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! Introduction 

! Hadron Molecules 

! Production at the LHC 
  X(3872); Xb; Zc/Zb 
 
! Summary 
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Zc in e+e- and B decays 
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Many charged Zc have been discovered! 
Some Zc are found in e+e- ;       some are in B decays 
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See Y.P. Guo’s talk in this workshop See P. Krokovny’s talk in this workshop 

New production will be helpful��
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! Counterpart of X(3872): JPC=1++; I=0; BB* molecule? 
! Heavy (~11 GeV): difficult to directly produce at e+e- 

Xb 
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! Counterpart of X(3872): JPC=1++; I=0; BB* molecule 
! Heavy (~11 GeV): difficult to directly produce at electron-

positron collider 

"  X(3872):M(D+)+M(D*-)=3879.87±0.17MeV 

 M(D0)+M(D*0)=3871.8±0.17 MeV 

 M(X(3872))=3871.69±0.17 MeV 

# X(3872)#J/ψρ is large, isospin breaking 

8MeV 

"  Xb: M(B0)+M(B*0)=10604.8±0.57MeV 

   M(B+)+M(B*-)=10604.5±0.57MeV 

  M(Xb)=10504 MeV  0911.2787 

     10580 MeV 1303.6608 

# Xb->Υρ may be suppressed by isospin. 

0.3MeV 

20~100MeV 

Xb 
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! Counterpart of X(3872): JPC=1++; I=0; BB* molecule 
! Heavy (~11 GeV): difficult to directly produce at 

electron-positron collider 

"  Xb: M(Xb)=10504 MeV0911.2787 

     10580 MeV 1303.6608 

 M(B0)+M(B*0)=10604.8±0.57MeV 

 M(B+)+M(B*-)=10604.5±0.57MeV 

# Xb->Υρ may be suppressed by isospin. 

"  Xb->Υγ or χbππ, Υω. 

 F.K. Guo, U.Meissner, WW, 1402.6236 

 G.Li, WW, 1402.6463 

       M.Karliner, J. Rosner, 1410.7729 

0.3MeV 

20~100MeV 

Xb 
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where Λ ≡ m2+αΛQCD and the QCD energy scale ΛQCD = 220 MeV. This form factor is supposed

to compensate the off-shell effects arising from the intermediate exchanged particle and the non-

local effects of the vertex functions [62–64], and phenomenological studies have suggested α ∼ 2.

We will also use a monopole form factor and explore the dependence on the form factor:

F(m2, q
2
2) ≡

Λ2 −m2
2

Λ2 − q22
. (11)

The explicit expression of transition amplitudes can be found in Appendix (A.6) in Ref. [65], where

radiative decays of charmonium are studied extensively based on effective Lagrangian approach.

III. NUMERICAL RESULTS

The existence of the Xb was predicted in both the tetraquark model [66] and hadronic molecular

calculations [27, 67, 68]. The mass of the lowest-lying 1++ b̄q̄bq tetraquark was predicted to be

10504 MeV in Ref. [66], while the mass of the BB̄∗ molecule based on the mass of the X(3872)

is a few tens of MeV higher [27, 68]. In Ref. [27], the mass was predicted to be (10580+9
−8) MeV,

corresponding to a binding energy of (24+8
−9) MeV. These studies have provided a range for the

binding energy, for which in the following we will choose a few illustrative values: EXb = (1, 2, 5, 20)

MeV.

TABLE I: Predicted partial widths (in unit of keV) of the Xb decays. The parameter in the form factor is

chosen as α = 2.0 and α = 3.0.

