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It was recently proposed that the X(3872) binding energy, the difference between the D°D*? threshold
and the X(3872) mass, can be precisely determined by measuring the yX(3872) line shape from a short-
distance D**D*? source produced at high-energy experiments. Here, we investigate the feasibility of such a
proposal by estimating the cross sections for the e*e™ — z%X(3872) and pp — yX(3872) processes
considering the D**D*°D®/ D**D*0 PP triangle loops. These loops can produce a triangle singularity slightly
above the D™D threshold. It is found that the peak structures originating from the D**D** threshold
cusp and the triangle singularity are not altered much by the energy dependence introduced by the
etem = 2°D*D*0 and pp — D**D*° production parts or by considering a finite width for the X(3872). We

find that 6(e*e™ — 7% X(3872)) x Br(X(3872) —

xta~J/w) is O(0.1 fb) with the yX(3872) invariant

mass integrated from 4.01 to 4.02 GeV and the c.m. energy of the e™e™ pair fixed at 4.23 GeV. The cross
section o(pp — yX(3872)) x Br(X(3872) — "z~ J/y) is estimated to be of O(10 pb). Our results
suggest that a precise measurement of the X(3872) binding energy can be done at PANDA.
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I. INTRODUCTION

Among many charmoniumlike states listed in the
Review of Particle Physics (RPP) [1], special attention
has been paid to the X(3872)." The mass of X(3872) is
consistent with the D°D* threshold energy, my =
(3871.69 £ 0.17) MeV, and only an upper bound is
provided for its small width, I'y < 1.2 MeV [1]. The latest
experimental development comes from the LHCb collabo-
ration that reported precise determinations of the mass and
width [2,3]. In particular, a detailed analysis of the X(3872)
line shape using the Flatté parametrization [4], which is
more proper than the Breit-Wigner (BW) form for states
near an S-wave strongly coupled threshold, is performed in
Ref. [2]. The closeness of its mass and the D°D* threshold
invokes the hadronic molecular description of X(3872): the
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'In this paper, the y,,(3872) in the RPP [1] is denoted by
X (3872) or merely X, and Z.(4020) or Z,. stands for the X(4020)
in the RPP.
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X(3872) is treated as a shallow S-wave bound state
of DD*, e.g., in Refs. [5-13]. Such a description can
successfully explain the large branching ratio of the isospin
forbidden X (3872) — n*z~J/w relative to the isospin
allowed 77~ 7°J/y mode [14], and the strong coupling
of the molecular state to its constituents in the molecular
description, i.e., X(3872) to DD*, would naturally explain
the large branching fractions of the X(3872) to z°D°D°/
D°D*Y [1,15,16]. Many works are devoted to elucidate
the composition of the X(3872) from its decay properties
[17-25]. The strong coupling of the X (3872) to the D°D*°
in an S-wave implies that there must be a strong cusp
exactly at the threshold [26], complicating the line shape
analysis. The line shapes of the z*z~J/y and/or D°D*°
distributions were analyzed with the Flatté parametrization
[2,27-30] or the effective range expansion [31,32] in
which the threshold effect is incorporated by requiring
unitarity; however, no conclusive results for the nature of
the X(3872) have been achieved so far. See, e.g., Refs. [33—
38] and references therein for further information on works
related to X(3872).

Recently, a possible way to precisely determine the
X (3872) binding energy, which is defined as the difference
between the D°D*0 threshold and the X (3872) mass’

A negative 6 corresponds to a mass above the threshold and
thus a resonant state in this paper.
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6 =mpo + mpo — my, (1)

was proposed in Ref. [39]. This can be done by measuring
the yX(3872) distribution instead of the X (3872) line shape
in its decay products like 777~ J/y or D°D*°. Consider a
triangle diagram for the transition of an S-wave D**D*°
pair, produced at short distances in some high-energy
experiment, into yX(3872). The D** (D*?) subsequently
decays into yD° (yD°), and the X(3872) is produced by
merging the D°D*® + D°D*0 pair at the last step. The
process thus proceeds via a D**D**D? triangle loop. This
loop can have a triangle singularity (TS) due to the
simultaneous on-shellness of all three intermediate mesons,
which leads to a peak in the yX(3872) distribution just
above the D**D*" threshold. With the Landau equation [40]
or with a simple equation for the TS position derived
with a refined formulation [41], one sees that the TS
position is sensitive to the X(3872) mass: the TS is located
at 4015.14 MeV with 6 = —180 keV and 4015.64 MeV
with 6§ = —50 keV. For the X(3872) mass within
(3871.69 + 0.17) MeV [1], the TS appears in the range
of m,y € [4015.17,4016.40] MeV which can be obtained
by using Egs. (55) and (60) in Ref. [26]. While the TS, at
which the amplitude diverges logarithmically, is turned into
a finite peak due to the width of the internal particles, the
peak originating from the TS of the D*D*D loop should be
still clear thanks to the tiny width of the D*°, which is
only 55.3 £ 1.4 keV [39,42]. Then, one expects that the
X (3872) binding energy can be determined well with the
precise measurement of the TS peak in the yX(3872)
distribution.

The role of the TS stemming from the D*D*D loop
on the X(3872) production has been studied in some
papers. The ete™ — yX(3872) transition is studied in
Refs. [43,44], and the Y(4260) — X(3872)y decay is
studied in Ref. [45] by including the contribution of
J/wp, J/ww, and the compact component made of cc
explicitly. In Ref. [46], the energy dependence of the
Z.(4020)° — yX(3872) branching fraction is studied.
One can see the difference of the energy dependence by
changing the X(3872) binding energy. In addition to
the radiative reactions, decays emitting a pion with the
D**D*°DY loop have also been considered [46-48]. While
the TS appears in a smaller range of the 7X(3872) energy
compared with the yX(3872) case, the asymmetry of the
7X(3872) line shape may be used to extract the X(3872)
binding energy. The decay process B — (J/yn'n~)Kn
with the J/watz~ produced by the D°D*0 rescattering
considering the D**D**D°/D*=D*°D loop is studied in
Ref. [49]. For more works related to the TS, we refer
to Ref. [26].

