quark spin flip needed = suppressed by Aqcp/m. < 1 (HQSS)
o J/WJ/Y & ¥(25)J/¢,p(3770)J /¢

No c-quark spin flip needed = HQSS-allowed

32/36



Conclusions

T

X (6200)

Zes

5 000000 00008000000

0000000000000 0

All channels

LHCb data
LHCb

fit

<
5
2
3

'

i

i

i

]

g
) N
S 2
EY = 3
¥ ¥ o3
3> 3 3>
S = 5
'
i
'
i
'

“TTTT X0+ Xeo
=TT XettXet

—=== hg+he
—=—== @(2S)+h,

200

150

100

(;2/N3N 82)/s1uang

50

85

8.0

33/36



'I'tt Zy [ Wy g Zes X (6200) Conclusions
0000000000000 0000000 000000 00000800000 o]

Only S-wave channels (no J/¢he, ¥(25)hes XcoXe1)

200

@®  LHCb data
LHCb fit
JIiy+y(2S)
””” Xco+Xeo
————— JIy+y(3770)
""" Xet+Xet
————— he+he

100

Events/(28 MeV/c?)

75 80 85
Mi-yy(GeV)
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No heavy exchanges (no x.oxco, Xe1xe1)

200

%G @ LHCbdata
3 LHCb fit
=
@ w12 1IN Y TRl el 4 T Jly+y(28)
2 1 oA N Meel o Teo™™ell]l ¢ | = - JIy+p(3770)
5
a 0w eF o el | 9P lle| € 0 ----- he+he

50

0

6.5 7.0 75 8.0 85

Mi-yy(GeV)
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Only HQSS-allowed channels (no 7.h.)
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Conclusions
o]

200

8

LHCb data
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The models

Two-channel model (7 parameters)  Three-channel model (8 parameters)

TJ0T )0 & (28) J) T, $(28) J1b & $(3770)J /%
+ b k2 all a12 a’13
Voen(E) = (a1 c M s +Cb2k:§) Vsen(E) = | a12 az2  as3

a1z Q23 as3
Lippmann-Schwinger equation

T(E)=V(E)-1-GE)VE)]™
Production amplitude in J/4.J/v channel (channel 1):

My = ae™ 2 [b 4 G1(B)Tu1 (E) + Ga(E) T (B) + r5Gs ()T (B)|

Slope £ fixed to double-parton scattering (DPS): 8 = 0.0123 GeV 2

| 0 2ch model
"7 1 3ch model
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Fits & poles
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X (6200) vs X (6900)

@ Poles above the double-J /1) threshold (X (6900)) are badly determined
@ Pole near the double-J/% threshold (X (6200)) is robust

E3M = 620375 — 127} (RS_) or [6179,6194] (RS )
E3™[Fit 1] = 6163735 (RS144)
E3MFit 2] = 61897,5 (RS_4) or [6159,6194] (RS )

e Compositeness of X (6200) is large = hint for a molecule
—1
T(k) =~ —8m/s [ + rok2 - zk}

Xa= (142 ag) 2~ 1

Matuschek.et al. Eur.Phys.J. A57 (2021) 101
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Conclusions

@ Collider experiments at energies above open-flavour thresholds started
new era in hadronic physics = Many surprises from experiment

@ Many prominent candidates for hadronic molecules

o Lattice QCD = alternative source of information on exotic hadrons
@ Well established theoretical tools == reliable conclusions/predictions
e Upgraded/future experimental facilities = Quo vadis?

e Deuteron(90), X (20), Z(10), pentaquarks(9), di-J/v(3), T:L(2),...

to be continued
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Pole positions & Branching fractions

Extracted pole positions for Z,'s and Wy 's:

JPC  State Threshold Ep w.r.t. threshold, [MeV]

BB*

1= Z BB* (-2.34+0.5) —i(1.1 £0.1)

1=z B*B* (1.8 £2.0) —i(13.6 £ 3.1)
0tt W, BB (2.3 +£4.2) —i(16.0 + 2.6)
ot W/, B*B* (-=1.3+£0.4) —i(1.74£0.5)
1t W,  BB* (10.2 £ 2.5) — i(15.3 + 3.2)

2t Wy, B*B* (7.4 +£2.8) —i(9.9+2.2)

Predicted partial branching fractions for W, 's:

X (6
(e]e)

200)

| BB B*B*  xp(P)m  xeo(2P)m  xen(1P)m  xe1(2P)m  xp2(I1P)7m xp2(2P)7  mpo(18)m  meo(25)m
0¥ 1073 —_ 0.14 — —_ 0.05 0.06 — — 0.002 0.01
1+t — 0.76 — 0.03 0.06 0.02 0.04 0.04 0.05 — —
2+ 10.06 0.07 0.54 — — 0.03 0.06 0.09 0.16 — —
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Theoretical uncertainty estimate