Xb → γΥ(1S) Xb → γΥ(2S) Xb → γΥ(3S)

Dipole Form Factor α = 2.0 α = 3.0 α = 2.0 α = 3.0 α = 2.0 α = 3.0

EXb = 1 MeV 0.12 0.41 0.34 0.96 0.22 0.46

EXb = 2 MeV 0.19 0.62 0.42 1.18 0.28 0.57

EXb = 5 MeV 0.28 0.92 0.53 1.53 0.33 0.70

EXb = 20 MeV 0.36 1.20 0.66 1.96 0.30 0.66

Monopole Form Factor α = 2.0 α = 3.0 α = 2.0 α = 3.0 α = 2.0 α = 3.0

EXb = 1 MeV 0.02 0.06 0.05 0.11 0.03 0.06

EXb = 2 MeV 0.04 0.08 0.07 0.16 0.04 0.08

EXb = 5 MeV 0.06 0.13 0.12 0.26 0.07 0.12

EXb = 20 MeV 0.13 0.30 0.26 0.56 0.12 0.22

Choosing two different form factors and two values for the cutoff parameter α, we have predicted

the partial decay widths and the numerical results are collected in Table I. From this table, we

can see that the widths for the Xb radiative decays are about 1 keV. It is noteworthy to recall that

Predicted partial width in unit of keV 

X(3872): Γtot < 1.2 MeV 
If similar for Xb, BR~10-3 

3

Xb

B+

B∗−

B+

γ

Υ(nS)

(a)

Xb

B+

B∗−

B∗+

γ

Υ(nS)

(b)

Xb

B∗+

B̄−

B+

γ

Υ(nS)

(c)

Xb

B∗+

B̄−

B∗+

γ

Υ(nS)

(d)

FIG. 1: Feynman diagrams for the radiative decays Xb → γΥ(nS) with the BB̄∗ as the intermediate states.

II. RADIATIVE DECAYS

The calculation of contributions from the meson loops requests the leading order effective La-

grangian. Based on the heavy quark symmetry, we employ the relevant effective Lagrangian for

the Υ(nS) [56, 57]

LΥ(nS)B(∗)B(∗) = igΥBBΥµ(∂
µBB̄ −B∂µB̄)− gΥB∗Bε

µναβ∂µΥν(∂αB
∗
βB̄ +B∂αB̄

∗
β)

−igΥB∗B∗
{
Υµ(∂µB

∗νB̄∗
ν −B∗ν∂µB̄

∗
ν) + (∂µΥνB

∗ν −Υν∂µB
∗ν)B̄∗µ

+B∗µ(Υν∂µB̄
∗
ν − ∂µΥ

νB̄∗
ν)
}
, (1)

where B(∗) =
(
B(∗)+, B(∗)0) and B̄(∗)T =

(
B(∗)−, B̄(∗)0) correspond to the bottom meson isodou-

blets. ϵµναβ is the anti-symmetric Levi-Civita tensor and ϵ0123 = −1. Due to the heavy quark

symmetry, the following relationships of the couplings are valid [56, 57]

gΥ(nS)BB = 2gn
√

mΥ(nS)mB , gΥ(nS)B∗B =
gΥ(nS)BB√
mBmB∗

, gΥ(nS)B∗B∗ = gΥ(nS)B∗B

√
mB∗

mB
mB∗ ,(2)

where gn = √mΥ(nS)/(2mBfΥ(nS)); mΥ(nS) and fΥ(nS) denote the mass and decay constant of

Υ(nS), respectively. The decay constant fΥ(nS) can be extracted from the Υ(nS) → e+e−:

Γ(Υ(nS) → e+e−) =
4πα2

27

f2
Υ(nS)

mΥ(nS)
, (3)

where α = 1/137 is the electromagnetic fine-structure constant. Using the masses and leptonic

decay widths of the Υ(nS) states: Γ(Υ(1S) → e+e−) = 1.340 ± 0.018 keV, Γ(Υ(2S) → e+e−) =

0.612 ± 0.011 keV, Γ(Υ(3S) → e+e−) = 0.443 ± 0.008 keV [11], one can obtain fΥ(1S) = 715.2

MeV, fΥ(2S) = 497.5 MeV, and fΥ(3S) = 430.2 MeV.