In this paper, we investigate two promising reactions in
which the proposal of precisely measuring the X(3872)
binding energy by virtue of the TS mechanism may be

realized: the e*e™ — 7%X(3872) and pp — yX(3872)
reactions. In these reactions, the D* D* pair can be produced
in an S wave. In the case of the ete™ collisions, the
isovector resonance Z.(4020) seen in the D*D* distribu-
tion of the ete™ — 7°%(D*D*)° process [50] is expected to
be a good source of the S-wave D*D* pair, and high-
statistics data can be expected for the pp reaction by the
PANDA experiment at the Facility for Antiproton and Ion
Research (FAIR) in the near future.

This paper is organized as follows. In Sec. II, the
formalism for calculating the eTe™ — z’yX(3872) and
pp — yX(3872) amplitudes is provided where the effect
of the X(3872) width is taken into account. The results of
our calculation, the yX(3872) invariant mass distributions
in these reactions and the estimated cross sections, are
given in Sec. III. A brief summary is given in Sec. IV.
Detailed expressions of the amplitudes used in Sec. II are
relegated to Appendix A.

II. FORMALISM
A.e*e” — n'yX(3872)

First, we consider the ete™ — 797X (3872) amplitude
with the D**D*°D°/ D**D*° DY loops. The diagram is given
in Fig. 1. Only the neutral D*D*D/D*D*D loops are
accounted for the process because we focus on the TS peak
of the X (3872) invariant mass distribution near the D** D*°
threshold and the X (3872) appears near the D°D*? threshold
as a narrow peak. As found in Ref. [50], the (D*D*)°
distribution of e*e™ — z%(D*D*)° at the c.m. energies
/s = 4.23and4.26 GeV can be described well by including
a resonance with J© = 17, and the (D*D*)° pair is pre-
dominantly produced by the resonance around the D*D*
threshold. Here, we also assume that the Z,.(4020) is the
JP = 17 exotic state which can decay into an S-wave D*D*
pair. The 7Z.(4020) pair is produced by the w(4230)
resonance, which is seen in some hidden- and open-charm
productions [1] and would be needed to describe the
dependence of the cross section on the eTe™ c.m. energy
because the efe™ — zD*D* cross section at /s =
4.26 GeV is smaller than that of /s =4.23 GeV [50].
We use the central values of the mass and width of the
w(4230) givenin the RPP [1], m,, = (4220 & 15) MeV and
I', = (60 + 40) MeV. Note that, while the width of the
y(4230) is not fixed well, the yX(3872) invariant mass

_ (k1 — k)
D/D(ky + 1)

\
DDk D)

1(4230)  Z.(4020) \
X (3872) (ky)

D/D(~1)

FIG. 1. Triangle diagram contributing to the ete™ —

7%7X(3872) process considered here.
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distribution at a given /s, which will be considered in this
work, is not affected by the details of the y(4230) properties.

The ete™ —y*, y* >y (4230), y(4230) —» 2°Z.(4020)°,
and Z.(4020)° — D*D* amplitudes are written as follows:

—ityr .-, = g, vy'u(e;),
_ity v — iegog;w(e“ )M(eljl)y’
ltl//ﬂ lglgm/(el//) (ez)y’

_ltZ(,,D*D* = ngGMWM(pZ(, )/,t(ezt. )D(G*D* )p (6;)* )o"

where e(e > 0) denotes the electric charge unit, o and u are
the spinors for the positron and electron, respectively, and
the ¢’s are the polarization vectors of the involved spin-1
particles. With the isospin symmetry and the phase con-
vention |[D"+) = —|I =1/2,1, = 1/2), a minus sign is
needed for the Z.(4020)° — D**D*~ coupling constant
relative to the Z.(4020)° — D**D** coupling. Constant
amplitudes are used for the S-wave vertices of the
w(4230) — 7°Z.(4020)° and Z.(4020)° — D*D* because
the lowest angular momentum gives the dominant contri-
bution in the near-threshold region. Then, the ete™ —
7°D*D* amplitude is given by

— M+ 20D b
= i€’g0g19,D; " (5)Dy, (s)D7! (m3. ;)
X Wﬁ”“[P ]}”ﬂ/ [PZ ]/}’/16 aprd (pz, )(1(61)*) (GD*)
= iM% opep (€5 ), (€5 )5 (2)

with DR(S) =5 — m%? + imgl'g and [PR]/M/ = —g + PRPR
R

The energy dependence of the width is taken into account
as done in Ref. [50] (see also the review on the resonances
of Ref. [1]):

FZCO p *o(m *‘*)
ey - 130 (Pt

n PD**(mD*D*))

Ppo (mzpo) Pp++ (mzfo)
1
po(mp-p-) = 2p A2 (m? My pes My m%*),

where A(x,y,z) = x> 4+ y* 4+ 22 — 2xy — 2yz — 2zx. The
central values of mz, and I';, in Ref. [50], mz (=
(4031.7+2.1) MeV and T’z = (25.9 £8.8) MeV, are
used. With the amplitude in Eq. (2), the differential
cross section of ete” — 7°Z.(4020)° —» z°(D*D*)°,
d6 o~ 20(p py/dmp: -, is given by

dae‘Fe—‘”o(D*D*)O
de*D*

e / a0 [ a2 M

. (3

with po _’11/2<s m20, D*D*) /(2V/s), pp- _11/2( My pes
m%me*)/@mD*D*), and p, = A'2(/s.mz.m3)/(24/5).
The sum of D*D* takes care of both the D**D*" and
D**D*~ that are included in the (D*D*)° final state
observed by BESIII [50]. The solid angles £, and Qp-
are those in the ete~ c.m. frame and D*D* c.m. frame,
respectively. The overlined quantities are those after the
spin sum and average. With the e*e™ — 79Z,(4020)° —
2°(D*D*)? cross section in Ref. [50], (61.6 +8.2) pb at
/s =4.23 GeV, the product of the coupling constant
90919 is fixed to be gyg,9, = 0.68 GeV>.

