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The Thriving Hadron Spectrum: Challenges! Chances!!!
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Figure: Spectrum of charmonium(-like) states up to 2023.
Plot courtesy of Feng-Kun Guo.
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What are they?

Conventional hadrons

Exotic hadrons

hadronic molecule

glueball

Figure: Illustration of hadron structures. Plot courtesy of Feng-Kun Guo.

Low-energy QCD, non-perturbative.

Recent reviews: A. Esposito, et al. arXiv:1611.07920; F.-K. Guo, et al. arXiv:1705.00141; S. L. Olsen, et

al. arXiv:1708.04012; Y.-R. Liu, et al. arXiv:1903.11976; N. Brambilla, et al. arXiv:1907.07583; Hua-Xing Chen, et
al. arXiv:2204.02649. (Many others not listed here. Sorry!)
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Congratulations to the Great Achievements at the LHC
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Figure: 75 new hadrons at the LHC up to 2024-10-08.
https://www.nikhef .nl/~pkoppenb/hadrons/Masses.pdf
Plot courtesy of Patrick S. Koppenburg.
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What a Charming Scenery!

v -

Figure: Hlustration of exotic hadron experimental studies.
N. Hiisken, E. S. Norella and |. Polyakov, arXiv:2410.06923.
Figure courtesy of Ivan Polyakov.
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Let’s go to the superstar X(3872)

Figure: Illustration of exotic hadron experimental studies.
N. Hiisken, E. S. Norella and |. Polyakov, arXiv:2410.06923.
Figure courtesy of Ivan Polyakov.
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Profile of the Superstar X(3872)
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Belle, 2003

e “Born” in 2003 at Belle. Followed by many
other experiments.
Ore—of the most famous member in exotic
hadron community. Most studied. o
e Observed channels: J/¢p/w(2n/37), J/v,
¢(2S)’Y, XcJ(lP)ﬂ'O7 DOD*O(—) DODOWO/’}/). Soz
e Mass and width very different from ce.
e Mass, 3871.64 £ 0.06 MeV(PDG),
exactly at D°D* threshold. ™
e Tiny decay width, 1.19+0.21 MeV(PDG). .
e Breit-Wigner, well-known IMPROPER! os

e Flatté, LHCb, arXiv:2005.13419, BESIII, arXiv:2309.01502, .
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B (25 — 140i) keV (LHCb)
X™ 9 (0—190i) keV (BESIII)

Improved but NOT enough! %
e Call for more reliable parameterization. <
Unitarity and analyticity; Coupled channels; s

DDr 3-body effects; Production information. — ¢ seses es 7 7eretreTre
(a) sheet I: £y = 7.04 — 0.19i MeV

-0.3
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Parameterization of near-threshold lineshapes
Two channels, LO NREFT x k. Dong, et al. arxiv:2011.14517

e At leading order

1 . 1 -1
—— + ik L.
T(E) =8r%s [ ™1, a12 ,
+ -t/ 2uE—ic
a12 a22
_ 87132 312 +V—2u2E—ie ﬁ
det o Lk )
a2 ayl

with det = (1/a11 —ik1) (1/a22 + /=212E — i€) — 1/ai,.

e Production amplitude of channel-1, the observing channel,

P11+ G T11(E)] + Py Gy (E) Tor (E) = Py Thi(E) + Py Toy (E).
Energy dependence only in 711 and 7%;.

’ Q Tl l + Q
p} P Py

e For symmetry-related two-channel system, see 7-H. Zhang, et al. arXiv:2407.10620.
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Near-(2nd)threshold lineshapes
Highly depends on production ratio. x.-K. Dong, et al. arXiv:2011.14517

(a) To1 driven, P > Py (b) Th1 driven, P > Ps
e Virtual state: peak at threshold; e Universal dip for strong S-
e Bound state: peak below threshold; wave attraction in channel-2;
e Attraction: near-threshold peak. e T ox é +V=2p2 B — e
16f@ 1 16[® s =05 mm |
1af 1. Zzz;?)—f;nfm ]
. 12f ] E 12 R TRETTT
é 1.0 E 1.0
;;/ 0.8 g 08
& 06 06
0.af <04
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%%-05 0.00 005 %05 500 0.05
E[GeV] E[GeV]

OPE enters, solving LSE (integral form) directly.
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Profile of the Superstar X(3872)
JPC = 1% Lhcs, axivi3026200. But prop-
erties not match xc1(2P).

e [sospin-0, no charged partner observed.
I=1 W, mild cusp as virtual states.
XEFT Z. H. Zhang, et al arXiv:2404.11215,
LQCD WM. sadl, et al. arXiv:2406.09842.