20

4
—_ 15
= =
= N =
R 2 N
Q
5 )
< 505
0 10.61 10.62 10.63 10.64 ]‘().65 10.66 10.67 0 10.645 10.650 10.655 10.660 10.665 10.670
M(BB) [GeV/c?] M(B'B") [GeV/c?]
Red curve: complete LO
Black curve: (almost) complete NLO
- Peyp \ ™ P 500
t t
XO@Q) =Y an (B2)" = 6B = By, P = 1520 = 7.5 Mev
‘ A NLO vs LO A 1000
n=
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T(10860) — 7w T (nS) (n =1,2,3) decays
116 T T
Belle high-statistic data
100 T T T T T 120 T T L -
R (b) M (n'n)>0.14Gev7/c" ] 100 B .E
N N %
> % 80f B f112 - B
ol 1 4 :
3 g 1008
g o E 3 40 z 110
¥ a0 f 1 20k i
$ g =
8 2p | 8 nF B
) 0, 108 L L L
104 1045 105 1055 10.6 1065 107 10.7¢ 02 03 04 05 06 07 08 09 0.2 0.4 06 08
M(Y(25)7) ., (GeV/c?) M@'n), (Gev/c?) M ('), Gevi/ct

Pions (kaons) FSI is included via dispersive technique

m m \ -7 AN
i 7 - \ - T
| z /’Y s s -
P k27 / , X

’ Ty . / ! x s \
i s ) K I 1 / T
[ / i I
’ / / / |
1, ~ 1 i , h

A~ I

with all Im parts under theoretical control (real fitting parameters)
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T(10860) — 7w~ Y(nS) (n = 1,2,3) decays

@ No-FSI amplitude: left-hand cuts only, U — the full coupled-channel amplitude

1 1
Mno—FSl(ta U) = U(t) + U(U) = M()L + Mhigher = 5/ dz Mno—FSl(ta u) + Mhigher
—1

@ Amplitude with FSI: right-hand cut included, M{ restored dispersively from M{

M/“ g 20 L NT()a (s) Mg (s')

M = Mo
(s,t,u) no-Fsi(t, ) + - Y —

2
mﬂ_

1 [ T(s)o(s)Q(s) T(S):(T,,,HM TW,HKK>

_ !
Qo(s) = — ds y - T A
T Jam2 s — 5 —1ie KK—orr AKKSKEK
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T(10860) — 7w~ Y(nS) (n = 1,2,3) decays

@ Diminish dependence on the large-s tail of Omnés
= Two subtractions in dispersive integral

= Second order polynomial ¢; + c¢os added to amplitude

e ImM{ under control (including anomalous pieces)

— Real Subtl’action constants C1 and C2 [as opposed to Molnar et al'2019]

@ Low-energy nY scattering is described by chiral Lagrangian

= Matching ¢; and ¢y to chiral expansion
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T(10860) — 7 7~ Y(nS) (n =1,2,3) decays

@ Diminish dependence on the large-s tail of Omnés
= Two subtractions in dispersive integral

= Second order polynomial ¢; + c¢os added to amplitude

° ImM[{‘ under control (including anomalous pieces)

— Real Subtl’action constants C1 and C2 [as opposed to Molnar et al'2019]

@ Low-energy nY scattering is described by chiral Lagrangian

= Matching ¢; and ¢y to chiral expansion

3 real fitting parameters: ¢, c9, N
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X (6200)
(e]e)

Fit to data on Y(10860) — nt7n~Y(nS) (n =1,2,3)

b
ol © Y@3S) :,; 2 ) M*(r*n7) > 0.1 GeV2/c*

-
Ll
20| ‘| ; 10 } |
. iy 3o I |, ||
¢ 1125 IIJ.()H 1135 l'M.() JJIM.S 1150 0 0.10 0.15 0.20 ()4125

M (Y3S)m)man [GeV?/e]

M2zt 77) [GeVP/e']

@ Data dominated by Z;'s

@ No structures in M,
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Fit to data on Y(10860) — nt7n~Y(nS) (n =1,2,3)

Zes
e}

b
~ () M(x*7) > 0.1 GeV2/c*
~a0f © Y(3S) py
g g
&30 g
g g
< 2| < 10
S 10 5 s
A @
0 I} UMM o {
1125 113.0 1135 1140 1145 1150 0.10 0.15 0.20 0.25
M (Y3S)m)man [GeV?/e] M (') [GeV2/e']
60,
70) P 26
© —~ (@) M(x'7) > 0.14 GeV?/e
% 60, Y(2S) B30 |
% 50 3 40} ‘
8 H 2
2 40 \ ”| | | £ 30
S 3
S | “ S
5§ | i H
& W g
00% 110 T2 T4 Ti6 0.0 08

M (Y(2S)T)max [GeV2/e]

M3 77) [GeV/c']

X (6200)
(e]e)

Data dominated by Z;'s

No structures in M,

Additional structures in
both M?(7Y) and M?(n)
7w FSI captures gross
features
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Fit to data on Y(10860) — nt7n~Y(nS) (n =1,2,3)

2

© 5, ®) M*(*77) > 0.1 GeV/c* i ,
g® YGS) g @ Data dominated by Z;'s
) g 15 } } ” H
£ S @ No structures in M,

0 I} UMM o i {
112.5 113.0 1135 114.0 1145 1150 0.10 0.15 0.20 025
M (Y3S)m)man [GeV?/e] M) [GeVZ/e')

(d) M*(x*77) > 0.14 GeV?/c*

“ @ Additional structures in
both M?(7Y) and M?(n)
@ 7wm FSI captures gross

Events / (0.008 GeV*/c*)
" .