Now, we move to the D**D*'D° triangle loop ampli-

tude. The P-wave D**—yD? transition amplitude is given
by [51]

*

_iMD*O,yDO = eg3€m/p6(pD*0)ﬂ(py)y(eD*O)p(e}’)a’ (4)

and the parameter g5 is fixed to be g5 = 1.77 GeV~! with
the D** — yDO branching ratio 35.3% [1] and the D*° full
width I'pw = 55.3 keV [39], which can be obtained by
using isospin symmetry to relate to the D** full width
and the D** — 7z D° and D*® — z°D° branching ratios
[39,52].° The D* — yD° amplitude needs one minus sign
that comes from the C parity of the photon and the
convention of the C transformation, CD** = +D*°.

The S-wave transition amplitude of the D°D*" —
X(3872) transition is written as

_itDOD*O,X = ig4gﬂzx(€D*0)” (ej;()l/’ (5)

and the coupling constant of D°D*® — X(3872) is the
same. We estimate the coupling constant g, with two
different ways for the X(3872) mass above or below
the D°D*° threshold. When the X(3872) mass is below
the D°D*0 threshold, the coupling constant can be evalu-
ated assuming the X(3872) is an S-wave D°D*° molecule
[53-55],

1677m2
G = X 240508, (6)

Hpop+o

with gpop0 and & being the D°D*® reduced mass and the
X (3872) binding energy given by Eq. (1), respectively. In
Eq. (6), gy is the coupling constant of X (3872) to the DD*
pair of JP€ = 17F, and g, and gy are related with g, =
gx/2 [48]. With the analyses of the X(3872) line shape in
the 7t2=J/y or D°D*°, the non-D°D*® component of
X (3872) is estimated to be a few tens of percents [2,20,30],

3The coupling constant of D** — yD™, ¢4, evaluated with the
measured full width and branching ratio is ¢§ = 0.47 GeV~l,
which is less than 1/3 of the D*® — yD° coupling. This makes
the charged D*D*D-loop contribution even less important.
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which would give uncertainties of the same level to the
X (3872) — DD* coupling squared evaluated with Eq. (6).
When the X(3872) mass is above the D’D* threshold, g4
can be obtained by using the X(3872) — D°D*? branching
ratio [56]; using Eq. (5), we have

1 _ 8xm?3
¢ =5 TxBr(X(3872) - DD’ ec) My Pp g

E’*
(22

2
2mD 0

with  ppo = /11/2(m§(,m§)0,m§)*0)/(2mx)
(m% +m%., —m3,)/(2my). In this work, the mass of
X (3872) is treated as a parameter, and it will be changed
to see the difference of the yX(3872) invariant mass
distribution. The width of X(3872), Ty, is currently not
known and the upper bound is provided [1]. Here, 'y is
assumed to be 100 keV, which is the value expected from
the calculation of the X(3872) — z°D°D° partial width in
the hadronic molecular picture [8,57,58] and the
X(3872) — z°D°D° branching ratio [1,15,16]." The cou-
pling constant g, as a function of ¢ is shown in Fig. 2. Note
that the values of g, from both the 6 > 0 and 6 < 0 sides are
similar if we neglect the part with § in the vicinity of 0.
In that special region, the absolute value of the imaginary of
the pole position cannot be approximated by half the
width computed using Eq. (7). Furthermore, the coupling
of the X(3872) to the charged and neutral DD* can be
computed from the residue of the coupled-channel
D°D*%—D*D*~ T-matrix. It is found that the couplings
of the X(3872) to D°D*° and to D* D*~ are approximately
the same [14,57], and are consistent with the values shown
in Fig. 2 (see also the discussion in Ref. [48]). In the end,
we use g4 = 1 GeV for all the cases of the X(3872) masses
that will be discussed below for an estimation of the cross
section.

Then, with the amplitudes, Egs. (2), (4), and (5), the
ete” — n%X(3872) production amplitude considering
the D**D*°D° and D**D*°DO triangle loops in Fig. 1 is
given by

and E PO =

*In the recent LHCb analyses [2,3], the X(3872) BW param-
eters are extracted from the 7z~ J/y distribution: the mass is
consistent with the D°D*0 threshold within the error and the
width is about 1 MeV. If I'y = 1 MeV, the nontrivial cuspy
structure in the yX(3872) distribution would get largely smeared,
and it would be difficult to obtain clear information of the
X(3872) from the yX(3872) line shape. However, it should be
emphasized that the BW form is not suitable for such a state
seated on top of an S-wave threshold as the energy dependence of
the width and its analytic continuation, which is crucial under this
situation, is not properly taken into account. In the best fit with
the Flatté parametrization, the half-maximum width of the
original X(3872) line shape before taking account of the
experimental resolution is of the order of 100 keV [2], which
is compatible with the molecular model prediction [8,57,58].

2.5

2.0

ga (GGV)

1.0

0.5

0.0 -150 -100 -50 0 50 100 150

0 (keV)

FIG. 2. The coupling constant g, as a function of the X(3872)
binding energy, 6. The black and red lines in 6 > 0 and 6 < 0
correspond to the cases with the X(3872) mass below and above
the D°D** threshold, and g, is evaluated with Egs. (6) and (7),
respectively.

—IM i o 200x
d*l s |
=2 W(_lee‘,”OD*oD*o)€g3g4DA [PD*O]W;[P[)*O]&

x e (ppa),(py),(€)s(€X)",
DA = [12 - sz*o + l€] [(kl + 1)2 — sz*o + l€]
X [(ky+1)* —m2, +ic]. (8)

The factor of 2 in the above equation comes from the same
contribution from the charge-conjugated loops. The library
LOOPTOOLS is used for the evaluation of the one-loop
integral [59]. The width of the particles is taken into
account by replacing the mass of D** and D*0, m .0, with
mpyo — il o /2 in the propagator. See Appendix A for the
details of M+, 0,

With the e*e™ — 7% X(3872) amplitude in Eq. (8), the
yX(3872) invariant mass distribution is given by

dGe*e’,nOyX o PPy

= A | dQ Mo ox
(4”)55Pe/ ”0/ Mot

where p o and p, are given by the expressions below Eq. (3)
changing m2. . to m%y, and p,=2"2(m2y.0.m%)/(2m,y).
Q,0 and Q, are the solid angles of the z” in the eTe™ c.m.
frame and of the photon in the yX(3872) c.m. frame,

respectively.

dm},X

B. pp — yX(3872)

The pp — yX(3872) amplitude is considered in this
part. The diagram of the pp — yX(3872) transition with
the D**D*°D°/D**D*°D° loops is shown in Fig. 3.

