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Hadroproduction data support tetraquark hypothesis for x.;(3872)
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We show that the recently proposed tetraquark hypothesis for the nature of the x.1(3872) results
in a formalism for inclusive production rates that has no unknown parameters. We employ this
formalism to compute hadroproduction rates of x.1(3872) at the Large Hadron Collider, which
agree with measured prompt and nonprompt cross sections. Thus, we find that the tetraquark
hypothesis for x.1(3872) is well supported by hadroproduction data.

I. INTRODUCTION

The discovery of the narrow charmoniumlike state with
a mass of about 3.872 GeV [1-4], now known as the
Xc1(3872), led to a renewed interest in exotic hadrons
since their existence were prophesized in the 1960s [5, 6].
While this state carries quantum numbers that are con-
sistent with a conventional charmonium [7, 8], it is
widely considered a candidate for an exotic hadron [9].
There have been a number of hypotheses for its na-
ture including it being a D**D° molecule [10-15], a hy-
brid [16, 17], a tetraquark [18], and even a conventional
charmonium [19, 20], but there seems to be no consensus
on which the correct interpretation of this state is.

Inclusive production rates of x.1(3872) at hadron col-
liders has been considered a test ground for these hy-
potheses [21]. The prompt and nonprompt cross sections
as functions of the transverse momentum pr have been
measured at the Large Hadron Collider (LHC) by the
CMS [22], ATLAS [23], and LHCb [24] Collaborations.
The prompt measurements are, for example, in conflict
with the molecular [25] and the charmonium [26] hy-
potheses; while the mixing model in Refs. [27, 28] can ex-
plain the prompt rates, this comes at the cost of two non-
perturbative unknowns that cannot be computed from
first principles and must be determined from data.

Recently, in Refs. [29-31], the authors proposed a sce-
nario based on the Born-Oppenheimer approximation of
QCD where the x.1(3872) can arise as a ccqq state, where
the cc is predominantly in a color-octet state at short dis-
tances. While these hypotheses can be formulated in the
Born-Oppenheimer effective field theory (BOEFT) ap-
proach [32-40], because some of the potentials used in
Refs. [29-31] have not yet been obtained from first prin-
ciples and instead are tuned to the spectrum, we may not
yet consider this hypothesis a solid prediction of QCD.
This calls for independent tests to be made to compare
this scenario with measurements.
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In this paper, we compute hadroproduction cross sec-
tions of the x.1(3872) under the assumption that it is a
ccqq tetraquark state as proposed in Refs. [29-31]. We
find that, due to the color and angular momentum config-
uration of the cc at short distances in this hypothesis, the
inclusive production rate takes a particularly simple form
in the nonrelativistic QCD (NRQCD) factorization for-
malism [41], because the x.1(3872) is predominantly pro-
duced via a single color-octet state. Moreover, the non-
perturbative NRQCD matrix element, which corresponds
to the probability to find the c¢¢ inside the x.1(3872)
in the color-octet state, can be computed from the cc
wavefunction, which, in turn, can be determined from
a Schrodinger equation. This leads to a formalism for
inclusive production of x.;(3872) with no unknown pa-
rameters, which can be used as a stringent test of the
tetraquark hypothesis for x.1(3872). We compare our
calculation of prompt and nonprompt hadroproduction
rates of x.1(3872) from pp collisions at the LHC and com-
pare them with available data.