We consider the iso-scalar Xb as a S-wave molecular state with the positive charge parity given

by the superposition of B0B̄∗0 + c.c and B−B̄∗+ + c.c hadronic configurations as

|Xb⟩ =
1

2
[(|B0B̄∗0⟩ − |B∗0B̄0⟩) + (|B+B∗−⟩ − |B−B∗+⟩)]. (4)

The coupling of Xb to the bottomed meson is based on the effective Lagrangian

L =
1

2
X†

bµ[x1(B
∗0µB̄0 −B0B̄∗0µ) + x2(B

∗+µB− −B+B∗−µ)] + h.c., (5)
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In this paper, we study radiative decays of Xb , the counterpart of the famous X(3872) in the
bottomonium-sector as a candidate for meson–meson molecule, into the γ Υ (nS) (n = 1,2,3). Since
it is likely that the Xb is below the B B̄∗ threshold and the mass difference between the neutral and
charged bottom meson is small compared to the binding energy of the Xb , the isospin violating decay
mode Xb → Υ (nS)π+π− would be greatly suppressed. This will promote the importance of the radiative
decays. We use the effective Lagrangian based on the heavy quark symmetry to explore the rescattering
mechanism and calculate the partial widths. Our results show that the partial widths into γ Υ (nS) are
about 1 keV, and thus the branching fractions may be sizeable, considering the fact the total width may
also be smaller than a few MeV like the X(3872). These radiative decay modes are of great importance in
the experimental search for the Xb particularly at hadron collider. An observation of the Xb will provide
a deeper insight into the exotic hadron spectroscopy and is helpful to unravel the nature of the states
connected by the heavy quark symmetry.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

In the past decades, there has been great progress in hadron
spectroscopy thanks to the unprecedented data sample accumu-
lated by the B factories and hadron–hadron colliders. A number of
charmonium-like and bottomonium-like states have been discov-
ered on these experimental facilities so far but not all of them can
be placed in the ordinary q̄q (for reviews, see Refs. [1–4]).

The X(3872) is the first and perhaps the most renowned ex-
otic candidate. It was first discovered in 2003 by Belle in the
B+ → K + + J/ψπ+π− final state [5] and subsequently confirmed
by the BaBar Collaboration [6]. Complementary observation is also
found in proton–proton/antiproton collisions at the Tevatron [7,8]
and LHC [9,10]. Though the existence is well established, the na-
ture of the X(3872) is still ambiguous due to a few peculiar prop-
erties. First, compared to typical hadronic widths the total width
is tiny. Only an upper bound has been measured experimentally:
Γ < 1.2 MeV [11]. The mass lies closely to the D0 D∗0 threshold,
M X(3872) − MD0 − MD∗0 = (−0.12 ± 0.24) MeV [12], which leads
to speculations that the X(3872) is presumably a meson–meson
molecular state [13,14].

These peculiar features have stimulated considerable research
interest in investigating the production and decays of the X(3872)
towards understanding its nature. A very important aspect involves

* Corresponding author.

the discrimination of a compact multiquark configuration and
a loosely bound hadronic molecule configuration. In this view-
point, it would be also valuable to look for the analogue in the
bottom sector, referred to as Xb following the notation suggested
in Ref. [15], as states related by heavy quark symmetry may have
universal behaviors. Since the Xb is expected to be very heavy and
its J P C of is 1++ , it is less likely for a direct discovery at the cur-
rent electron–positron collision facilities, though the Super KEKB
may provide an opportunity in Υ (5S,6S) radiative decays [16].

In Ref. [17], the production of the Xb at the LHC and the Teva-
tron has been investigated, along the same line with the studies
on the search for exotic states at hadron colliders [18–24]. It is
shown that the production rates at the LHC and the Tevatron are
sizeable [17]. On the other hand, the search for the Xb also de-
pends on reconstructing the Xb , which motivates us to study the
Xb decays. Since this meson is expected to be far below thresh-
old, the isospin violating decay mode for instance Xb → Υ π+π−

is highly suppressed, and this may explain the escape of Xb in the
recent CMS search [25]. As a consequence, radiative decays of the
Xb will be of high priority, on which we will focus in this pa-
per. As we will show in the following, these radiative modes have
sizeable decay widths. It is also necessary to stress that though
Xb → Υ π+π− is expected to be suppressed, the Xb → Υ π+π−π0

and Xb → χb J π
+π− decays may have sizeable branching fractions

as pointed out in Refs. [26,27]. Thus these pionic transitions can
be used to search for the Xb and should be investigated as well.

http://dx.doi.org/10.1016/j.physletb.2014.04.029
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
SCOAP3.
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where xi denotes the coupling constant.