The D**D*° pair can be produced from pp by exchang-
ing a A, as depicted in Fig. 4. Possible ZE*) contributions

114041-4



POSSIBLE PRECISE MEASUREMENTS OF THE X(3872) ...

PHYS. REV. D 102, 114041 (2020)

_ (ki — ka)
D*U/D*U(}Cl + l)

\
X DY/ DO(ky + 1)

\

D/ DO(—1) X(3872) (k)

STl

FIG. 3.
process.

Triangle diagram contributing the pp — yX(3872)

p(p) D*(k)

) Dk

FIG. 4. D*D* production from pp through a A, exchange. The
momenta of the particles are given in parentheses.

are ignored as argued in Ref. [60] based on the flavor SU(4)
model. With the effective Lagrangian for the pA,D*°
coupling [61],

Lynpo = goAer*(D°),p + He.,

the pp — D°D** transition amplitude with the A,
exchange is written as

M o
iMoo = Blia DA, _
iMpp.D0p0 me)p_k_mm+w0%y)

X u(€y0) 0 (€50) s 9)

where u and v are the spinors of the proton and antiproton,
and a form factor F, p-,_1is introduced. For the parameter
g,, we take the value in Refs. [61,62] obtained by using
the SU(4) model, g, = —5.20. For the form factor F, p4 ,

we use

4
le_)*/\ — B A 7 N2 e (10)
PR ((p—k)? —my ) + A

The form factor like Eq. (10) is used, e.g., in Refs. [55,63],
and the cutoff is typically set to be around A =2 GeV.
Here, since the aim is to get an order-of-magnitude
estimate of the cross section for the pp — yX(3872), it
suffices to take a value used in the literature, and we take
A =2.0 GeV. The dependence of our results on this
parameter will be checked.

We are interested in the manifestation of the TS in
the yX(3872) invariant mass distribution. As shown in
Ref. [64], the TS emerges when the process can occur
classically, i.e., the internal particles of the loop are

simultaneously placed on shell and all the momenta are
collinear. At this time, the exchanged A, in the D*°D*°
production is far away from on shell. Then, Eq. (9) can be
approximated by taking the leading term of the expansion
in powers of 1/m,_. The pp — D**D*® production ampli-
tude is reduced to

igiF ?),D*A

—iM 5 popo = Dy"/y”u(ez*o)ﬂ/ (€50),

mp,

= _iMI;;;.D*UDz«O (6;‘)*0)[4’ (ez-)m)”-
Because the internal particles are close to on shell in
the vicinity of the TS energies, the 4-momentum transfer
(p—k)?*in F i’ 5, can be approximated by

(p—k)* = my +m3., —2mpoE,,

where the spatial momentum of the D*° is ignored because
the TS energy is close to the D**D*" threshold.

The part of the triangle loop in Fig. 3 is the same as the
ete” — n%X(3872) reaction given in Sec. IIA. The
pp — yX(3872) amplitude with the D**D**D° loop is
written as

A = [ e

pprX (2r)* pp.D*D*0
X 69394D£1 [PD*O]”/Y[PD*O]}”
< € (ppa)a(py)pler)s(ex)’. (1)

and the D**D**D° loop gives

. DO PO o d4l . /
M = [ g M ) e

X Dz] [PDXOLI}’ [PD*O]”IT

X €P1(ppo) o (py)5(€5)s(€x)"- (12)

The details of M%i;gow/ DEDUPY) can be found in
Appendix A. Finally, the amplitude of the pp—yX(3872)

with the D**D*°D°/D**D*DP loops, M ,; x. is

=0 7)+0 )0 D*0 H*0 H0

MPMX = MISI(M;’?’J’? i + M%,rg P >)’ (13)
where Mg is a factor to take into account the pp initial-
state interaction (ISI). In Ref. [61], this factor |Mg|* is
about 0.25 at /s = 5 GeV and moderately increases along
with /s. Here we treat Mg as a constant and take

| Mig|* = 0.2 for an estimation of the ISI effect.
With the pp — yX(3872) amplitude given in Eq. (13)
and the phase-space factor, the cross section of the
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pp — rX(3872), 6,5 ,x, as a function of /s, which is now
the pp c.m. energy, is given by

1 kb——
Oppyx = /dQ64ﬂ.2S;|MPPJ’X %

with k = 22(s,0,m%)/(2y/5) and p = AV2(s,m%, m3)/
(2V/s).

C. Width effect of the X(3872)

To take into account the width of the X(3872), the cross
sections need to be convolved with the spectral function of
the X(3872).” The spectral function may be parametrized
using either the BW or the Flatté form. The latter form for
the spectral function is used in this work since the Flatté
parametrization is more proper for analyzing the X(3872)
line shape which is very close to the D°D*® threshold.
The spectral function with the Flatté parametrization is
given by [2,27]

pling) ==t

b4 Dy
Dy = ity — myq + ilx(iy) /2,

Ty(iy) = g(ky 4+ ky) + Ty ,(x) + T, (i) + Txo,

k] = \/2ﬂD0D*”(”hX — Mpo — mD*o),

ky, = \/2ﬂD+D*-(ﬁ1x — Mmp+ — mD*‘)’

y—my, dml q(ﬁlx, m/)rp
Iy, (my) = - )
xp(x) = f Lm” 2r (m' —m,)? +T2/4
my=my, dm' gy, m')T,
Iy, (fy) = —-— .
X,m(mX) fm lm” 20 (m/ _ mm)z + l—%,/4
. 1 .
q(iny, m') = %ll/z(mi, m? mj,), (14)

with ', and T',, being the widths of the p and @ mesons,
respectively. The nonrelativistic momenta k; , are analyti-
cally continued below the threshold. In the case with the
Flatté amplitude, the scaling property hinders a determi-
nation of all free parameters [66]. We make use of the Flatté
parameters, myo, I'xg, g, f,, and f,, from Ref. [2] which
fixes myq and fits the other parameters to the data, and
g4 = 1 GeV is used for the X(3872) — D°D*° coupling as
mentioned in Sec. II A for the estimation of the order of the
cross section.