Data lacks sufficient statistics.

e Large isospin breaking in the decay,

Br(J/v3m)/Br(J/y2m)
1.0£0.4+0.3 Belle,
0.7+0.3(1.7+ 1.3) BaBar Bt (B?),
1.6705+0.2 BESIII,

e PhSp difference. More natural mea-
surement of isospin breaking, Rx
X/ 9Xupw M. Suzuki, arXiv:hep- ph/0508258.
How large is it?

e Her nature: more likely a D°D*0-
D' D*~ molecule but still in debate.
Compositeness. Productions. Decays.

%30 +

BaBar, arXiv: hep-ex/0412051
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Isospin breaking in the X(3872) decays

e Br(J/¢3m)/Br(J/¢2m), mediated by p and w, BW,
RX =0.29 £ 0.02 M. Suzuki, arXiv:hep-ph /0508258
RX = 0.30 £ 0.07 E. Braaten, et al. arXiv hep-ph/0507163.

e Distribution of 37 and 27, p-w mixing,
RX = O 26+8 05 C. Hanhart, et al. arXiv:1111.6241.

e Much more precious 27 distribution, coupled 27-37, p and w BW,
Rx = 0.29 & 0.04 LHCb, arXiv:2204.12597.

e p and w BW + dipole FF, for running or constant p width,
Rx = (0.25 or 0.30) £ 0.01 H.-N. Wang, et al. arXiv:2206.14456.

400

— Best fit
e Best available p spectral function, Rl

Omnes instead of BW, (Diff. by ~0.03) 300] 7,7 ¢

¢ LHCD data

e 2

Mar =4 PO [1- 22 6u(9)] . Zan
Rx 2

Epw = 3.4 x 1073 GeV2, % 1o0]

Rx = 0.2840.03 J. M. Dias, et al. arXiv:2409.13425.
e Possible W% contribution? ‘ N ——

400 500 600 700 800
Mo [MeV]
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Internal structure of the X(3872)
e Far beyond quark model predictions for x.1(2P).

Compact tetraquark [ccqq] D°D*° molecule
e Fine tuning. e Fine tuning, but not that much.
o Three partners. No evidence. e Prompt production. Short range.
T o les Br(X(3872)—1’v)
e Large isospin breaking. Br (X8 ST/ - Short range.
e Strong coupling to D°D*°, e Large negative ry. Positive here.

e Compositeness X(Xa) = 1 — Z, 5. Weinberg, Phys.Rev.137,8672(1965).

1-27Z\1 1 Z 1 1
w=-2(375)5+0(5) n=-(Z2)5+2(5):

e 7 =0,1 for pure molecule or compact,

1 N, N,
a— —=&r— — (Z—1), a— ——&r— —oco (Z—0).
¥ B B
e Large negative 7y = compact component in X(3872)7

LHCb, BESIII and Belle data. LHCb, arxiv:2204.12597; BESIII, arXiv:2309.01502;
A. Esposito, et al. arXiv:2108.11413; H. Xu, et al.arXiv:2401.00411.
Flatté, large uncertainty.

e To extract X precisely using more reliable parameterization.
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Dynamics of the X(3872)

A IN] s
N Q N L& Q N ¥
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3 AN AU RN
I\ 4 L/ L i V3 [V
T T 77 . .
a S ® S o &
$ IS NS o B (MeV)
i ¢ F X £

S .
£ X(3872) region

e Hadron-hadron interactions: Pole of scattering amplitudes.
Elastic channels, strongly coupled to X(3872). Tiny PhSp, large BR.
D°D*°, DY D*~. (DDr /7).
Inelastic channels, weakly coupled to X(3872). EM or OZI suppressed.
e J/yp and J/yw. Close to X(3872). J/¢2m and J/¢3m;
o J/Uy, 1(28)7, xes(1P)m%: far beyond the X(3872) energy region.

Chiral effective field theory, near DD* thresholds,
Contact + OPE.
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Lippmann-Schwinger equation

D D D* D D D D*
. — ‘ + ™
D D* D D* D D* D D D

e D°D*0-DT D*~ scattering amplitude,

A Rdl

o2 Vau(B; 0, )G (B ) Tus(E; 1 p).

Top(Eip',p) = Vap(E;p',p) +/
0

Two-body loop propagators, D* self-energy considered,

Su
E—Dax — 50— + {Ta (B D) + Tipd]

Gop(E; 1) =

o (E; 1), T4, the strong and radiative widths of channel-c.

