Study of X(3872)’s structure
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* Line shape of X(3872)

« Radiative decay of X(3872)



Introduction

Two concepts: compositeness and CDD pole

@ A series of exotic hadron candidate XYZ were and are
observed, cannot be accommodated by potential model —
kinematical effects, molecular, quark-gluon hybrid, et al..

@ Typically different scenarios predicts different constituents,
In practice, may involve several mechanism
— compositeness

@ Stay close to threshold of meson pairs: only 2-3 MeV
above meson pair threshold

— effective range expansion (ERE)
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Compositeness X: weight of two-meson components in
the configuration of configuration



Compositeness for resonance

@ Weinberg compositeness condition: wave function

renormalization constant Z=0. In fact, Z = 1 — X, where
X = ,,sz(SH) quantifies the weight of constituents; ~ is
the residue for t(s) in the 1st sheet at the pole, and G IS
the two-point loop function.

only applied tb bound state — model-independent relation
for deuteron [Weinberg 1963; 1965]

For resonance case, as long as 1fF{eE2 larger than the

lightest threshold, X = | 2d6(59)\ / residue in the 2nd
sheet [Guo and Oller, PRD2015]

Adapted to non-relativistic case, criterion: Mg > My,
applied to Z, and Z; states [Kang, Guo and Oller, PRD2016]
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The Low scattering equation is studied in the one-meson approximation with both charged and neutral
scalar meson theories. The general solution is found for each of these cases. It has the general character of a
Wigner-Eisenbud dispersion formula and contains an infinite number of adjustable parameters. It follows
that the Low equation, in this approximation at least, does not determine the scattering, but only expresses
a property of the scattering which is independent of the internal structure of the scatterer.
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@ Mcpp close to My, then small X, i.e., containing also other
Important components, e.g., compact quark-gluon states; Mgpp
far from My,, then the two meson constitute dominates
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Inclusion of CDD pole and ERE

@ Only right-hand cut without crossed-channel effect [Oller and Oset,
—1
PRD1999] t(E) = [Z Fi 0 - ik]
j

® ERE: t(E) = [-1/a+1/2rk? — ik] ™

@ Expansion of Re t(E)~" in powers of k? is equivalent to ERE, but
worry for the small scale [Mcpp — My, ], which restricts the validity
range.

@ Mcpp far away from My,, then modulu of r is around 1 fm,
otherwise r is very large.

gi 3 gi

1/a = — [ r=—
I Mcpp — My, (M, — Mcpp)?
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« X(3872) state
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Quantum number of X(3872) state

@ First observation from Belle, PRL2003, triggering
voluminous amount of papers

@ PDG determination:

IG(JPC) — 0t (1+),

M = 3871.69 +0.17 MeV.T < 1.2 MeV, CL = 90%
DD* : C = + combination (DD* + DD*)/v/2
threshold My, = 3871.81 MeV

@ From now on, all the energy and Mqpp are measured
respective to My,. X(3872) mass: —0.11 = 0.17 MeV

@ Nature: molecular like virtual state (V) and bound state (B),
or preexisting state, etc.
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xperi ltuation: D°p*
Experimental situation: o°p*° channel
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@ the decay chain: B — X(3872)K — D°D*°K
@ Left: BaBar2008, Right: Belle2010

o BaBar has total number of BB pairs, N2°*" = 3.83 - 10°,
while NBe”e/NB%Barﬂ 715
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Experimental situation: J/vmm channel
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@ the decay chain: B — X(3872)K — J/ynTn~ K

@ Left: BaBar2008, Right: Belle2008

@ Data are compatible with each other.
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Experimental situation: J/«7m channel continued
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@ the decay chain: pp — X(3872) + all with X(3872) — J/¢yn™n~

@ The inset shows an enlargement of the region around the
X(3872) peak, with very small bin width of 1.25 MeV.

@ “Precision Measurement of the X(3872) in J/«vmm Decays”from
CDF2009. 15




Formalism (1)

Exp summary: Belle DDr + BaBar J/vnm + Belle J/vnm + CDF

J/hrw

As introduced, scattering amplitude

—1
t(E) = (E —i/fcoo + 8- ik(E)) .

more general than ERE

Removing the extra zeros due to the CDD pole, one ends with
the final-state interaction

d(E) = (1 n E — MCDD(B B ik)) —1

A
[Oller PLB2000, Bugg PLB2003]

When Mcpp far, Mcpp — oo keeping A/ Mgpp fixed, one recovers
the scattering length approximation

B 1 B 1

A/ Mcpp +5—ik  —y— ik

t(E) = f(E)
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Formalism (2)

@ The normalized standard non-relativistic mass distribution
for a narrow resonance or bound state (I'y — 0)

dM  Tx|d(E)]?
dE  2r|al?