3See Ref. [65] for a detailed discussion on the smearing effect
of the experimental energy resolution, and see also Ref. [39] for
arguments for the sensitivity of the TS peak on the X(3872)
binding energy, where the binning of the yX(3872) energy is
considered.

As pointed out in Ref. [39], for determining the X(3872)
binding energy from the yX(3872) line shape, the X (3872)
needs to be reconstructed from decay modes other than
the 7°D%D° one; otherwise, one has to consider the tree-
level contribution of D**D*0 — z9DODO which has a
subtle interference with the triangle diagrams and cannot
be treated as a smooth background near the TS energies
[67-70]. In Ref. [44], the ete™ — yD**D° process is
studied, and it is found that the D°D*? distribution with
a fixed /s is completely dominated by the tree-level
contribution, which increases rapidly at the TS energy.

Because of the existence of a TS, in the invariant mass
distribution of the decay products of the X(3872) for a
given initial energy, or in the yX(3872) distribution when
the invariant mass of the final state particles used to
reconstruct the X(3872) (such as the J/wzn'z™) is con-
strained within a small region around the D°D*° threshold,
there should be a TS peak even without the formation of the
X(3872), as pointed out in Ref. [49]. Such an effect would
not cause any trouble, and will be automatically included if
the full amplitude is employed for the transition from the
D°D*Y to the final states (such as the J/wx*z~) that are
used to reconstruct the X(3872) (the amplitude for the
complete process will be then given by a convolution a
convolution of the triangle loop and the transition ampli-
tude). Since the transition amplitude possesses a pole due
to the existence of the X(3872), it will be dominated by
the X(3872) pole in the vicinity of the X(3872) mass
(e.g., within £2 MeV, see Appendix B) and thus we can
approximate it by the X(3872) spectral function as
treated here.

In this work, we consider the ztz~J/y mode for
reconstructing the X(3872). Then, we make the convolu-
tion as follows:

— mx""zrx 1 FX (ﬁlx)
Fm,y) = / ity —— XX
) = Jary ™ 22N (D (i) P

/mX+2rX dii ( . ) l—‘X,/) (ﬁ’lx)
= MxpPx\My ) 5=~ 7
my—2Ty XXX Re[FX(mX)]

mx+2x

F(myX’mX>
F(mvaﬁ/LX)’

N = dinypy (i), (15)

my—2Iy

with F being do,+,- ,0,x/dm,x or o,;,x. The integration
range for the convolution with the Flatté amplitude is
chosen to be twice of the half-maximum width of the peak,
which is taken to be £400 keV from the D°D** threshold
with the LHCb best-fit parameters. For comparison, the
calculation will also be done with different parameter sets
of the Flatté amplitude. The parameters are fixed with the
X(3872) binding energy and width being & = +180,
+50 keV and I'y = 100 keV. The mass and width are
given by the peak position and the half-maximum width of
(Tx,/|Dx|*)/(2zN'). Notice that the 100 keV width is
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FIG.5. (Ty,/|Dx|*)/(2zN') as functions of /iy with Eq. (14).
The lines are normalized at their maximum values. The vertical
line is the D°D*0 threshold. The line shape using the LHCb
parameters [2] is much more asymmetric than the other choices
because the corresponding pole of the Flatté distribution is
located in the lower half complex-iizy plane but above the
DD threshold on the physical sheet of the D°D*? channel,
defined as Imk; > O (note that the Schwarz reflection principal is
not respected by the Flatté distribution with a constant imaginary
part, I'yq, in the denominator). For the other choices of param-
eters, the pole is located below threshold on the physical sheet or
above threshold on the unphysical sheet, defined as Imk; < 0.
The mass and width from all the choices are consistent with the
LHCb determination within uncertainties.

consistent with the half-maximum width of the Flatté
distribution in the LHCb analysis, 0.227075 MeV [2].
The ratios of g, f,, and f, are fixed to the same values
given by the best-fit parameters with my, = 3864.5 MeV
in Ref. [2]. The parameters are tabulated in Table I. See
Fig. 5 for a plot of (I'y,/|Dx[*)/(2zN).

Finally, the parameters used in this calculation are
summarized in Table II.

III. RESULTS
A.e*te” — "X (3872)

First, we show the y X (3872) invariant mass distribution in
the eTe™ — 7% X(3872) reaction, where X(3872) decays
further into 7 z7J /y, denoted by dG,+,- ,0,x/dm,x [here
and in the following, we use & to denote cross sections con-
volved with the X(3872) spectral function of the J /w7~
mode]. In order to check the impact of the uncertainty of the
Flatté parameters, we show the yX(3872) distribution con-
volved with the Flatté distribution Eq. (14) in Fig. 6, where
0 1s fixed to 0 keV. In the left panel of Fig. 6, the black solid
line is the result with the central values of the best-fit
parameters of the Flatté analysis by LHCDb in Ref. [2], and
the gray band is given by the parameter uncertainties (the
statistical and systematic errors are summed in quadrature).
The peak position is about 4.015 GeV, and the peak has a
width of a few hundreds of keV. The cross section is averaged
in the range of my € mpo + mp-0 £400 keV to cover the

X (3872) peak region of the black solid curve in Fig. 5. The
uncertainty from the Flatté parameters is large,6 leading to a
sizable uncertainty in the magnitude as seen from the gray
band in Fig. 6, but the peak position and line shape remain
almost intact. That can be seen in the right panel of Fig. 6 for
the plot with the parameter sets allowed within the errors of
the Flatté parameters in Ref. [2] normalized with the value at
the D*9D*0 threshold (see 8 = 0 keV of Table I for the value
and the parameter errors); the line shapes with different
parameter sets are similar to each other.

Other than the TS peak, one can see a cusp of the D**D*0
threshold slightly below m,y =4.014 GeV as a conse-
quence of the S-wave production of D**D*°. The two
relevant singularities, the cusp at the D**D*? threshold and
the peak caused by the TS, fix the line shape. The
distribution shows slightly increasing behavior along with
increasing m,y. This is because of the Z,(4020) resonance
included in the D*D* production mechanism. Yet, its
inclusion does not change the TS peak structures in the
yX(3872) distribution.