II. NRQCD FACTORIZATION FOR x.1(3872)

In the NRQCD factorization formalism [41], the in-
clusive cross section of a x.1(3872) can be written as
sums of products of the cross section of a ¢¢ in a spe-
cific color and angular momentum state and the nonper-
turbative NRQCD matrix element that corresponds to
the probability to find the cc inside the x.1(3872) in the
corresponding color and angular momentum state. The
most important matrix element is the lowest-dimensional
one that corresponds to the dominant c¢ Fock state of
the x.1(3872). The contributions from matrix elements
of higher dimensions, as well as matrix elements corre-
sponding to subleading Fock states, are suppressed by
powers of the scale A of the BOEFT divided by the
charm quark mass m.. In the case of the x.1(3872) in
the tetraquark scenario, the dominant c¢ Fock state is
the color-octet spin-triplet S-wave (35?1) state [29-31],
which corresponds to a matrix element of the lowest pos-
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sible dimension (dimension 3). Hence, we have
: 8
Oxc1(3872) = 065(35?1) <OXL1 (3872) (3S£ ])>7 (1)

where o ) is the perturbatively calculable produc-

o35t
tion rate of a ¢€ in the 3S’£8] state and (OX01(3872)(35£8])>
is the corresponding NRQCD matrix element. A strik-
ing feature of this formula is that only one channel con-
tributes to the cross section at leading power in the non-
relativistic expansion. This is because the matrix el-
ements that correspond to Fock states other than the
3S£8] one are always of higher dimensions; for example,
the color-octet D-wave component contributes through
a dimension-7 matrix element, which is suppressed by
at least (A/m.)* compared to the 3S£8] contribution.
The color-singlet P-wave component contributes through
dimension-5 matrix elements, which are suppressed by
at least (A/m.)? compared to the leading contribution;
this is further suppressed due to the fact that the reg-
ular charmonium component is small in the x.1(3872)
state [31]. This is in stark contrast with the case of
J/¢ or ¥(2S) production phenomenology, where, al-
though only color-singlet matrix elements appear at lead-
ing power in the nonrelativistic expansion, it is necessary
to include contributions from color-octet matrix elements
with suppressed power counts in the factorization for-
mula, because production rates of a color-octet c¢ are
much greater than that of a color singlet and can dom-
inate the cross section. This does not happen in the
case of x.1(3872), because the 3S£8] channel already has
a large c¢ production rate and there is no source of dy-
namical enhancement from power-suppressed channels.

III. PREDICTION OF NONPROMPT
FRACTION

We can already make predictions based on Eq. (1) by
using the fact that, since the formula involves only one
channel, the NRQCD matrix element cancels in cross sec-
tion ratios. The nonprompt fraction, which is the ratio
of the nonprompt cross section to the sum of the prompt
and nonprompt cross sections, has been measured by
CMS [22] and ATLAS [23]. We can compute this fraction
by using Eq. (1) as

nonprompt nonprompt
Xe1(3872) _ ce(35k 9
O_prompt + O_nonprompt - O_prompt T nonprompt * ( )
Xc1(3872) Xc1(3872) 06(35{8]) 05(35{8])
t . .
Here, 0" 27" is given by
ce(>s))

b _3al8
oI = 2 x 0y % C(b > e sSPY+x), @)
where the factor 2 counts for the fact that the non-
prompt cross section comes from both b and b decays,
op is the production rate of a b quark, and C(b —
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FIG. 1. Nonprompt fractions for x.1(3872) production com-
puted from Eq. (2) compared to CMS (left) and ATLAS
(right) data.

cE(BSP]H—X ) is the NRQCD short-distance coefficient for
the branching fraction Br(b — x.1(3872) + X) = C(b —
cé(3S£8]) + X) x <OX”1(3872)(3S£8])>. This short-distance
coefficient has been computed at next-to-leading order
(NLO) in Ref. [42], which gives C(b — ce(35¥) + X) =
0.223 GeV~? in the 't Hooft—Veltman scheme. We take
the fixed order+next-to-leading log (FONLL) result for
op [43, 44], in which we include the correction from the
nonperturbative fragmentation function. We compute
the prompt cross section in two ways. In fixed-order (FO)

