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Production of X (3872) at high multiplicity
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The dependence of the production of the X(3872) meson on the hadron multiplicity in pp collisions has
been used as evidence against X being a charm-meson molecule. The argument is based in part on the
incorrect assumption that the cross section for the breakup of X by scattering with comovers can be
approximated by a geometric cross section inversely proportional to the binding energy of X. The breakup
cross section should instead be approximated by the probability-weighted sum of the cross sections for the
scattering of comoving pions from the charm-meson constituents of X, which is insensitive to the binding
energy. A simple modification of the comover interaction model gives excellent fits to the data from the
LHCb Collaboration on the multiplicity dependence of the production of X and w(2S) using parameters
compatible with X being a loosely bound charm-meson molecule.
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I. INTRODUCTION

Since the unexpected discovery of the X(3872) meson
[also known as y.;(3872)] in 2003 [1], dozens of other
exotic heavy hadrons not predicted by the quark model
have been discovered [2-5]. They present a major chal-
lenge to our understanding of QCD. The nature of X (3872)
(X for short) is a particularly important issue, because it
remains the exotic heavy hadron for which the most
detailed experimental information is available. The X
was discovered in the decay mode J/wz"z~, and it has
since been observed in six other decay modes. Its quantum
numbers were determined in 2013 to be JF¢ = 1+* [6].
The LHCb Collaboration recently made the most precise
measurements of its mass My and the first measurements
of its decay width [7,8]. The difference between My
and the D*D° threshold is ey = —0.07 +0.12 MeV.
This implies an upper bound on the binding energy of
X: |ex| < 0.22 MeV at 90% confidence level.

The information JP€ = 17* and |ey| < 0.22 MeV is
sufficient to conclude that X must be a loosely bound S-wave

molecule with the particle content (D**D° + D°D*)/+/2
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and with universal properties determined by ey [9]. The
mean separation of its constituents is ry = (8ulex|)™1/2,
where y is the reduced mass of D**D°. The upper bound
lex| < 0.22 MeV implies ry > 4.8 fm. Thus, this amazing
hadron has a radius more than an order of magnitude larger
than that of ordinary hadrons. More relevant to the other
exotic heavy hadrons is what X would have been if not for
the fine-tuning of its mass to the D**D° threshold. The
possibilities that have been proposed include the P-wave
charmonium state y.;(2P), an isospin-0 charm-meson
molecule, and an isospin-1 compact tetraquark. In all these
cases, the tuning of the mass to the D**D° threshold
produces resonant couplings to D**D® and D°D** that
transforms X into a loosely bound molecule of neutral
charm mesons.

Shortly after the discovery of X in B-meson decays [1],
its existence was confirmed in pp collisions [10]. The
production of X at a hadron collider can be resolved into
two contributions: prompt production by strong inter-
actions at the primary collision vertex and the b-decay
contribution from weak decays of hadrons containing a
bottom quark or antiquark at a displaced secondary vertex.
The behavior of these two contributions may provide
evidence for the nature of X. One significant difference
is the hadronic environment in which X is embedded. In the
decay of a b hadron, at most a few additional hadrons
emerge from the secondary vertex. In prompt production at
the LHC, hundreds of additional hadrons may emerge from
the primary vertex. Collisions with comoving hadrons
could break X up into its charm-meson constituents and
thus decrease its prompt cross section.
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The LHCDb Collaboration has studied the dependence on
the hadron multiplicity of the production of X in p p collisions
at the center-of-mass energy /s = 8 TeV [11]. The char-
monium state w(2S) (' for short) provides a convenient
benchmark, because it also decays into J/wa"z~, and its
mass is close to My. The LHCb Collaboration measured the
ratio of the prompt production rates for X and y’ in the
J/wn"z~ decay channel as functions of the number N ., of
tracks in the vertex detector. The prompt X-to-y/ ratio
decreases significantly with increasing N cxs-

Esposito et al. have used the comover interaction (CI)
model to calculate the dependence of the prompt X-to-y’
ratio on the charged-particle multiplicity N, [12]. Their
result for X as a compact tetraquark is consistent with the
LHCD data, while their result for X as a molecule with a
geometric cross section decreases much too rapidly with
N They concluded that the LHCb data support X being a
tetraquark and strongly disfavor it being a molecule. Their
results if X is a molecule were based in part on the incorrect
assumption that its breakup reaction rate can be approxi-
mated by the geometric cross section zry, which is
proportional to 1/|ex|. It should instead be approximated
by the cross section for scattering from the charm-meson
constituents of X, which is insensitive to ey. We show
below that a simple modification of the CI model provides
excellent fits to the LHCb data on the multiplicity depend-
ence of X and y' production with parameters compatible
with X being a loosely bound charm-meson molecule.

