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_I\7I;ny hidden-charm thresholds above 4 GeV
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P Thresholds play an essential role
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Molecular line shapes at LO ik

. 1 bound state pole
® Scattering length approx.: p cotd = " + - k- ik
® Poles: bound (a<0) or virtual (a>0) state (k = 1/|al|) 0 Rek  FKG, et al., RMP 90 (2018) 015004;
. o thr. e <tate ool N. Brambilla et al., Phys.Rept. 873 (2020) 1
[ Bound and virtual state can hardly be distinguished virtual state pole line shapes w/ phase space;
above threshold (E > 0) one unstable constituent:
B || =L
NR +Kk +1v/2uFE k2 4+ 2uFE N - } ;2::; ::: ]quasl,i-bolundl
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O Different below threshold (E < 0)
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NREFT at LO for coupled channels

® Full threshold structure needs to be measured in a lower channel (ch-1) = coupled channels
® Consider a two-channel system, construct a “nonrelativistic” effective field theory (NREFT)

» Energy region around the higher threshold (ch-2), £,

> Expansion in powers of E =+/s — 2,

» Momentum in the lower channel can also be expanded

1 1 1 1 * a,,:single-ch. scattering
— ik, S— 5 —+ /—2uE — i€ — | h of ch
T(E) = 8nZ, 1 412 = _8”_2 a22 a2 ength of ch-2
1 1 1 1 S .
= LY ey det 1 L _i, | ° ai1:single-ch. interaction
a1z 22 12 d11 strength of ch-1 at X,
det (1 'k>(1+ 20,F — e .
et=|——1 — —2U,E —ie) — —-
a1 ! azz ? lez
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Effective scattering length with open-channel effects becomes complex, Im - <0
22, eff

1 1 aill . af%lkl

—1
| 8T 1 , B B B
LalB) = =5 [ TiVamRE O(E)] arett Gz @+ aRD)  alp(l+ oL kD)’

A22 eff




Distinct line shapes of the same pole

X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001
Line shapes of the same pole depend on the production mechanism. Consider production of particles in ch-1
® Dominated by ch-2 Q 7 ® Dominated by ch-1 N c =
OO0 Maximal at threshold for P} O One pole and one P Pf
positive Re(a;; eff) vef@ ] zero 1.6HB)——{———- 2p—05fm |
(attraction), FWHM oc 1 14} = O Universality for large = 1-4;‘ ....... sz;3_f;nfm
/U giz 7 scattering length: giz on Ton =08 fm |
> more pronounced 308 for large |a,,|, there :¢08
for heavier hadrons zosf | must be a dip around = oe}
and stronger 04f L threshold (zero close 504
interactions 0'2: == to threshold) oo R e |
O Peaking at pole for i alieE o 00 E1GeV] "
negative Re(a, efr) T,: o 1 azz — iy/21E

-1 . T{1
Az eff — Iy 2H2E H az_zl,eff — i/ 2UyE

Process-dependent line shapes known since long; see, e.g., ). Taylor, Scattering Theory

v’ Classification of near-threshold structures and pole trajectories for two heavy channels: Z-H.Zhang, FKG, PLB 863 (2025) 139387
5



Distinct line shapes of the same pole
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® Example-1: f,(980) — Mlizeoee

Tya| : 7x+ KK
4f| --- |Tn|:KK—KK

O T-matrix for wr and KK -5

coupled channels

with the T-matrix from
L.-Y. Dai, M. R. Pennington,
PRD 90 (2014) 036004 o
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(@ Example-2: direct production of X(3872) inete™ I = GKE — - Y R ¥
+_- 2
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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. MeiRRner, A. Rusetsky, JHEP 08 (2025) 130
® There must be an isospin vector partner W4 Teng Ji, X-K. Dong, FKG, C. Hanhart, U.-G. MeiRner, arXiv:2502.04458

[ Virtual state pole in the stable D* limit = explains why it has not observed so far!

» W3 in D°D*® — D*D*~ scattering amplitudes ~ » W2 in D*D*? scattering amplitude

i — T4 (E | |
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> to be searched for in high-statistic / /{7 " ° data
» Compact tetraquark (maiani et al. (2005)) cannot be virtual
state! 7



Classification of coupled-channel near-threshold structures
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Classification of coupled-channel near-threshold structures

V2:a;16 € (0,1),|a;5]6 > 1
. . Vl a 5 > 1’ a 5 > 1 --- pole-lonRS_, | e pole-2 on RS, _ 11 ) 4 12
Starting from RGE fixed = 4, — g plezonms o thresholds ] ‘ ————
point With tWO Ze ro_ 20k - thres‘holds‘ 1 - 2| ] 20k i - thres‘holds
. : : . % R D <, | . : : N
energy bound state: S 1sf ; T Iy - S1s} ; ; s
- E f " £ | | g
%1.0» } «E » oF oo 0.0 _<<_> VISV | @zl.o» | ‘ «@S
Two-channel cases (V): = | L I e e S o N i .
’ -20 -15 =10 -5 0 10 20 i i
i ReFE [MeV] : :
all > O 0.0 J ‘J :‘ 0.0~ i i I I

