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X(3872): debates forever?
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One excellent observable

® [sospin-1 partners!
1 No, in charmonium model
0 Quark bound states, in compact tetraquark model L Maiani, F. Piccinini, A.D. Polosa, V. Riquer, PRD 71 (2005) 014028

» With isospin-independent quark interactions, isoscalar and isovector tetraquarks must
coexist

I = 1 multiplet: [cu [cd] \/_( |cu]|cu] — [cu [cd]) |cd][cu]

[ How about hadronic molecular model?

®] =1, JP¢ = 1** states will be called I/, following the notation by Voloshin M. Voloshin, PRD 84 (2011) 031502
cl



® No signal in the charged channel so far
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HQSS for hadronic molecules

® Heavy quark spin symmetry (HQSS)

» In the heavy quark limit, heavy quark spin decouples

» Good quantum number sy: light quark spin + orbital AM %& E, ~ Aqcp

e Consider S-wave interaction between a pair of sf = %_ (anti-)heavy mesons:
0t*: DD, D*D*

1+ %(DDH—D*D), D* D

1 %(DD*—D*D); 2 . D*b*

here, phase convention: D % +D, D* % — D



*HQSS for hadronic molecules

e For the HQSS consequences, convenient to use the basis of states: s7¢ ® sI°¢

= S-wave: sT¢ sDC¢ =07 or17—

) “cc

= multiplet with s;, = 0:

—+ —+ _ nt+ —+ —— __ 1+—
0L ® 0, =077, OL ®lez =1 Two parameters at LO
for each isospin!

= multiplet with s;, = 1:

1,7 @0 =1, 1,7 @17 =0"Te|11TT |2+t

e Multiplets in strict heavy quark limit:
= X (3872) has three partners with 071, 27+ and 11~

Hidalgo-Duque et al., PLB 727 (2013) 432; Baru et al., PLB 763 (2016) 20
= Zy, Z1 as B™*) B* molecules would imply 6 I = 1 hadronic molecules:
Zy[1T7), Z][11 7] and Wyo[0TT], W[, [0F ], Wi [1TF] and Wia[27T]

Bondar et al., PRD 84 (2011) 054010; Voloshin, PRD 84 (2011) 031502; Mehen, Powell, PRD 84 (2011) 114013



JPC = 1%+ sector

® For each isospin, only two low-energy constants (LECs) at LO for S-wave interactions of 6 meson pairs
® For the JP¢ = 1** sector, also two LECs at LO:

O/ =0:Cyyx

O/ =1:Ciy

® Two inputs from X (3872) properties :

» Mass > Neutral systems X and W2 : coupled
My = 3871_69j8:82j8:(1’§1\/[ev LHCb, PRD 102 (2020) 092005 channels
Mpo + My« = 3871.69(7) MeV  pDG 2024 v (DD%)y = (D°D*® — D°D*%) /2
» Isospin breaking in decays LHCb, PRD 108 (2023) L011103 v (DE*)+ = (D"’D*_ _ D_D*"')/\/Z
M x(3872)>] /1 p° » Charged systems WCJ{: single channel

Ry = ‘ = 0.29 + 0.04

Mx(3872)=] /e



Decays of X — J/YV

® In the hadronic molecular model, decays of X — J/¥p® and X — J /Y w contain both long-distance and

short-distance parts By = Mpo + Mp+o — Mx(3872)

Short-distance: momentum scale

Long-distance: momentum scale \/2uBy JZuCzmy —my)
D7 D* b J/
= = —-——— 0
D*0 D*- D* p°/w
® Factorization E. Braaten, M. Kusunoki, PRD 72 (2005) 014012; N. Li, S-L. Zhu, PRD 86 (2012) 074022
higher order
= 90 Go G yypw = 90 (= ik ) 900
9o Go Ipp*>j/yv = Yo 2 an 9o -] /Yv
\ J
q |
s.d.
Mipoisgpv)



Lippmann-Schwinger equation (LSE)

® Relation between the isospin breaking ratio and the ratio of couplings of X to (DD*), and (DD*) 4
DI DY
_ . MX(3872)—>]/¢p0
< + N Ry = M
So S X(3872)~]/Yw
D0 p°lw p= pY/w

® Couplings gy and g : residues of the (DD*), — (DD*)4 coupled-channel T matrix elements at the
X(3872) pole

® T matrix is given by the LSE:

9o — 9+
9o T 9+

=0.29 £ 0.04 =

12d]
T(E;p',p) =V(E;p',p) +fﬁV(E;p’,l)G(E: DT(E; L;p)

D D D* D D*
- l + ' T‘:,-’}/ t
3 D Dr D D* D D D

Potential: contact term (Cyyx, C1x) + one-pion exchange (OPE)
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Determination of LECs

Z-H. Zhang, T. Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. MeilSner, A. Rusetsky, arXiv:2404.11215
® D°D*% D*D*~ coupled channels: I = 0,1

O Interactions at leading order: two LECs (I = 0, 1) Cyx, C1x

O Two inputs from X (3872) properties
» Search for poles, compute residues

» Mass = real part of the X pole
» LECs (A = 0.6 GeV)

My = 3871.69+9:99+9.92MeV LHCb, PRD 102 (2020) 092005

~0.04—0.13
COX
Mpo + Mp+«o = 3871.69(7) MeV  pDG 2024 —035¢ —r
c . . -0.40¢F
» Isospin breaking in decays |, prp 108 (2023) 1011103 ~ o ———
M . 0 — £ _osol
Ry = |—XGE7D2I/%eT| _ 99 4 0.04 = |29 E
Mx(3872)=] /e 9o T 9+ —0:55¢
—0.60F T
= ratio of residues S I I N —
g+ 21( ) 0 40 BSO[k V]120 160 0 40 BSO[k V]120 160
R = — = |lim ' = 0.55 + 0.05 * *
=0 g E"‘BXJF% T11(E) -