Hard cutoff A =1 GeV. Small cutoff-dependence of physical quantities,
numerically checked for A = 0.6 ~ 1.4 GeV.

Three contributions to the potential,

V(B p,p) = V"' + V(B p,p) + V"(B).
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Potentials

e Contact interaction, HQSS, 2 LECs, . Hidalgo-Duque, et al., arXiv:1210.5431

Vet — 1 (Cox-l-clx Cox—01x> .

2 \ Cox—Cix Cox+Cix

e OPE, onshell, TOPT AN /
Chiral Lag. for D* Dr coupling, I'px_; pr. . ,

e Effective potential from inelastic loops, C. Hanhart, et al., arXiv:1507.00382

Vas (B) = vay(s) G E)uis (s) 2 M

— —iVaj(5)pjk(E; s)vrs ().
Real part absorbed by V°.

Elastic-inelastic transitions, va;(s) = (14 as)uak ( CIT' €pw Gp (5))
€pw Guw () 1 y

e p-w mixing considered C. Hanhart, et al. arXiv:1111.6241.

Dispersive treatment of p, Omnes instead of BW J. M. Dias, et al. arXiv:2400.13425.

e Other channels, PhSp flat, constant contributions. Neglected.
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Production amplitudes

D*/D* D*/D* D D*/D* D D*/D*
OO
D/D DD = D/D = DD
e Production of elastic channels

A Pdl
UQ(E7p):PD¢+ ﬁPMGHV(Ea l)Tua(E; l7p)

e Production of D°D°x°

TDODOﬂ'O (Ev 2 ﬁ) = Ua(Ev p)FD‘ (p)

+ UD‘(E, ﬁ)Fa(pL
e Production of J/ymm

TJ/'(/)TI'TI'(Ea 5) = :J/'L/ <

Jf

A 2 D w D

“di o o o
 Un(B, 1) Gas(E, 1) Hs(s), - N

| 523 V(B0 Gos(B D o) OO
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Fitted lineshapes

154 | ! —— Best fit 60 [ I — Bestfit
_ : —.- D'D" threshold _ i : 4 BESII data
S | e p4pe- S | |
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Experimental resolutions and efficiencies considered.

BESIII data on et e™ — 4(D°D*Ox®/J/¢bmTm™) BESII arxiv-2300 01502,
LHCb data on B — K(J/mTm™) LHCh, ariv:2204.12507.

x°/dof = 92.1/82 = 1.12.
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Pole positions of X(3872) and WY,

20

e X:2 o Wi
61 o X:lo Wi lo
< 01 + X:Bestfit + WY Best fit
£ --- D°D" cut -—- D*D*" cut
=41 E 20
< g mmmm e
s K|
) _40 4 '
E 5 RS, | (<)
T T T T RS, -
—40 —20 0 20
Re[E] (keV)
0 @=—m———m e e —————————————————
0 4 8 12
Re[E] (MeV)

e Bound state of D°D*® with binding energy
Ex = (—22.972% — i(33.3£1.5)) keV.
o Another pole W2, on unphysical RS, virtual state,
Ew = (3.5+0.147(2.240.1)) MeV relative to D™ D*~ threshold.

o For comparison B ~ {27 SO Y WACH i uncertainey

O(100 keV).
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Decay widths of X(3872)

e From pole position,
Ty popeo + Dxs sy & 67 keV.
e Tiny binding energy, I'y_, pop+o constraint by D*® width,
Ix_pop«o =T x_poporo +'xpopo, ~ I'peo = 55 keV.
e The rest for J/¢V,
Txoapv = Txsipor + Txoypsn =12 keV

o Br(X(3872) — D*0D0 4 c.c. ) = (52,4J_r§i'_g> % C. Li, et al. arXiv:1907.09149, W€
estimate

I'x =80 ~ 120 keV.

e More precious data are needed for other channels.
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Isospin breaking of the X(3872).

e Coupling of X(3872) to each channel, gx,agx,s = limg— g, (E — Ex) Tas,

gx.pop*0 = 0.20 4+ 70.02, 9x,ptp— = 0.16 + 70.02.

e By couplings,

X oc (!IX,/)“/’)*“ + yX,D*Dx*) ‘]: 0> + (!]X,/)“/’)*“ - 9X,1>+1)**) |]: 1>
x9[I=0)+|I=1)

e By calulating the ratio of X — J/¢p and X — J/¢w amplitudes,
Rx = 0.28 & 0.03.

e NOT match. ~
Renormalization not well performed in X — DD* (loop) — J/¢V.
To be fixed soon. Rx is the correct value.