=20 -10 0 10 20 =20 -10 0 10 20 -20 -10 0 10 20 =20 -10 0 10 20

E[MeV] E [MeV] # E[MeV] £ [MeV]
--- pole-lonRS_, | e ' pole-2 on RS, _ -=-- pole-lonRS_, | = e : pole-2 on RS, _

— / 4} — pole-1on RS, —— thresholds 1 V 1 n Vz 4l —- pole-2onRS__ .+ == thresholds
Here’ 6 - 2/.12 A’ —.— Spole-1 on RS__ Wl l ——- Spole-1 on RS__ ;f
Spole: shadow pole 2t 1 2}
s et >
(5] (5]
2 of - e B 2 of -—---- >--mnnnnngaoaiy
S B S|
E ORISR | a | 2
-2+ 1 |a12|/ 12 b 05 ;
] B V4 5 V1 | L ol g V25 V3:
- . a; =5 fm —4r N N Zos v ap; =1fm
—40 -20 © ayp=1[0.9,5] fm -80 -40 0 -1 0 ;~..A,7a12€[5.0,0.9] fm
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0~ 5 /10 15 20
ReE [MeV] a BefIMeV] o
11 -
- /
i i T 1 ¥ ¥ H i R
16} i a1 =5 fm, a; = 0.9 fm ] i L - an=16m, a1 =09 fn
1af ——- thresholds ] 20k 7 < B ay =2 fm, a;,=0.7 fm |
: i ——- thpesholds
o 127 o o : /7 i o
B s : S 1.5¢ ! ‘ B
& 10 1& --- pole-lonRS_, | e pole-2 on RS, _ & : : &
= 8 1+ 4} — pole-1 on RS, . —— thresholds - i i -
) 5 ——- Spole-1 on RS_ _ T g 1.0t : : g
= 6F 1= E i i =
& & 2+ & i i &
= i i
4r 3 0.5F i i
E 0 P — L. v
2 S
ok . — . — & 0.0 Lss : i e
-20 -10 0 10 20 =20 -10 0 10 20 -2r -20 -1 0 10 20 =20 -10 0 10 20
E [MeV] E [MeV] s E [MeV] E [MeV]
A S V3 va |
. - X ay &{1,5] fm .
V4 a115 >> 1, |a12|6 E (0,1) -40 -30 afy =0.9 fm V3 a115 E 0,1 ) a12 5 E (0,1)
-20 -15 -10 -5 0 5 10 15 20
ReE [MeV]

Z-H. Zhang, FKG, PLB 863 (2025) 139387 : :
° (2025) Poles dual to those in the B cases, on opposite RSs.



Summary

® General rules for (near-)threshold structures

» S-wave attraction, more prominent for heavier particles and stronger attraction
» Pole behavior: distinct line shapes depending on reaction mechanism

» Universality: a dip (for large |a,5|) at the higher channel threshold in T4

® Zotero-INSPIRE: brings INSPIRE into your zotero, and more!

Thank you for your attention!

More interesting stuff
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i 2 N8 ’ volume spectra and the infinite-volume scattering {-matrix is given by

index n indicates the det [88cBns + 103 (1B +iMERg,e(D) ] =0, 23)

. *% H‘& . 7 the pattern Of Subduc where i and j label the scattering channels, p; = 2k;/Ecn is the phase-space factor for
o AENN:

channel i, k; denotes the the momentum in the centre of momentum frame, and ! ))

Waves, encoded in M the infinite-volume t-matrix for partial wave £. M(g?) is a matrix of known functions of
®
® Beta H& 8 From the table it is cl

is non-zero (this is a

5

Given an infinite-volume t-matrix, eq. (2.3) can be solved to find
spectrum, {E.n}. However, the reverse is in general an under-constra

- e ey mm g e —m e e . mmmm———  + e g - —

Having determined the finite-volume spectra, we relate these to infinite-volume scattering
amplitudes using the Liischer method [5, 6] and its extensions to movmg frames [7; 10,13,
51] and coupled-channels [16-18, 52]|. In this approach, the deps