perturbation theory, we compute the prompt cé(3S£8])
cross section at NLO by using the FDCHQHP package [45].
Because the prompt cross section is dominated by the
fragmentation process which involves singularities at the
kinematical threshold, threshold logarithms that appear
in radiative corrections can become significant; therefore,
we also compute the resummed prompt cross section by
using the results of Ref. [46], where the threshold dou-
ble logarithms, as well as the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) logarithms [47-50], are re-
summed to all orders in perturbation theory. We note
that the DGLAP logarithms are also resummed in the
FONLL calculation of 3. The numerical effect of thresh-
old resummation in the prompt cross section is similar
to the inclusion of the nonperturbative fragmentation
function in FONLL, as both have the effect of replacing
the singular distribution in the fragmentation function
with a smooth one. Neither resummation of threshold or
DGLAP logarithms are included in the FO calculation.
We choose m. = 1.5 GeV, which is the default choice in
Refs. [43-45], and set the scales to pr.

We compare our results for the nonprompt fraction
with CMS and ATLAS data in Fig. 1. We include un-
certainties from varying the scales by factors 1/2 and 2,
the uncertainty from the b quark mass in the FONLL
calculation, and estimate the uncertainty in the theoret-
ical calculation of the branching fraction from the de-
pendence on the 5 scheme by the difference between
the results in the 't Hooft—Veltman and the naive dimen-
sional regularization schemes, which amounts to about
22%. The uncertainties are added in quadrature. We



see that, when we include resummation when comput-
ing both the prompt and nonprompt cross sections, our
predictions are in fair agreement with the CMS data
and also with ATLAS data at large pp. The FO re-
sults, where effects of resummation are neglected in the
prompt contribution, are systematically below data. The
fact that our prediction for the nonprompt fraction that
requires no unknown nonperturbative parameters agree
with measurements makes a very compelling case for the
tetraquark hypothesis for x.1 (3872).

IV. PROMPT AND NONPROMPT CROSS
SECTIONS

A. NRQCD matrix element for x.1(3872)

Another important test of the scenario in Refs. [29-31]
is to see if we can reproduce the absolute cross sections
at hadron colliders, which require knowledge of the 35’?]
matrix element. By using the techniques developed in
Refs. [51-54], we compute this matrix element in terms
of the c¢ wavefunction of the x.1(3872). The calculation

is almost identical to the case of the 3S P matrix element
for J/1, except that for x.;(3872), the c¢ is in a color-

octet state. The 3S£8] matrix element is defined by the
vacuum expectation value of the operator [41, 55]

X' TP Py, 3572y @ % o' T x, (4)

where 1 and x are Pauli spinor fields that annihilate
and create a charm quark and antiquark, respectively,
o' are Pauli matrices, T are color matrices, and ®, =
P exp[—ig [, dA-A*(A0)] is a path-ordered Wilson line
in the adjoint representation defined along a lightlike di-
rection £. The P, (3s72) is an operator that projects onto
states that include a x.1(3872) at rest. This operator can
be written as

d—1.. gd—1.. 3d—1_71 jd—1.1
Py..1(3872) :/d 21d%T  wed® a1 dYT

> b(ah — @) |n; @), wh) (ns @y, 2|0 (21 — @2),  (5)

ne0

where d is the number of spacetime dimensions, ¢(x1 —
@3) is the unit-normalized c¢ wavefunction with x; and
@2 the position of the ¢ and ¢, respectively, and |n; 1, T2)
is the NRQCD state of an excitation we denote with n.
Here, we used the heavy-quark spin symmetry to lift the
correlation between the angular momentum of the c¢ and
the light degrees of freedom. The sum over n is restricted
to the subspace O where the c¢ is in the color-octet state
in the limit 1 — 5 — 0. To compute the vacuum ex-
pectation value of Eq. (4), we need the matrix element
of ®YhTo? Ty between the QCD vacuum and the state
(n; 1, x2|. By using the techniques used in Refs. [51-54],
we obtain at leading power in the nonrelativistic expan-

sion

(03 @1, 2o| DY) T o Tx|0) = 6 (m — 1)
x 81D (@ — xo) (ny @y, 22| DT TDE|0),  (6)