For a bound state below an S-wave two-hadron threshold, the effective coupling of this state

to the two-body channel is related to the probability of finding the two-hadron component in

the physical wave function of the bound states and the binding energy, EXb = mB + mB∗ −

mXb [33, 58, 59]

x2i ≡ 16π(mB +mB∗)2c2i

√
2EXb

µ
, (6)

where ci = 1/
√
2, µ = mBmB∗/(mB +mB∗) is the reduced mass.

The magnetic coupling of the photon to heavy bottom meson is described by the Lagrangian [60,

61]

Lγ =
eβQab

2
FµνTr[H†

bσµνHa] +
eQ′

2mQ
FµνTr[H†

aHaσµν ], (7)

with

H =

(
1 + /v

2

)
[B∗µγµ − Bγ5], (8)

where Q = diag{2/3,−1/3,−1/3} is the light quark charge matrix, β is an unknown parameter

and Q′ is the heavy quark electric charge (in units of e). In the nonrelativistic constituent quark

model β ≃ 3.0 GeV−1, which has been adopted in the study of radiative D∗ decays [61]. Note

heavy quark symmetry ensures that β is the same in the b and c systems, so we take the same

value as Ref. [61]. The first term is the magnetic moment coupling of the light quarks, while the

second one is the magnetic moment coupling of the heavy quark and hence is suppressed by 1/mQ.

The decay amplitudes for the transitions in Fig. 1 can be expressed in a generic form in the

effective Lagrangian approach as follows,

Mfi =

∫
d4q2
(2π)4

∑

B∗ pol.

V1V2V3

a1a2a3
F(m2, q

2
2) (9)

where Vi and ai = q2i − m2
i (i = 1, 2, 3) are the vertex functions and the denominators of the

intermediate meson propagators. For example, in Fig. 1 (a), Vi (i = 1, 2, 3) are the vertex functions

for the initial Xb, final bottominum and photon, respectively. ai (i = 1, 2, 3) are the denominators

for the intermediate B+, B∗− and B+ propagators, respectively.

Since the final-state interactions are of order 1/mQ, it is necessary to ensure that the loop

contribution vanishes in the heavy quark limit and that the calculation is perturbatively reliable.

To do so we introduce a dipole form factor,

F(m2, q
2
2) ≡

(
Λ2 −m2

2

Λ2 − q22

)2

, (10)

5

where Λ ≡ m2+αΛQCD and the QCD energy scale ΛQCD = 220 MeV. This form factor is supposed

to compensate the off-shell effects arising from the intermediate exchanged particle and the non-

local effects of the vertex functions [62–64], and phenomenological studies have suggested α ∼ 2.

We will also use a monopole form factor and explore the dependence on the form factor:

F(m2, q
2
2) ≡

Λ2 −m2
2

Λ2 − q22
. (11)

The explicit expression of transition amplitudes can be found in Appendix (A.6) in Ref. [65], where

radiative decays of charmonium are studied extensively based on effective Lagrangian approach.

III. NUMERICAL RESULTS

The existence of the Xb was predicted in both the tetraquark model [66] and hadronic molecular

calculations [27, 67, 68]. The mass of the lowest-lying 1++ b̄q̄bq tetraquark was predicted to be

10504 MeV in Ref. [66], while the mass of the BB̄∗ molecule based on the mass of the X(3872)

is a few tens of MeV higher [27, 68]. In Ref. [27], the mass was predicted to be (10580+9
−8) MeV,

corresponding to a binding energy of (24+8
−9) MeV. These studies have provided a range for the

binding energy, for which in the following we will choose a few illustrative values: EXb = (1, 2, 5, 20)

MeV.

TABLE I: Predicted partial widths (in unit of keV) of the Xb decays. The parameter in the form factor is

chosen as α = 2.0 and α = 3.0.