@ « Is a constant, obtained by singling out the pole
contribution, in fact, the residue of d(E), d(E) ~ E_L_Ep Ep
pole position.

: : : o dM
o Normalization integral V' = [~ dEZ£

@ For a narrow resonance (including bound state), N' ~ 1,
but not so when d(E) has a shape strongly departs from a
non-relativistic Breit-Wigner, e.qg., for a virtual state

@ For f(E) (ERE), the integral does not converge, just

integrate in the signal region. .



Formalism (3): event distribution for J/¢rm channel

@ For B — KJ/vymm channel [simpler]:

Ei+A/2 00 dﬁ/]
N; = 2NBB‘ BJ/ dEf/ dEFI’(Ef. E) + Cngﬁ

Ei—A/2 dE

@ For ppto J/+wm channel: just replace 2Ngg by Lops_ Al
with £ luminosity, and total cross section o for
pp — X + All.

@ R(E’, E) is the Gaussian, experimental resolution function

Ei+A/2 JdE’

® JE_n)2

Indicates the integration in the bin width.
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Formalism (4): event distribution for b°o+ channel

@ For B — KD°D*0 channel [taking into account the small
width of D*, I', ~ 65 KeV]

Ei+A/2 ~o
Ei—A/2 0
Bpl . /oc dm ’
’ dE - + cbg
I X " _

@ Pole position Ex — iT x/2, with Ex relative to D°D*0
(reduced mass i =~ 1GeV) threshold, momentum at pole
position ky.
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Fit strategy

@ Bp, By, cbgp.cbg,, overall constants and background are
always free parameters

@ As mentioned, for bound state, B can be justified as
branching ratio, otherwise not.

@ Mcpp, A, J characterize the line shape of d(E).

@ Braaten et al has also used ERE (only scattering length),
but fit separately

@ C. Hanhart et al used ERE including the effective range.
@ One should use more general d(E), other than ERE!
@ Maximize likelihood fit, data errors are asymmetric.
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Different scenarios

@ Case i): using ERE, which is a pure bound state, making
combined fits to all the existing data

@ Case ii): imposing t(E) has a virtual state, one can
express A and 5 from Eg and Mcpp.

@ Case iii): taking into account the coupled channel effect,
Ep determines the shape of t(E):
Quadratic equation: two solutions with case iii). | and case
).l
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Results
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Results
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C. Y. Cui, Y. L. Liuand M. Q. Huang, PRD 85, 074014 (2012):
both a B*B molecular state and a [bd]|bi] tetraquark state coincide
with Z,(10610).
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« Radiative decay of X(3872) in the
covariant light-front quark model (CLFQM)

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

Nature of X (3872) from its radiative decay
Shuo-Ying Yu®, Xian-Wei Kang “"""

2 Key Laboratory of Beam Technology of the Ministry of Education, College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China
b Institute of Radiation Technology, Beijing Academy of Science and Technology, Beijing 100875, China
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Overall blueprint: Assuming X(3872) as a pure cc resonance, considering
the decay X(3872) - yJ/y and yy' at the same footing

Conclusion: their partial width can not reconcile with
each other.

ISP -0t

also known as X(3872)

Mass m = 3871.65 + 0.06 MeV
Full width T = 1.19 + 0.21 MeV (S = 1.1)

VALUE (MeV) Cl%  EVIS DOCUMENT ID TECN COMMENT
1.19 +0.21 OUR AVERAGE Error includes scale factor of 1.1.

1.39 £0.24 £0.10 15.6k 1 AAL 2020AD LHCB pp— Jjyrtn X
0.96 "13 +0.21 4.2k 2 AALJ 20205 LHCB Bt — J/ymta Kt
I's3 ~J /4 (8+4) x 1073

To4 YXel <9x1073 CL=90%
['as X2 < 3.2% CL=90%

Ty ~H(25) (4.5 +2.0)% 26



Feynman rule for light-front quark model

1. Momentum variables expressed in the light front
coordinates

2. Wave function of the (axial-vector, vector, scalar, pseudo-
scalar) meson encodes the bound state nature of gq

3. Vertex comes from the SM, Melosh transformation:

The connection between spin states in the rest frame and infinite
momentum frame Or between spin states in the conventional equal
time dynamics and the light-front dynamics

4. Fermion internal line denotes a spin-1/2 propagator as
usual

5. quark masses as parameters, but fixed for all calculations
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1

T

dp/. p2+p?
¢ = ¢(x2,p)) =4 (?) —= exp (—“—' ;

dxo 2032
0y = dyz2,p1) = |5 @ % _ e
E T g2’ dry  xyxoM}’

Parameter 8 characterizing the size of hadron,
will be fixed by decay constant

However, the wave function can be solved by e.g., relativistic
guark model in the quasi-potential approach.