II. COMOVER INTERACTION MODEL

The CI model was developed to describe the suppression
of charmonium states in relativistic p-nucleus and nucleus-
nucleus collisions by taking into account final-state inter-
actions with comoving hadrons created by the collision
[13—15]. Ferreiro used the CI model [16] to describe the
suppression of y’ relative to J/y in d-Au and p-Pb
collisions at RHIC [17-19]. Ferreiro and Lansberg devel-
oped a more elaborate version of the CI model [20] to
describe the suppression of Y(2S) and Y(35) relative to Y
in p-Pb collisions at LHC [21,22]. A modified version of
their model was applied by Esposito et al. to the production
of X in pp collisions [12].

In the CI model, the survival probability of a ¢¢ or bb
meson Q in pp collisions is [23]

So = exp (_ (vagidN/dy log d%/dy) ()

pp pp

where dN /dy is the light-hadron multiplicity per unit range
of rapidity and (vo ) is the reaction rate for the breakup of
Q averaged over comovers. The nondiffractive cross
section 6,,,(s) depends on the center-of-mass energy /s,
while N, ,(s,y) may also depend on the rapidity y. N, is
the multiplicity below which the effects of comovers are

negligible: Sg = 1,if dN/dy < N ,,,. The estimates for s, ,
in Ref. [12] are 63 mb at /s = 7 TeV and 70 mb at 13 TeV.
A logarithmic interpolation in s gives o,, = 65 mb at
\/s = 8 TeV. The range of pseudorapidity for the LHCb
spectrometer is 2.0 < < 4.8. An estimate of N, in that
region can be obtained by multiplying the mean charged-
particle multiplicity for the LHCb detector [24] by 3/2 to
take into account neutral particles and then dividing by
Ay = 2.8, which gives N, ~ 6.

In the CI model, the comovers are usually assumed to be
either pions with mass m, ~ 140 MeV or massless gluons.
In Ref. [20], the momentum distribution of the comovers in
the QO rest frame was assumed to be a Bose-Einstein
distribution in the two-dimensional transverse plane with
an effective temperature 7. In Ref. [12], it was assumed
to be a three-dimensional Bose-Einstein distribution.
Reference [20] introduced a simplistic model for the
breakup cross section 6y as a function of the comover
energy E,: nry(1 — ES'/E,)", where EY is the threshold
energy for the breakup of Q. In Ref. [12], that same model
was used instead for the breakup reaction rate vog. In
Ref. [20], T.; was determined by fitting data on the
suppression of Y(2S) and Y(3S) in p-Pb and Pb-Pb
collisions. The fitted value of T is approximately linear
in n between % and 2, and its extrapolation to n =0 is
roughly 100 MeV. For n = 1, the effective temperature is
Ty = (250 +50) MeV. These same values of n and T
were used in Ref. [12].

III. ANALYSIS OF REF. [12]

In Ref. [12], their results for the prompt X-to-y’ ratio
were compared with preliminary LHCb data [25]. The
theoretical results were normalized to the first LHCb data
point at N, = 20. As shown in Fig. 1, their narrow error
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FIG. 1. Prompt X-to-y’ ratio as a function of the multiplicity
N The preliminary LHCD data from Ref. [25] are shown in bins
of Niacks,» Which is identified with 3N,. The two higher error
bands are for a compact tetraquark from Ref. [12] (red band, near
the data) and using their value of (voy) (orange band). The two
lower error bands are for a charm-meson molecule from Ref. [12]
(blue band) and using their value of (voy) (purple band, almost
vertical).
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band for a molecule decreases precipitously to almost 0
near Ny, = 25, while their error band for a tetraquark
gives a good fit to the LHCb data in the next three bins of
N racks» Which extend from 40 to 100.

It is implied in Ref. [12] that their error bands follow
from inserting their breakup reaction rates (vog) into the
ratio Sx /S, of the survival probabilities given by Eq. (1).
The values of (voo) in Ref. [12] are 5.15 £ 0.84 mb for y/,
11.61 & 1.69 mb for X if it is a tetraquark, and 1197 &+
171 mb for X if it is a molecule with |ex| = 116 keV. The
prescription used to obtain these values was not specified.
The resulting error bands are shown in Fig. 1. The error
band using their value of (voy) if X is a tetraquark
decreases almost exponentially to 0, and it lies well below
the LHCb data even in the second bin of N,. Thus, the
error bands in Ref. [12] must be determined by physics not
captured by the survival probability in Eq. (1).