e For X(3872), mass eigenstate # isospin eigenstate,
non-negligible isospin-1 component.
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Compositeness of X(3872)
e ERE at complex D°D*® threshold, 1/f=1/ao — ik+ ro/2Kk +--- .

ao = (—284+2.0+i(4.4+1.3)) fm,
70 =(0.9+£0.144(1.1+£0.1)) fm.
For comparison,

ap ~ —33 fm, —2.0 < 19 < —5.3 fm, LHCb, A Esposito, et al. arXiv:2108.11413
ap = —16.5f;'795rf‘267_7 fm, 0 = —4.1":(;:37:‘21:3 fm, BESIII, arxiv:2300.01502

e Isospin breaking correction, V. Baru, et al. arXiv:2110.07484

i2
203 Ay

ATO,IB = =1.56 fm.

L] Compositeness I. Matuschek, et al. arXiv:2007.05329

Re 1o + Arg 13

1
2
=0.92+0.04

Re ap ) 0-9 0-0

)‘(A:(1+2‘

e Generalized formula v. Li et al. arxiv:2110.02766,
ao € [—1/+/2p|Es|,0] & 19 < 0, Weinberg’s formula holds
10 > 0, X = 1 exactly, up to O(ry/2**) in ERE.

e X(3872) is a PURE molecule.
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Summary

o Properties of the X(3872) are studied preciously, in J/vr "7~ and D°D°x°
channels, LHCb 2022 and BESIII 2023.

e More reliable parameterization: unitarity and analyticity; coupled channels
(DD*, J/4V); DDr 3-body effects (D* dynamical widths, OPE).

Bound state of DOD*O, Ex = 723f2 keV.

I'x =80 ~ 120 keV. Partial decay widths. Data on other channels.

Rx = 0.28 4+ 0.03, much larger than c¢, ~ 0.05.

Re[ro] > 0, a PURE molecule.

Isospin partners Wﬁf, virtual states.

Mild threshold cusps in J/¢n*n channels.

e X(3872) and WY contribute to the 17 component at D™ D*~
threshold in BT — KT D*D*F LHch, arxiv2406.031567
To be checked soon.

Thanks for your attention!
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TOPT of OPE

with

Vi 1/1 dz—q2
s 2 1 D;EBOCPT(Ev pl7p7 z)7

11 1
DISET  2Es(q) \ Dise  Diaeper )’

Ditse = V/s— Ea(p) — Es(q) — Ec(p') + ie,
Diepee = /5= Eax (p) — Es(q) — Ec+ (p) + ie.
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Energy-dependent widths of D*

92 Mp+

M) =T} ¥ T3y

[ED+7T_DO (E§ L, Mi) — X ptn—po (0§ 0, Mi)}

2
g MDO
—3 El
+ 247FF%MD*O DO70 DO ( ’ 7.“‘0)7
g Mp+

mzzﬁwopf (Bl ps)

Iy (B D) = F[D*+~>D+7} +

g Mpo
-7 2 _ . .
+ 127rF$,MD*+ DOn+D (E7 la iu’i)

with

F[D*O%Dow] =19.5 keV, F[D*+—>D+’y] =13 keV,

l2 3/2
Sapc(EBylp) = [QNaﬁ (\/5— Mo — Mg — M; — ﬂ)} 7

with pag = MaMg/(Ma + Mg).
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Event distributions

dBr[DODOTrO] B 1 Pmax pdp Pmax ﬁdf) .
G m ), o)y, apt < (Tere B,

dBr[J/rr] [P dmd, Koy (B, mar) 2 2
T = - 7 d¢271'47r7E||T‘]/w7T7T(E7 m27r7p+)| 5

ki (E, mar)mar
dB(ri;i/www] /dE/d<1> 2/ ( m;)mz T e (B, p )

Resolutions and efficiencies considered.
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Fitted parameter values

Table: The parameter values and the correlation matrix from the best fit.

Covariance matrix

Parameters Values
PP 2.6 +0.9 1.00
P /PP 0.7+0.6 —0.86  1.00
Py 49£1.0 0.68 —0.27  1.00
Py /Py 0.54+0.06 | —0.09 0.04 —024 1.00
Cox —3.06£0.05 | 037 —0.17 049 —0.08 1.00
Cix —9.47+£0.60 | —0.01 003 004 —0.01 —084 1.00
fog 4+6 -0.18 —0.03 —035 004 —0.19 0.0l 1.00
a 1.34+0.4 005 —004 004 —005 066 —0.78 —0.03 1.00
u —0.83+£0.26 | 049 —020 069 -0.08 087 —0.62 -—026 0.71 1.00
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