Semileptonic decays of DD and I, mesons in the relativistic quark model

R.N. Faustov (Unlisted, RU), V.O. Galkin (Unlisted, RU), Xian-Wei Kang (Beijing Normal U.) (Nov 19,
2019)

Published in: Phys.Rev.D 101 (2020) 1, 013004 - e-Print: 1911.08209 [hep-ph]

pdf & DOI [S cite A reference search <) 33 citations
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FIG. 1: Feynman diagrams for radiative transitions. The uppercase P’ and P” denote the four-momentum of
the initial and final meson, respectively. The lower case p;» is the momentum of the spectator quark, and other
momenta with prime or double prime in the superscript correspond to the active quarks involving a photon emission

shown by a wavy line.
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The transition amplitude for X (3872) — J/1¢ v,y can be written as

A(X(3872) — py) = " (q)e(P")e™" (P") Aayur

The polarization vectors in order are the ones for photon, X(3872),

and J /.

A(rp&ﬂ = Em{:ﬁ’-npﬁqnP.Ltfm(qz) + E&p,ﬁnPﬁiqnpvfp(qz:} + Eumzpqpfﬁ(qz)'

Independent from factors f,,(q2), f,(q?), fs(q%)
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Expressions of form factors. In fact, we only concern the values at
9*=0



The decay width can be calculated by

q : ‘ F ¥
b= 8:«r|ﬂlﬂ2 (lA+0- 1" + | Ao+ [* + [Ao——|* + [Ao++]*)
|Q|3 fe + QM’IQH;: fﬁz fefmlal 92, 12

w oz oz T Tap Tl

In the helicity basis:
Ayyiry,, with X' A" A, denoting the helicity of X (3872), J/1 (or 1), the photon, respectively.

M'lq|
—1 ﬂf” {jf)+2ﬁff|Q|fp)‘

Al]—|-+ = 3|Q|{fﬁ + 211*I{|Q|f?'n}=

Aso- =

A g = Ao, Ao =—Ap4.

M2 M2

gl = “=37— M’ is the mass of X(3872), M” is the mass of ]/
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Wave function of J /1 and i’

Amd L, fE

+ - AT e 9F
DV —seTe) = 30X A (25)

where « is the fine structure constant, fy is the decay constant, M’ is the mass of vector meson. Taking
Br(J/¢ — ete ) = (5.971 +£0.032)%, Br(y)' — ete™) = (7.93+£0.17) x 1073, T(J/v) = (92.6 + 1.7) keV
and I'(/(25)) = (294 & 8) keV [22], we obtain the decay constants f;/, = 415.49 MeV and f;r = 294.35
MeV as our central values. The uncertainties are very small. The formula for the decay constant of vector
mesons in the LFQM is given by [27]

N, hi,

"+ mo
. c da £2 ! : my 2
A3 M / PP = (M = M)

;= 72| (26
h My +mi + -n'sng‘ (26)

aM§ —ml(m) —ma) - p? +

from which|we fix the parameters 3, = 0.631 GeV and 5, = 0.487 GeV|
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Experimental width I'(X(3872) - J/yYy) = (3.2 +1.6) x 1073 MeV

X(3872) as 2P state:
Exp width of I'(X(3872) - ¢'y) = Bxzs72) = 0.5615:33GeV
= I'(X(3872) = J/yy) = 0911317 MeVv

X(3872) as 1P state: excluded by its mass value

Consequently, the scenario of a pure charmonium assignment
for X(3872) will encounter difficulty to reconcile the widths to

Jwyand y'y.

Or stated differently, the probability that X(3872) is a pure cc
resonance is rather tiny
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Main points

* The current line shape data is not enough
to pin down the structure of X(3872). Both
the virtual state and bound state are
possible scenarios.

* The radiative decay analysis basically
excludes the pure ccbar scenarios.
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