IV. X BREAKUP REACTION RATES

Cross sections for low-energy #X scattering can be
calculated using a nonrelativistic effective field theory for
charm mesons and pions called XEFT [26]. It provides a
systematically improvable description of the sector of QCD
consisting of D*D, DD*, DD, or X with total energy near
the D*D threshold [26] and also the sector consisting of
D*D*,D*Dzx, DD*n, DDnr, or Xz near the D* D* threshold
[27]. A Galilean-invariant formulation of XEFT that exploits
the approximate conservation of mass in the transitions
D* <> Drwasintroduced in Ref. [28] and further developed
in Ref. [29]. Galilean invariance guarantees that cross
sections are the same in all Galilean frames, and it reduces
the number of Feynman diagrams by requiring conservation
of the total number of 7, D*, D*, and X mesons.

The breakup cross section for 77X — D**D*0 was first
calculated in Ref. [27] in the CM frame using original
XEFT. The cross sections for 7+ X — D**D*0 and 7°X —
D*D*0 are calculated using Galilean-invariant XEFT in
Ref. [30]. In Fig. 2, the cross sections are shown as
functions of the collision energy E., which is the total
kinetic energy in the CM frame. They have dramatic peaks
near their thresholds, with peak values comparable to the
geometric cross section nrf(, which is 1200 mb if
ey = 116 keV. In the limit £y — 0, the cross section for
atX — D**D*0 approaches a delta function in E, at
(Hax/tz)d0+, Where 5y, = 5.9 MeV is the D**-to-Dz "
energy difference, and p,y and p, are the reduced masses
for zX and zD. The energy-weighted integral of the P-wave
contribution to the cross section reduces in the limit to

2 §3/2 2
/ dE,E.o[n*X — D D*] — WM, (2)
Hr (2\/’n_ﬂf ﬂ)2

where g/(2,/m,f,) is the D**-to-D°z° coupling constant.
This is the integral required to calculate the contribution to
(voy) from a three-dimensional Bose-Einstein distribution

6 7 8 9 10 1 12
E; [MeV]
FIG. 2. Breakup cross sections for 77X — D**DP (red curves
with lower threshold) and z°X — D*°D° (blue curves with higher
threshold) as functions of the collision energy. The binding

energy of X is 116 keV (solid curves) and 232 keV (dashed
curves).

of pions. The corresponding integral for z°X — D**D*0 is
obtained by replacing §,, by the D**-to-D°z° energy
difference §yy; = 7.0 MeV. Their contribution to (voy)
decreases from 0.2 to 0.04 to 0.02 mb as Ty increases
from 100 to 200 to 300 MeV.

When the zX collision energy is well above the
resonance region in Fig. 2, the pion can scatter off an
individual constituent of X, and this will necessarily break
up the bound state. The constituents of X are D** and D°
with probability 1/2 and D° and D*° with probability 1/2.
The total zX breakup cross section can be approximated by
the weighted sum of zD and zD* cross sections,

o™ [zX] z%(a[nDo] +6[zD°] + 6[xD*) +6[zD*)).  (3)

A sufficient condition for the validity of this approximation
is that E_. is well above the resonance region shown in
Fig. 2.

For nonrelativistic collision energies, the largest cross
sections are those allowed in Galilean-invariant XEFT. The
specific final states from zX scattering taken into account
by Eq. (3) are D*Dz and DD*r with at least one neutral
charm meson. The cross sections for zD° — zD and
aD*° — zD* are calculated in Ref. [30]. In the region
0p0 <K E. < m,, they are approximately constant. The total
P-wave contribution to the zX breakup cross section using
Eq. (3) is