Open-charm partial width of X(3872)

from the DD and DDy modes from
the D* decays
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Prediction of an isospin vector partner of X(3872)

Z-H. Zhang, T. Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. MeilSner, A. Rusetsky, arXiv:2404.11215
® There must be near-threshold isovector W, states

25F
O Virtual state pole in the stable D* limit — 20} T gi spove threshod
> W2 in DYD*Y single-channel scattering amplitude: % 12_
§ ———————————
pole on the 2" Riemann sheet (RS), ES e  R B,
812 MeV below D°D*~ threshold of

3866.917:% —i(0.07 + 0.01) MeV

].—‘V[/'C1 [MGV]
N

> Wcol in(DE*)o — (DE*)iscattering amplitudes: 1 1 T 1 1 T |
oole on the 4% RS (RS,_), 0 25 50 75 100 125 150 175

BX [keV]
1.370:8 MeV above D*D*~ threshold

Cutoff independence checked: pole positions

Wh: 3881.2%035 +i1.6%3:5 MeV

relative to thresholds changed within 5% for

A € [0.5,1.0] GeV
0 Must appear as threshold cusps!!!

0 Compact tetraquarks (maiani et al. (2005)) cannot be virtual states
as they do not feel the thresholds
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Why have they not been observed?

Z-H. Zhang, T. Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. MeilSner, A. Rusetsky, arXiv:2404.11215
® The observed X(3872) signals should contain the W3 contribution (but marginal) as well

® VY, lives in the same amplitudes as the X(3872), effects shielded by X

» W2 in D°D*® — D*D*~ scattering amplitudes ~ » W2 in D*¥D*? scattering amplitude: height much
lower than the X peak

| i I —— By=180keV
| X(3872) contribution | 1200 - -
10° | substracted !
: = 1000
| Input: By = 180 keV |
| I =
— 104 i i ~ 800
) i i =
& -i £ 600
1 0 3 il t‘/li\.\'\
------- ™o 400
i 200 |
102 I I 1 1 1 L 1 1
1 1 1 1l 1 _ _ _ —
IR — 20 —-15 -—10 5_E &knq 5 10 15 20
E [MeV] "
Threshold cusp! > should be searched for in high-StatiStiC]/lpT[iTl'O
peak or dip depends on processes data

X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001 12



Results in the pionless theory

® All the qualitative features in the pion-full theory persist in the much simpler pionless theory
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Confirmation from lattice QCD

AT

® The virtual state W,.; was confirmed in a very recent lattice QCD calculation with M, = 280 MeV

M. Sadl, S. Collins, Z.-H. Guo, M. Padmanath, S. Prelovsek, L.-W. Yan, arXiv:2406.09842 [hep-lat]

DD* scattering: C' = +

2.0q

5 0. DD scattering (J/¥p, neap excl.): C =+
T+, Ny = 24, D(0)D*(0) o T, Np=24, D(0)D*(0)
j T}, Ni = 32, D(0)D*(0) T}, N =32, D(0)D*(0)
1.5 \ T+, Ny =32, D(1)D*(1) £=0 185 T Np=32, D(1)D*(1) £=0 |
| A¥, Ny =24, D(0)D*(1) ‘ A}, Ny =24, D(0)D*(1)
- A}, Ny =32, D(0)D*(1) - ‘ Af, Np = 32, D(0)D*(1)
o o
£1.0; ‘ =1.01
O [ 3] | |
g /’/ g I‘ /
// 03] / |
=
—0.01 0.00 0.01 0.02 0.03 0.04 .01 0.00 0.01 0.02 0.03 0.04
(ka)® (ka)?
JPC  interpolators 1/ag[fm™'] 70 [fm] x?/Naot Amv [MeV] Amy = E&, —mp — mp-.
+1.16 +0.43 +3.0
Nep excl. 0541397 2237095 0.24 —2.81%°
. all 062130 178502 018 3.843¢
+1.42 +0.36 +6.7 . ..
J/pp, meao excl.  0.9675797 2.19Ty%5 015 —6.77755 | versus our prediction: —8¥3 MeV
@ Uncertainty is so large that it is unbounded from below.




Summary

® Robust prediction of an isovector partner of X(3872) in the hadronic molecular picture: W.1°

® Virtual state poles (poles on RSs not directly connected to physical region), thus threshold cusps
O confirmed in lattice QCD calculation by the group of Prelovsek

® |T| at the D*™D*~ and D°D*~ thresholds much smaller than that at the D°D*? threshold (dominated by
X(3872)), explaining why W, has not been seen

® HQSS partners in the heavy quark limit:
Or= 1»]PC — O++(Wc0):2++(Wc2)r 1+_(Zc)

® Search for threshold cusps in high-statistic data

O at D°D* threshold in J /Y ?: distinguishing hadronic molecular and compact tetraquark models
for X(3872)

Oat DTD* threshold in J /7™ : could be more difficult due to interference between peak and dip

Thank you for your attention!
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More about the W2, pole

AT
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Z-H. Zhang, FKG, arXiv:2407.0Xxxx; Pole evolution from V4: a;;6 > 1 & a,,6 € (0,1)

FKG, talk at STRONG2020 Hadron Spectroscopy toV1: a8 > 1& a8 > 1
- Y11 12
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