[7] K. Rummukainen and S.A. Gottlieb, Resonance scattering phase

. shifts on a nonrest frame lattice, Nucl. Phys. B 450 (1995) 397 [hep-
finite volume is used as a tool but exponentially-suppressed corr {cs > onee tem TR TR TR Do obtow | T |2+ 4oty | Al
neglected — typically the leading such corrections fall off as e ™™ (1) c.h. kim, c.T. sachrajda and S.R. Sharpe, Finite-volume effects T | ati(atsh) | 4
for two-hadron states in moving frames, Nucl. Phys. B 727 (2005) T |3,(2747) | 3
have m L ~ 4 to 6, we can safely neglect these. 218 [hep-1at/0507006] [INSPIRE]. i |+ 3
— bd
3 3 . 2_‘"’ , [13] L. Leskovec and S. Prelovsek, Scattering phase shifts for two
For lattice rep A and overall momentum P = L d’ the re particles of different mass and non-zero total momentum in lattice A 0%, 4 ot 1, 2," 8!, 42
volume spectra and the infinite-volume scattering ¢-matrix is giy 9CD Phes. Rev.0 85 (2012) 114507 [arXiv:1202.2145] [NSPIRE]. E; 1,3 11,21, 82,42
/ : 1 a1 g1
[51] Z. Fu, Rummukainen-Gottlieb’s formula on two-particle system (0,0,n] Dics (Cas) | By |2 2,3,4
© Ik gy Vith difierent mass, Phys. Rev. D 85 (2012) 014506 (arXiv:1110.0319] By |2 24, 3 4
det [6,56“'6%/ +ip; t;; (6gg:6,mf + th'z;e,n,(q,-] [NSPIRE): A |4,(07) 1
A | 0%,2,4 0,13, 22,-8%:43
3 2 F . 1 ol 92 42
where ¢ and j label the scattering channels, p; = 2k;/Ecy, is the phase-space factor for [0,n,n]  Dicy (Cav) g’ : 2 i,' :1‘ 2,‘ :2
2 |1, 20, 3%
channel 7, k; denotes the the momentum in the centre of momentum frame, and t( ) re ¢ and ¢ are p: Ay |2,4,(07) 2!, 3!, 42
. A |0%,3 0', 1,2, 3% 47
Rummukainen-Gottlieb's formula on two-particle system with different mass ) is a matrix of known functlons Of B n’th subductlon [n,nyn] Dics (Csv) | B2 [1,2,4 11, 92, 32 43
Ziwen Fu A2 |3, (07) 34
Physical Review D - 2011 tctions in table 4
P —— Table 4. The pattern of subductions of pseud 1 doscalar partial-waves, £ < 4,
- i , A, wh he pseudoscalars I 1 D DK (fi
2 Scattering Amplitudes from Finite-Volume Spectra Having determined the finite-volume spectra, we relate these 1, 1S a ConsequenC( ‘,:'c'?;;g]l)\ }‘;c:cn)\‘] ; :l::‘numbcr of :::'Ic:cddings o;l::: [c,i tﬁ:m,;::,:d nis :;‘;:z:
to infinite-volume scattering amplitudes using the Liischer method [5, 6] and its extensions to moving frames [7,... LG(I;) is the double-cover little group and the corresponding single-cover little group r
A proposal by L\"uscher enables us to extract the elastic scattering phases from two-particle energy spectrum in a :lear that €VeIl al( only integer spin is given in parentheses. Also shown are the various J <4 or [A| <4t
cubic box using lattice simulations. Rummukainen and Gottlieb further extend it to the moving frame, which is i in each of ',h‘i relevant irreps. The JP \'n-l\lt‘-‘! and |A|? =0~ in ll&llcs are in lh'-’ "lmm!l“
n ¢ aJ+h . 9 . Al Al Al
devoted to the system of two identical particles. In this work, we generalize Rummukainen-Gottlieb's formula to the !

generic two-particle states where two particles are explicitly distinguishable, namely, the masses of the two
particles are different. Their relations with the elastic scattering phases of two-particle energy spectrum in the
continuum are obtained for both ${C}_{4v}$ and ${C}_{2v}$ symmetries. Our analytical results will be very helpful
for the study of some resonances, such as kappa, vector kaon, and so on.
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::r"_ I3 ] "-interaction=nonstopmode",
%Zf\z Backup and Sync Settings... { 12 "file-line-error”,
%% "name": "latexmkpdf", { "%DOCFILE%"
Restart to Update (1) "tools": ["latexmkpdf"] "name": "latexmkpdf", ]
= 1, "command": "latexmk", 1
{ "args": [ {
"name": "pdflatex", "-synctex=1", "name": "pdflatex",
settings "tools": ["pdflatex"] "-interaction=nonstopmode", "command": "pdflatex”,
1 "-halt-on-error", "args": [
User Workspace { "file-line-error", "-synctex=1",
"name": "xelatex", "-pdf", "-interaction=nonstopmode",
"tools": ["xelatex"] "%DOCFILE%" "-file-line-error",
% | Workbench > Settings: Apply To All Profiles (Applies to L ] "%DOCFILE%"
Configure settings to be applied for all profiles. { b ]
"name": "pdflatex -> bibtex -> pdflatex*2", { 1,
"tools": ["pdflatex", "bibtex", "pdflatex", "pdflatex"] "name": "latexmkxe", {
1 "command": "latexmk", "name": "bibtex",
{ "args": [ "command": "bibtex",
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Combined analysis of BESIII and LHCb data for X(3872)
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Implications of the existence of W {(3880) €D
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