_ 442 (42 2 gt
o] m Halia 1 )T ()
(2/mzfz)

where p, is the 7D* reduced mass. An overestimate of the
contribution of this region to (voy) can be obtained by
integrating over the range 6y < E. < m,. This estimate
decreases from 0.05 to 0.02 to 0.01 mb as T increases
from 100 to 200 to 300 MeV.
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For relativistic collision energies of order m, and larger,
XEFT s not applicable. There have been previous calculations
of the reaction rates (vs) for zZX — D*D* in a thermal gas of
hadrons. In Ref. [31], the reaction rate decreases from 0.5 to
0.2 mb as the temperature 7 increases from 100 to 200 MeV. In
Ref. [32], the reaction rate is approximately constant near
35 mb for T between 100 and 180 MeV. There have been
previous calculations of the D and zD* reaction rates (vo) in
athermal gas of hadrons. In Ref. [33], the #D and #D* reaction
rates from pion interactions were calculated at temperatures 7
from 116 to 156 MeV. The reaction rates are approximately
independent of 7', but they depend on a cutoff parameter A. As
A increases from 0.5 to 1.0 to 1.5 GeV, the reaction rate from
zD — 7D increases from 2 to 6 to 10 mb. The reaction rate
from zD* — zD* is much smaller, increasing from 0.007 to
0.04 to 0.1 mb. In Ref. [34], the structure of hadrons was taken
into account by using a form factor with cutoff momentum A.
For A = oo, the estimate of (voy) using Eq. (3) increases from
25 to 37 mb as T increases from 100 to 200 MeV, while for
A =1 GeV, (voy) ~ 15 mb almost independent of T

V. ANALYSIS OF LHCB DATA

The LHCb datain Ref. [11] consist of the prompt fractions
for both X and ' and the X-to-y’ ratios for both prompt and
b-decay production in Fig. 3. The horizontal bars attached to
each data point indicate the bin of the variable N, and the
value of N,y for the data point is at the multiplicity-
weighted center of the bin. Since the pseudorapidity range of
the LHCb vertex detector is 1.6 < < 4.9 [35], the multi-
plicity dN/dy can be approximated by 3 (Nyyes/3.3). The
prompt fraction f ;omp for y’ is about 87% in the first bin of
Nyacks- 1t first decreases as N, increases, but then it
appears to level off at about 70%. This behavior is incom-
patible with the assumption that the prompt cross section is
proportional to the survival probability S, given by Eq. (1).
That assumption requires fpromp to decrease almost expo-
nentially to 0 as N, increases.

A possible interpretation of the LHCb data on the prompt
' fraction in Fig. 3 is that the prompt cross section has two

f; prompt

dN/dy, Niracks/2.2

FIG. 3.

components: one independent of dN/dy and the other
proportional to S,,. The two components could arise from
the phase-space structure of the pp collisions. Prompt y'’s
created at a space-time point and with a momentum that
puts them out of reach of most of the comoving pions give a
contribution to the cross section that does not depend on
dN/dy. The remaining prompt y'’s are broken up with the
probability 1 —S,,, so their contribution to the prompt
cross section is proportional to S, .

This interpretation motivates a simple modification of
the CI model. We denote the fraction of the prompt Q
mesons out of reach of comoving pions by f o and their
contribution to the prompt cross section by o, o. The
prompt cross section can be expressed as

Gprompt[Q] = [1 + (l/fout,Q - I)SQ]Gout,Q’ (5)

which depends on dN/dy through Sy. We assume the
b-decay cross section 6y, gecay, 0 does not depend on dN /dy.
The prompt fraction for Q is

_ 1+(1/f0ut.Q_1)SQ
I+ 1/F0ut,Q + (1/f0ut,Q - 1)SQ7

fprompt [Q] (6)

where F oy 0 = 6ou.0/ Opdecay,0- The prompt X-to-y/’ ratio is

Br Gprompt[X] o 1+ (1/fout.X B I)SX
— P — Ny ,
Br O prompt [l//] o 1+ (1/f0ut,y/’ - 1)Slll'

(7)

where Ny, is the product of 64y x/6oy, and the ratio
of the branching fractions into J/wz*z~. The b-decay
X-to-y/ ratio is

Br deecay[x] _ Fout,y/’

X /
Br Op decay [V/] v

(8)

Fout.X

We have carried out a global fit to the LHCb data by
minimizing the y? for the 26 data points in Fig. 3 with
respect to the five adjustable parameters in Egs. (6)—(8) and

0.12
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o
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Br o{X]/ Br o[y/]