where |0) is the QCD vacuum, x is the spatial po-
sition of the operator on the left side, |n;xi,x2) =
T (x1)x(x2)|n; 21, 22), the spin and fundamental color
indices of o and T¢ are fully contracted with the
ones implicit in the state (n;xy,zs|, and ¥, =
P exp[—ig [, dAAJY (X, 0)] is the temporal Wilson line
in the adjoint representation. Because of this, this ma-
trix element vanishes unless the c¢ is in the color-octet
state at @1 — @5 — 0. Therefore, we can lift the restric-
tion n € @ in the sum and use the completeness relation
Yo lns @y, @) (n; @1, 2| = 1, which leads to

(Ox1 (3873581 — 97 (d — 1)S]9(0)2,  (7)

where the factors 2(d — 1) and Tr = 1/2 come from
the trace over spin and color, respectively, ¢(0) is the
Xc1(3872) wavefunction at the origin, and S is a di-
mensionless quantity defined by the vacuum expectation
value of adjoint Wilson lines:

S = (0[5 @5") @5 @570). (8)

In perturbation theory, S =1 at tree level, and the NLO
correction vanishes [46]. As we work at NLO accuracy,
we take the perturbative QCD result S = 1+ O(a?). We
then obtain

(O T CS)) = 3j0(0) . 9)

Because we can compute the wavefunction ¢ by solv-
ing a Schrodinger equation, a potential model for the

tetraquark completely determines the value of the 3S£8]
matrix element at leading power in the nonrelativistic ex-
pansion. Therefore, the proposed scenario in Refs. [29-
31] leads to a formalism for inclusive production rates of
Xc1(3872) that has no unknown parameters. An analo-
gous formalism would hold, for example, for production
of hybrid states with a ¢¢ component in the S-wave state.

B. Prediction of cross sections

In order to compute absolute cross sections we must
determine the SSF] matrix element from |¢(0)|?, which
can be obtained by solving the Schréodinger equation. In
practice, however, we find that the result varies depend-
ing on the choice of potentials and parameters of the
Schrédinger equation; we obtain values of |#(0)|? that
range from 0.69x 1072 to 2.0x 1073 GeV? from Refs. [29-
31]. As our knowledge of the tetraquark potential is cur-
rently limited, for obtaining phenomenological results in
this work we choose to fix |¢(0)|?> against the experi-
mental value Br(b — x.1(3872) + X) x Br(x.1(3872) —



J/pmTr) = (4.34£0.5) x 107° from LHCb [24] and the
Particle Data Group value Br(x.1(3872) — J/¢ymt7n™) =
(3.54:0.9) x 1072 [56]. This corresponds to the central val-
ues |p(0)]2 = 1.8 x 103 GeV? and (Ox=1(3872)(3g[8)) —
5.5 x 1072 GeV~3, which lie within the range of po-
tential model results. We consider the uncertainties in
the c¢ cross sections by varying the scales by factors
1/2 and 2. The uncertainty in |$(0)|?> coming from
the input parameters and the theoretical uncertainty in
C(b — ce(*S*) + X) amount to about 25%. Because

our result for <(’)Xfl(3872)(35£8])> can receive corrections
of higher orders in the nonrelativistic expansion, we es-
timate the total uncertainty in the matrix element to be
40% of the central value.

We first compute the prompt cross sections from pp
collisions at the LHC. The calculation of the c¢ cross sec-
tions are done in the same way as in the nonprompt frac-
tions. The comparison with CMS, ATLAS, and LHCb
data are shown in Fig. 2. The theoretical uncertainties

come from scale variations and the 3S£8] matrix element.
Our resummed results are in agreement with data, with
the exception of ATLAS data for the two largest py bins.
The FO results tend to overestimate data, although the
FO and resummed results are consistent within uncer-
tainties. The difference between FO and resummed re-
sults diminish with decreasing pr. In the LHCD case, we
do not show resummed results below pr < 8 GeV, be-
cause the cross section no longer becomes dominated by
fragmentation.