Xb → γΥ(1S) Xb → γΥ(2S) Xb → γΥ(3S)

Dipole Form Factor α = 2.0 α = 3.0 α = 2.0 α = 3.0 α = 2.0 α = 3.0

EXb = 1 MeV 0.12 0.41 0.34 0.96 0.22 0.46

EXb = 2 MeV 0.19 0.62 0.42 1.18 0.28 0.57

EXb = 5 MeV 0.28 0.92 0.53 1.53 0.33 0.70

EXb = 20 MeV 0.36 1.20 0.66 1.96 0.30 0.66

Monopole Form Factor α = 2.0 α = 3.0 α = 2.0 α = 3.0 α = 2.0 α = 3.0

EXb = 1 MeV 0.02 0.06 0.05 0.11 0.03 0.06

EXb = 2 MeV 0.04 0.08 0.07 0.16 0.04 0.08

EXb = 5 MeV 0.06 0.13 0.12 0.26 0.07 0.12

EXb = 20 MeV 0.13 0.30 0.26 0.56 0.12 0.22

Choosing two different form factors and two values for the cutoff parameter α, we have predicted

the partial decay widths and the numerical results are collected in Table I. From this table, we

can see that the widths for the Xb radiative decays are about 1 keV. It is noteworthy to recall that
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Hadron Molecules in unitarized approach 

Summing all order contributions: 

V+ VGV + VGVGV+…. = V(s)/(1-GV) 

  
1-GV�0 

s=s0  
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ChPT is the low energy EFFECTIVE THEORY OF QCD 
most general low-energy expansion  
of a pion lagrangian with the QCD symmetries 

Leading order parameters:             fπ mπ 

At higher orders, QCD  
dynamics encoded in Low

 Energy Constants 
determined from experiment  

π’s  Goldstone  Bosons  
of the spontaneous  
chiral symmetry breaking 
SU(3)L× SU(3)R → SU(3)V 

QCD degrees of freedom 
at low energies << 4πfπ~1 GeV 

ππ sL1,….L 0  
cattering 

ChPT limited to low energies  
leading%1/Nc%behavior%known%from%QCD%!!!%

Chiral Perturbation Theory 
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$  Heavy%Meson%pair:%DD*,%BB*%

$  Heavy%Meson%+PseudoUScalar:%DK%

$  Two%PseudoUScalar%

Heavy Meson χPT 
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! Use Rivet to analyze hadronic events 
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ones set by the ATLAS Collaboration. Using the integrated
luminosity in 2012, 22 fb−1 [47], we have a lower bound
estimate for the signal/background ratio

S√
B

! 1 × 22 × 106 × 2.6 % × 10−2
√

8 × 22 × 106
≃ 0.4, (21)

where 2.6 % is the branching fraction ofϒ(1S) → µ+µ− [8],
and 10−2 is a rough estimate for the branching fraction of
Xb → ϒ(1S)γ . The value of the signal/background ratio can
be significantly enhanced in the data analysis by employing
suitable kinematic cuts which can greatly suppress the back-
ground, and accumulating many more events based on the
upcoming 3,000 fb−1 data [50].

4 Summary

In summary, we have made use of the Monte Carlo event
generator tools Pythia and Herwig, and explored the inclu-
sive processes pp/ p̄ → B0 B̄∗0 and pp/ p̄ → B∗0 B̄∗0 at
hadron colliders. Based on the molecular picture, we have
derived an order-of-magnitude estimate for the production
rates of the Xb, Xb2, and Xc2 states, the bottom and spin
partners of X (3872), at the LHC and Tevatron experiments.
We found that the cross sections are at the nb level for the hid-
den bottom hadronic molecules Xb and Xb2, and two orders
of magnitude larger for Xc2. Therefore, one should be able
to observe them at hadron colliders if they exist in the form
discussed here. The channels which can be used to search for
Xb and Xb2 includeϒ(nS)γ (n = 1, 2, 3),ϒ(1S)π+π−π0,
χbJπ

+π− and B B̄ (the last one is only for Xb2), and the
channels for the Xc2 is similar to those for Xb2 (with the
bottom replaced by its charm analog). In fact, both the
ATLAS and the D0 Collaborations reported an observation
of the χb(3P) [51,52], whose mass is (10534 ± 9) MeV [8],
slightly lower than the Xb and Xb2, in the ϒ(1S, 2S)γ

channels. A search for these states will provide very use-
ful information in understanding X (3872) and the interac-
tions between heavy mesons. Especially, if the Xb, which
is the most robust among the predictions in Reference [23],
based on heavy quark symmetries, cannot be found in any
of these channels, it may imply a non-molecular nature for
X (3872).
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slightly lower than the Xb and Xb2, in the ϒ(1S, 2S)γ

channels. A search for these states will provide very use-
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based on heavy quark symmetries, cannot be found in any
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EFT vs data: X(3872) 
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"  Counterpart of X(3872): JPC=1++;I=0; BB* molecule 