0 features
6 00 Y 0.8
M2(Y(28)T)max [GeV2/c'] M(r'a) [GeV3/e']
fso (a) Y(IS) 24: (b) M(x*77) > 0.2 GeV?/c* )
g H’ | £ @ Left shoulder in M?(7)
S 3 5 . ..
. 1l ”H ’H}HH\M | | £ @ Highly nontrivial M?(7r)
2oy ! “ || |~|| Y o 71 & KK FSl important
?()2 104 106 108 110 112 ll|4 116 ﬁ.(! 05 10 15 20
M2(Y(1S)m)max [GeV/c?] M2 77) [GeV2/et]
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Conclusions from Z;’s analysis

EFT approach provides good simultaneous description of all data

Parameters are extracted directly from data

Data are compatible with HQSS

@ Parameter-free predictions for spin partners are made

Effect from (long range) pion exchange is visible
60,

Puzzle of BB*-B*B* transitions: 50 @)
e Enhanced by pions

) B
=] =3

o Not supported by data (surprise!)

3 ll
o EFT is flexible to adapt | LH ’
it '_MI]

- 7 21

Arbitrary units

W
=)
—f——

S

=3

10.60 10.62 10.64 10.66 10.68 10.70
M(BB")(GeV/c?)
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Relevance of various contributions
Tree-level diagrams with Dy (J = 1,2) exchanges
800

. 400 .
3 S 600
= 300 =
7& = 400
é’l 200 g
g 100 §§ 200

0 0

3.95 4.00 4.05 410 4.15 3.95 4.00 4.05 410 415
mo3 [GeV] mp3 [GeV]
Triangle diagrams
_ 6 15
g g
o o 10
3 S s
g S
- = ‘ ‘ ‘ ‘
3.95 4.00 4.05 4.10 415
my3 [GeV] may [GeM)
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Results
Fit Ca, fm? Cy, fm? 9D.1/9D. 9/9p, N, 1022 —2logL
fitl | —0.514+0.02 0.18+£0.02 0.26£0.02 —-25+0.3 0.46=£0.05 138
fit 1’ | —0.244+0.05 —0.1+0.05 0.37+0.03 —2.8+£0.6 0.35+£0.04 144
fit 2 0.50 —1.04+£0.01 —-0.44+0.03 —-6.54+25 0.28+0.03 146
@ Scenario 1
JP©) State Threshold, MeV RS Poles fit 1 RS Poles fit 1/
1t Z.4(3982) | DyD*/D:D 3975.2/3977.0 | (+ + +) 3042 + 11 (--+) 393715,
17 Z.,(3982) | D,D*/D:D 3975.2/3977.0 | (— — +) 3971 +2 (——+) 3972 + 2
1t 7l D:D* 4119.1 (——+) 4115£2—(10£2)i | (++—) 4087110+ 0%
17 Z.(3900) | (DD*,—) 3871.7 (++) 3841 £ 11 (—+) 383272
17~ Z,(4020) D*D* 4013.7 (—+) 4009 +18—(9+2)i | (+-) 397571 +07 0%
@ Scenario 2
JP©) State Threshold, MeV RS Poles fit 2
1t Z.,(3982) | D,D*/D:D 3975.2/3977.0 | (+ + +) 3954 + 2
1 Z.,(3982) | D,D*/DD 3975.2/3977.0 | (— —+) 3959+ 7 — (47 = 16)i
1zl 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
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Values of the parameters found in the fits

X (6200)
[ Jeo}

Parameters of the two-channel model ([a;]=GeV~2, [b;]=GeV~*, [¢]=GeV~2)

a1 ao I by by
02108 —42+07 2947035 —1.8702
Parameters of the three-channel model ([a;;]=GeV~2)

ail aiz

a3 a22 a23 as3
6.0722 103755 —0.2f1% 13t 26725 23719
7.8%35  16+4  09%3F 2672 —3f2  —25f30

[e%

~7.14+04 7075

(0%
70
250770
144757

b
3.3£04

b
—0.12%92

—0.7753

Each parameter with bar needs to be multiplied by H?zl v/2m;, where m;'s are

the involved charmonium masses

My = 3.0969 GeV 1y (55) = 3.6861 GeV
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Compositeness of X (6200)

11 !
T(k) = —8my/s P §r0k2 —ik+O(k")

X4 = (14 2Jro/ag|) /2

2-ch. fit 3-ch. fit1l 3-ch. fit 2

ap(fm) < —0.490r>0.48 —0.61702) < —0.600r>0.99
ro(fm) —2.1870-80 —0.061003 —0.0970:08

Xa 0.397023 0.9170:02 0.9570-04
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