We then compute the nonprompt cross sections from
pp collisions at the LHC. We again use the FONLL results
for the b production rates [43-45]. Our results compared
with ATLAS and LHCb data are shown in Fig. 3. We see
that our results are in good agreement with nonprompt
measurements.

C. Comparison with other model predictions

As we have stated earlier, the molecular [25] and con-
ventional charmonium [26] hypotheses lead to predictions
of the prompt cross section that disagree with measure-
ments [22]. In the mixing model [27, 28], where the pro-
duction rate of the x.1(3872) is dominated by the con-
ventional charmonium component, cross section predic-
tions require determination of two nonperturbative un-
knowns: the 39 £8] matrix element of the P-wave charmo-
nium and Z.;, the amount of the conventional charmo-
nium admixture in the y.1 (3872) state. In Ref. [28], these
unknowns have been obtained from fits to prompt cross
section measurements. We find that they lead to values
of Br(b — x¢1(3872)+X)Br(x.1(3872) — J/yntm™) less
than about 1.1x107°, which is more than 3 times smaller
than the LHCD result [24]. Hence, mixing-model pre-
dictions for nonprompt production rates and nonprompt
fractions are generally below data.
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FIG. 2. Prompt production rates of x.1(3872) computed in
the tetraquark hypothesis compared to CMS, ATLAS, and
LHCb data. B = Br(x«(3872) — J/¢nt7™) and B, =
Br(J/¢ — ptu7).

V. CONCLUSIONS

In this work, we showed that the tetraquark hypothesis
for the nature of x.1(3872) proposed in Refs. [29-31] leads
to a formalism for its inclusive production rates that has
no unknown parameters. Unlike the case of conventional
quarkonium, the production rate of x.1(3872) in this
tetraquark hypothesis involves only one color-octet chan-
nel in the nonrelativistic QCD factorization formalism,
and the nonperturbative matrix element can be deter-
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mined from the cé wavefunction. We computed prompt
and nonprompt production rates of x.1(3872) from pp
collisions at the LHC, which are generally in agreement
with CMS, ATLAS, and LHCb measurements. This is
a strong implication that hadroproduction data support
the tetraquark hypothesis for x.;(3872).

Currently, the precision of the theory prediction for ab-
solute cross sections is limited by the lack of knowledge in
the potentials of the BOEFT. While it seems promising
that the nonperturbative matrix element fixed against

LHCb data [24] used in this work is within the range
of potential model calculations based on Refs. [29-31],
more theoretical progress will need to be made in or-
der to reduce model dependence. We also note that our
theoretical results tend to overshoot data at the largest
pr bins, which may signal the need for resummation of
threshold logarithms beyond leading double logarithmic
level [46].

If it turns out that the x.;(3872) is indeed a tetraquark
as proposed in Refs. [29-31], the production mechanism
we established in this work would open new possibili-
ties to probe QCD interactions through production of
Xc1(3872) in colliders. Although the idea that a ¢¢ me-

son could be produced predominantly through the 3S£8]
channel is not new [57], it is now well known that the old

idea of 3S£8] dominance for J/v¢ and v (2S5) production
fails to describe large-pr hadroproduction data, espe-
cially for polarized cross sections, and it is likely that the
mechanism for production of conventional charmonium is
much more involved [58, 59]. In contrast, x.1(3872) pro-
duction processes could directly probe perturbative QCD
through production of c¢ in the SS?] state. For example,
we can already see that the inclusion of important ra-
diative corrections including threshold and DGLAP log-
arithms to all orders in perturbation theory pioneered
in Refs. [46, 60-62] significantly improves the QCD de-
scription of the nonprompt fraction, compared to strictly
fixed-order calculations. We anticipate that our knowl-
edge of perturbative c¢ production rates honed through
decades of quarkonium production phenomenology can
finally be turned into a scalpel to dissect QCD through
hadroproduction of x.1(3872).
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