Notice that for the e™ e~ — yX(3872) cross section [43],
there is no D**D*C threshold cusp as the D**D* pair is
produced in P wave in that case, and only the TS peak can
be seen in the yX(3872) distribution.

The yX(3872) distribution of the differential ete™ —
7% X (3872) cross section smeared with the Flatté distri-
bution Eq. (14) with the parameter sets in Table I is given in
Fig. 7. The range of the smearing in Eq. (15), twice of the
half-maximum width from the peak, is /iy € my +£200keV
here. The yX(3872) distributions with a few different
masses (5 values) of the X(3872) are shown in the left
panel, and those normalized to the value at m,x =
mpo + mpo with 6 = 180 keV is also given in the right
panel of Fig. 7 to make the comparison of the line shapes
easier.

The distribution d6,+,- ,0,x/dm,x, which involves the
X(3872) decay into the ztz~J/yw mode, is the order
0.01 pb/GeV as in the left panels of Figs. 6 and 7 within
0 = =180 keV. As one can see in the left panel of Fig. 7,
the magnitude is bigger with larger é. In the right panel of
Fig. 7, one can see that the peak of the T'S looks more clear
with a negative § compared with that with a positive & or the
line in Fig. 6. The peak positions for the 6 = —50 and
—180 keV cases are 4.0155 and 4.015 GeV, respectively,
which are dictated by the TS whose location can be easily
obtained using the master formula in Ref. [41]. On the other
hand, the peak around m,y = 4.016 GeV with 6 > 0 is a
remnant of the TS because the TS is in the complex plane in
this case even when the D*° width is neglected. Thus, the
peak is sensitive to the binding energy particularly with
0 <0 as can be seen from the figure. As studied in
Ref. [65], even after considering the energy resolution,

®We did not take into account the correlations of the param-
eters, and thus the error band shown here would be overestimated.
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TABLE 1. Flatté parameters of Ref. [2] with 6 = 0 keV and those with 6 = 4180, 50 keV and I'y = 100 keV. The errors of the
parameters for the 6 = 0 keV case given by Ref. [2] are summed in quadrature.
6 (keV) myoy (GeV) g (=) fp (=) So (5) I'yxo (MeV)
0 3.8645 0.1080 0% (1.8108%) x 1073 1.0 x 1072 1.440.72
180 3.8644 0.097 1.6 x 1073 9.0 x 1073 0.0
50 3.8643 0.108 1.8x 1073 1.0 x 1072 0.3
=50 3.8714 5.186 x 1073 8.6 x 1073 4.8 x 107 0.03
—180 3.8717 2.802 x 1073 4.7 x 107 2.6 x 1074 0.035
TABLE II. Parameters used in this work.
mpo (GeV) mpo (GeV) I'po (keV) mp-+ (GeV) my (GeV) m,, (GeV) I, (GeV)
1.86483 2.00685 553 2.01026 0.13498 4.22 0.06
m, (GeV) 909192 (GeV?) g3 (Gev™h) mz o (GeV) I'z0 (GeV) o A (GeV)
0.93827 0.68 1.77 4.0317 0.0259 -5.20 2.0
—~ E=)
% 0.06} __ Flatts(LHCD) ‘ E P
= 005 P g
2 004 | S
;" | E 10
= 0.03 | = /
5 20.02 i 3| = /i
o| 8 : 205 .‘
L= 0.01 ; RS !
S i e 53 i
= 0.20 ‘ ~ 0.0 i
010 4.012 4.014 4016 4018 4.020 4010 4.012 4.014 4.016 4.018 4.020

mqyx (GGV)

m~x (GeV)

FIG. 6. Left: The yX(3872) distribution for eTe~ — %X (3872) convolved with the Flatté distribution, Eq. (14), with the error band
given by the parameter errors of the Flatté distribution [2]. The e*e™ c.m. energy is fixed at /s = 4.23 GeV, and § = 0 keV is used here
[2]. Right: the plot of the yX(3872) distribution in the e*e~ — 7% X(3872) process with the parameter sets within the Flatté-parameter
errors of Ref. [2] normalized with the value at the D**D*" threshold. The vertical dash-dotted line is the D*°D*? threshold in both panels.

- Eo)
% 0.12 — 6 =180 keV ﬁ 0.20 — 6 =180 keV ~
O 0.10f - 6§ =50 keV = 6 = 50 keV JX
= §=—50keV | E 015 s--s0ka JiL
2 0.08 __5_ 180 keV Q 6 = =180 keV L \
>§ 006 DOp*0 >:/ 010 D0 .
Sl <nanal S T &
-l 20.04 2
| < R RS
%< 0.02 N W 200
I i vl S ks
= 0.20_'.1": LLLLLLLL e T B ,lg 020 i
010 4.012 4.014 4.016 4.018 4.020 010 4.012 4014 4.016 4.018 4.020

myx (GeV) myx (GeV)

FIG. 7. Left: The yX(3872) distribution for the e*e™ — 7% X(3872) with different X(3872) masses convolved with the Flatté
distribution Eq. (14). The ete™ c.m. energy is fixed to be /s = 4.23 GeV, and the X(3872) — z"n~J/w branching fraction has been
taken into account. Right: the e*e™ — 7%y X(3872) cross section normalized with the value at m,x = mpo + mp- of 5 = 180 keV. In
both panels, the vertical line is the D**D*? threshold. The Flatté parameters with different X (3872) binding energies are given in Table I.
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the shapes can still be distinguished for different binding
energies.

Let us make a comment on the uncertainties of the order
of magnitude. The uncertainty of the e*e™ — 7°(D*D*)°,
which is used to fix the parameter gy g, g», is about 10%, the
uncertainty of the D* — yD part is only a few percent
referring to the relative errors of the D** full width and
the D* branching ratios [1], and the composition of the
X(3872) other than DD* would give an uncertainty of a
few tens of percents to the coupling constant gﬁ. Then, the
uncertainties of the cross section are expected to be about a
few tens of percents.