0.02

0.00 L L L L
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dN/dy, Niracks/2.2

Prompt fractions (left panel) and X-to-y’ production ratios (right panel) as functions of the multiplicity dN/dy. The LHCb data

in Ref. [11] for the prompt X fraction (blue squares), the prompt v’ fraction (red dots), the prompt X-to-y’ ratio (blue squares) and the
b-decay X-to-y/ ratio (red dots) are shown in bins of N ,.s/2.2. The curves and their error bands are from a global fit to the LHCb data.
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the two breakup reaction rates (voy) and (vo,,). Each data
point is interpreted as the value at the multiplicity-weighted
center of the bin, and its statistical and correlated errors
are added in quadrature. The resulting fits are shown in
Fig. 3. The error bands correspond to an increase of y> by
less than 1. The quality of the fits is very good with
y*/dof = 0.99. The fit to the h-decay X-to-y’ ratio could
be improved by adding a parameter that allows 6, or
O decay,x 10 increase linearly with dN /dy. The values of the
seven fitted parameters are f o, = 0.40 £ 0.03, fou x =
0.184+0.04, Fou, =23+0.1, Fuoux=29+0.7,
(ve,/)=3.94£0.8mb, (voy) = 2.6 £ 0.7 mb, and Ny, =
0.04 + 0.01. The correlation matrix for these seven para-
meters is

1 -0.40 -0.59 0 +0.83 —-0.28 +40.35
1 0 -0.22 -045 +0.86 -0.86
1 -0.08 -0.76 0 +0.04
1 0 -0.29 -0.20
1 -0.40 +0.43
1 —-0.83
1
©)

The fitted value of (ve,,) is about 1 & smaller than the
value in Ref. [12]. The fitted value of (voy) is about 5 o
smaller than the value in Ref. [12] if X is a tetraquark. It is
about 4 times larger than the contribution from zX —
D*D* in a thermal gas of hadrons with 7 = 100 MeV in
Ref. [31]. The fitted value of (voy) is less than 1/4 the total
breakup reaction rate from Ref. [34]. This could be
attributed to a failure of the three-dimensional Bose-
Einstein distribution as a model for comoving pions. A
momentum distribution that is isotropic in the two trans-
verse dimensions and the longitudinal dimension seems
implausible.

VI. OUTLOOK

The LHCb data on the multiplicity dependence of the
production of X and y’ in pp collisions is incompatible
with the assumption that the prompt cross section is
proportional to the survival probability in Eq. (1).
However, as shown in Fig. 3, a good global fit can be
obtained by adding the assumption that some fraction f,, o
of the prompt Q cross section is out of reach of comoving
pions. A microscopic description of pp collisions in which
these fractions could be calculated would be useful.

The quantum numbers J”¢ = 1%+ and the upper bound
lex] < 0.22 MeV imply that X must be a loosely bound

S-wave molecule of neutral charm mesons with universal
properties determined by ey. Universality is a double-edged
sword. It allows definite statements about some properties of
X, such as ry and the #X breakup reaction rate, but it also
makes them insensitive to what X would have been if not for
the fine-tuning of its mass to the D*°D° threshold.
X could have been a more compact charmonium or molecule
or tetraquark, but it is transformed into a large neutral-charm-
meson molecule by its resonant interactions with D**D° and
D°D*Y. Given the upper bound on |ey|, a model for X as a
compact hadron should be interpreted as a fictitious hadron
that does not couple to the charm mesons at the nearby D*?D°
threshold. It may be an interesting exercise to rule out such a
possibility using experimental data, but it is already excluded
by theoretical considerations.

The universal physics of a loosely bound S-wave mol-
ecule reveals a dramatic failure of the simplistic model in
Refs. [12] and [20] for (vog) based on the geometric cross
section ﬂrZQ. That model overestimates (voy) by orders of
magnitude. The breakup cross section oy is comparable to
nr%, which is proportional to 1/|ex|, only at energies very
close to the threshold as shown in Fig. 2. At higher energies,
oy is determined by the cross sections for scattering from the
constituents of X in Eq. (3), so (voy) is insensitive to ey.

Our fit to the LHCb data in Fig. 3 may be a step towards
a quantitative understanding of the production of X in high-
energy hadron collisions. In a hadron collision, once X is
broken up into charm mesons by the collision with a
comoving pion, the probability that one of the charm
mesons will encounter another charm meson and that they
will coalesce into X is extremely small. An attempt to
calculate the coalescence contribution to the production in
pp collisions of X if it is a molecule was made in Ref. [12].
Coalescence can be much more important in p-nucleus and
nucleus-nucleus collisions, because the number of charm
meson that are created is much larger. The first observation
of the production of X in heavy-ion collisions by the CMS
Collaboration indicated that the prompt X-to-y’ ratio may
be much larger in Pb-Pb collisions than in pp collisions
[36]. Understanding the production of X in p-nucleus and
nucleus-nucleus collisions even at the qualitative level
remains a challenging open problem.
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