Integrating the differential cross section in Figs. 6 and 7
over the m,y region between 4.01 and 4.02 GeV, we get
O(0.1 fb). Such a small cross section implies that meas-
uring the yX(3872) line shape of the eTe™ — 7% X(3872)
process would be very challenging.

0.07
0.06
2 0.05

—Flatté(LHCb) |
N 0.04 :

___pop

.g 0.03
5 0.02
0.01

2010 4012 4.014 4.016 4.018 4.020

Vs (GeV)

FIG. 8.

B. pp — yX(3872)

The plot of the pp — yX(3872) cross section convolved
with the Flatt€ distribution in Eq. (14), 6,5 ,x [note that the
X(3872) - n"z~J/y branching fraction has been taken
into account as before], as a function of the pp c.m. energy,
\/s is given in Fig. 8. The Flatté parameters from the LHCb
analysis are used [2]. The distribution is similar to the
analogous one for the ete™ — 7% X(3872) in Fig. 6,
peaking at m,xy = 4.015 GeV, and the line shape is only
marginally changed within errors of the Flatté parameters.

The plot of the pp — yX(3872) cross section, &, ,x.
with the parameter sets in Table I is given in the left panel of
Fig. 9, and the right panel of Fig. 9 is the plot with all line
shapes normalized to that of § = 180 keV at the D*0D*0
threshold as the right panel of Fig. 7. The yX(3872)
invariant mass distribution of the pp — yX(3872) process
is qualitatively the same as the e*e™ — 7% X (3872) case,

[—
¥

+x (normalized)
[o—
=

0.5
&

0.0

4010 4012 4.014 4016 4.018 4.020

Vs (GeV)

Left: The yX(3872) distribution for the pp — yX(3872) smeared with the Flatté distribution. The gray error band is given by

the parameter errors of the Flatté amplitude of the LHCD analysis [2]. Right: the plot of the yX(3872) distribution in the pp — yX(3872)
process with the parameter sets within the Flatté-parameter errors of Ref. [2] normalized with the value at the D**D*? threshold. In both
panels, the D**D*0 threshold is shown with the gray dash-dotted line.

= 180 keV
----- 0 = 50 keV

\/5 (GeV)

‘ p
= 0.20F __5_ 150 kev 1 ,’f \\.‘
CJN) ----- r) = 50 keV : /’,‘ \\
So1s s/
-0 = — G A \
:
2 0.10 /
~ |
e i
< 0.05 L T e
s e
]

2010 4.012 4014 4.016 4.018 4.020
Vs (GeV)

FIG. 9. Left: The yX(3872) distribution for the pp — yX(3872) with different X(3872) binding energies as a function of the pp c.m.

energy +/s. The X(3872) - n*

#~J/y branching fraction has been taken into account. Right: the pp — yX(3872) cross section

normalized with the value at m,y = mpo + mp- of § = 180 keV. In both panels, the vertical line is the D**D*" threshold. The Flatté
parameters with different X(3872) binding energies are given in Table I.
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FIG. 10. The bin-averaged histogram of d&,+,- ,0,x/dm,x (left) and &, ,x (right). The energy bin is 1 MeV, and the magnitudes are
normalized at their maximal values. The D**D*0 threshold is shown as the gray dash-dotted line.

since the singularities are the same. The cross section
increases with larger 6, and the peak structure looks more
significant with § < 0. The lines of 6 = —50 and —180 keV
show a clear peak structure due to the TS in the physical
region: the peak of 6 = —50 keV is at 4.0155 GeV and that
of 6§ = —180 keV is at 4.015 GeV as in Fig. 7. Comparing
the distributions of 6§ =50 keV and 6 = 180 keV, the
enhancement at m,y = 4.016 GeV in the yX(3872) dis-
tribution with 6 = 50 keV is more clear since the TS is
closer to the physical region.

About the cutoff A in the form factor Eq. (10) for
the pp — D*D* transition, A =2 GeV is used in the
plot of Figs. 8 and 9. Varying the cutoff A within
A =2.0+£0.2 GeV, the cross section changes by a factor
of 2 compared to the value with A =2 GeV with the
same line shape, indicating a large uncertainty in the
estimate of the pp — yX(3872) cross section in addition
to that in the X(3872) — DD* coupling g,. Nevertheless,
the order of magnitude should be reliable, and we expect
6,pyx to be of O(10 pb) for /s ~4015 MeV. From
Ref. [71], the integrated luminosity of PANDA at /s =
3872 MeV is about 2 fb~! in five months. Assuming the
same integrated luminosity of 2 fb~! in the energy region
from 4010 to 4020 MeV, O(2 x 10*) events are expected to
be collected for the X(3872) in the J/wz"z~ mode.
Considering further the reconstruction of the J/y from
the eTe™ and ptu~ pairs, each of which has about a
branching fraction of about 6% [1], we expect that O(2 x
10°) events can be collected at PANDA. According to the
Monte Carlo simulation in Ref. [26], a high-precision
measurement of the X(3872) binding energy is foreseen
even after further smearing due to the energy resolution is
taken into account [65]. In particular, such a smearing effect
at PANDA will be very small since the energy resolution
can reach the level of 100 keV [71,72].7 To make a better

"The beam energy resolutions for the high luminosity and high
resolution modes of the High Energy Storage Ring are 167.8 and
33.6 keV, respectively [71,72].

comparison with the forthcoming experimental data, we
show in Fig. 10 the histograms of d&,+,- ,0,x/dm,y and
6ppyx averaged over each energy bin. In the plot, the
energy bin size is fixed to be 1 MeV and the magnitude of
the histogram is normalized at their maximal values. The
histograms with different § can be distinguished from the
peak position and the shape. Particularly, the line shape
with positive 0 is characterized by a longer tail at larger
yX(3872) energies.

IV. SUMMARY

In this paper, we have estimated the cross sections for the
production of yX(3872) from a short-distance D**D*"
source. A measurement of the yX(3872) line shape was
proposed to achieve an unprecedented precision in deter-
mining the X(3872) binding energy [39]. We focused
on two processes in this paper: ete™ — 7°yX(3872) and
pp — yX(3872). The yX(3872) invariant mass distribu-
tions for these two processes were computed, which
clearly show a special peak sandwiched between the
D**D*0 threshold and the triangle singularity of the
D*D*9D%/D**D*°DY loops. The obtained line shapes
with different X(3872) binding energies can be distin-
guished from each other in both the ete™ and pp
processes: the peak is more narrow when the X(3872)
mass is above the D°D*" threshold. Convolving the
distributions with the spectral function of the X(3872)
does not change the conclusion, and the effect of smearing
is marginal considering a width of order 100 keV for
the X(3872).

In the ete™ — 7%X(3872) reaction, the Z.(4020)
resonance is introduced, and it is found that this resonance
does not essentially change the peak structure caused by the
TS. For the c.m. energy of the e*e™ pair fixed at 4.23 GeV,
with inputs from the BESIII measurements of the ete™ —
7°(D*D*)° [50], we find that the cross section o(ete™ —
2'yX(3872)) x Br(X(3872) = ztn~J/y) is (0.1 fb)
with the yX(3872) invariant mass integrated from 4.01
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to 4.02 GeV. For the pp — yX(3872), the cross section is
much larger. Considering a A, exchange to produce
D*°D*0 from the pp collisions, it is estimated to be
o(pp—yX(3872))xBr(X(3872) »ztn~J/y)=0O(10pb).
This result indicates that while it is hard to measure
ete™ — n%X(3872), plenty of events can be collected
for pp — yX(3872) at the PANDA experiment. A precise
determination of the X(3872) binding energy is foreseen,
which can definitely shed new light into understanding this
most mysterious charmoniumlike particle.

ACKNOWLEDGMENTS

This work is supported in part by the National Natural
Science Foundation of China (NSFC) under Grants
No. 11835015, No. 11947302 and No. 11961141012, by
the NSFC and the Deutsche Forschungsgemeinschaft

|

(DFG) through the funds provided to the Sino-German
Collaborative Research Center “Symmetries and the
Emergence of Structure in QCD” (NSFC Grant
No. 11621131001, DFG Grant No. CRC110), by the
Chinese Academy of Sciences (CAS) under Grants
No. XDB34030303 and No. QYZDB-SSW-SYS013, and
by the CAS Center for Excellence in Particle Physics
(CCEPP). S. S. is also supported by the 2019 International
Postdoctoral Exchange Program, and by the CAS
President’s International Fellowship Initiative (PIFI) under
Grant No. 2019PM0108.

APPENDIX A: e*e~ — n'yX(3872) AND
pp — yX(3872) AMPLITUDES

With the e*e™ — 7% X(3872) amplitude in Eq. (8) and
the momentum assignment in Fig. 1, we have
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The pp — yX(3872) amplitude Eq. (11) with the particle momenta assigned as in Fig. 3 is reduced to
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and the amplitude of the D**D**DP loop, Eq. (12), gives
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Adding these two terms, we get
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APPENDIX B: POLE DOMINANCE IN THE
(D°D** +D°D*) — J /yn* z~

Here we show that the (D°D** + D°D*) — J/yrtn~
process is dominated by the X(3872) pole if the events
selection is restricted to a small region around the X (3872)
mass, despite that the X(3872) — J/wztzn~ receives a
suppression from isospin breaking.

Since the J/wx"z~, which can be treated as from the
J/wp®, is an isospin vector, it is not essential in the
formation of the X(3872). Therefore, its contribution
to the X(3872) can be treated perturbatively. The leading
term in the Laurent expansion of the full amplitude
for (D°D*° + D°D*) — J/yatx~ contains the X(3872)
pole, which couples to J/yp" as shown in Fig. 11 [54]. The
isospin breaking comes from the difference between
the contributions from the charged and neutral charmed-
meson loops in the figure. The amplitude can be
written as

%01'1}/2 9 Go(E)Vo = g2 Ge(E)V ],

where E is the difference between the J/watz~
invariant mass and the D°D*0 threshold, g¥ and ¢¥ are
the effective coupling constants for the X(3872) couplings
to the neutral and charged DD* + DD* channels, respec-
tively, Vo) are the tree-level transition amplitudes from
the charmed mesons to the J/wz" 7z~ without any pole,
and Gy (E) is the corresponding two-point scalar loop

integral, which, evaluated using a Gaussian regulator,
reads [35]

D*()/D*Jr J/¢
FIG. 11. Isospin breaking process of (D°D*® + D°D*0) —

X(3872) - J/wrn"n~. The charge conjugated charmed-meson
pairs are not shown.

G(E) :2”—” <\/%+ i\/2/4—E),

with p the reduced mass in the relevant charmed-meson
channel and A the cutoff in the Gaussian regulator. We
assume that all the isospin breaking happens through the
loops, so that Vy & V... Then, when the J/wz "z~ invariant
mass is in the vicinity of the X(3872) mass, the relative size
of the transition rate for (D°D*® + D°D*®) — J/yr*n~
through the X(3872) pole and that without any pole, i.e.,
given by the isospin conserving V, can be estimated as

%

=_— dE| —————
2a J_, ‘E+5+il‘x/2

5Go(E) - 5G.(E)]|
(B1)

Using the central values of the effective couplings com-
puted in Ref. [57] based on the ratio of the decay
amplitudes for X(3872) — J/yp° and X(3872) - J/yw
extracted in Ref. [73], g& =0.35(0.34) GeV~'/? and
g¥ =0.32(0.26) GeV~'/2 for A =0.5(1.0) GeV. If the
J/wrntx~ events are selected within 42 MeV, ie.,
a =2 MeV, of the D°D*" threshold, Eq. (B1) leads to R ~
89(166) with 6 = 0 and 'y = 0.1 MeV using the inputs for
A =0.5(1.0) GeV. The results with § € [-180, 180] keV
are of the same order. If the interval for the events selection
is further reduced to +1 MeV, the ratio becomes even
larger: R ~ 175(328).

Therefore, we conclude that it is very reasonable to
assume that within the vicinity of the X(3872) mass, the
(D°D*® + D°D*%) — J/wrtx~ process is dominated by
the X(3872) pole.
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