"  Very heavy (11 GeV): difficult to directly produce at 
electron-positron collider 

"  CMS made an attempt:  
Phys.LeZ.%B727%(2013)%57U76% 

ATLAS:Phys.Lett.B740(2015)199  

EFT vs data: Xb 
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Xb decays into Υπ+π- violates isospin # tiny BR.  

One may look at Υγ, Υπ+π-π0,χbπ+π-.  
Radiative decays width are about 1 keV 

EFT vs data: Xb 
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EFT vs data: Zb/Zc 
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TABLE II. Integrated normalized cross sections (in units
of nb) for the pp/p̄ → Zb(10610), Zb(10650), Zc(3900), and
Zc(4020) at the LHC and Tevatron. Results out of (in) brack-
ets are obtained using Herwig(Pythia). The rapidity range
|y| < 2.5 has been assumed for the LHC experiments (ATLAS
and CMS) at 7, 8 and 14 TeV; for the Tevatron experiments
(CDF and D0) at 1.96 TeV, we use |y| < 0.6; the rapidity
range 2.0 < y < 4.5 is used for the LHCb.

Zb(10610) Zb(10650) Zc(3900) Zc(4020)

Tevatron 0.26(0.47) 0.061(0.17) 11.(13.) 1.7(2.)

LHC 7 4.8(8.) 1.2(3.) 190.(210.) 29.(31.)

LHCb 7 0.76(1.3) 0.18(0.47) 33.(39.) 5.5(5.8)

LHC 8 5.9(9.5) 1.4(3.5) 220.(240.) 34.(36.)

LHCb 8 0.92(1.4) 0.22(0.56) 40.(48.) 6.3(6.9)

LHC 14 11.(17.) 2.6(6.5) 390.(420.) 62.(62.)

LHCb 14 1.9(3.) 0.52(1.2) 76.(94.) 13.(14.)

with ∆R =
√
∆η2 +∆φ2, where ∆φ is the azimuthal

angle difference and ∆η is the pseudo-rapidity difference
between Q and Q̄. Since additional light quark pairs
are produced apart from the Q̄Q (corresponding to the
pion radiation at the hadron level), too stringent cut on
mQQ̄ may undershoot the production rates of HH̄. On
the other hand, this cut cannot be too loose, otherwise
the efficiency in numerical calculation will be highly re-
duced. The above choice is a compromise and will not
affect the HH̄ production rates in the region of interest
for the study of molecular states. We choose Herwig [28]
and Pythia [29] as the hadronization generator, whose
output are further analyzed using the Rivet library [30]
and at this step we select the heavy meson pair with the
smallest invariant mass.

Based on the data sample collected at 7 TeV, the in-
clusive differential cross sections for pp → BB̄ have been
measured by the CMS collaboration [31]. It is found that
the cross sections are substantial at small values of ∆φ
and ∆R, in the same kinematics region considered in
this work. We wish to point out that the simulation in
Pythia is in qualitative consistence with the experimental
data for most observables in the BB̄ angular correlation.
The overall agreement may, at least qualitatively, ver-
ify KBB̄∗ ∼ KB∗B̄∗ ∼ 1 for the current analysis, as our
main concern is to estimate the production cross sections
at the order-of-magnitude level.

We have generated 107 partonic events, based on which
we show the differential distribution dσ/dk (in units of
nb/GeV) for the inclusive processes pp → BB̄∗ (upper
left panel) and pp → B∗B̄∗ (upper right panel) at the
LHC collider with

√
s = 8 TeV in Fig .1. The lower

panels correspond to the distributions for the pp → DD̄∗

(left) and the pp → D∗D̄∗ (right). The kinematic cuts
are chosen in accordance with the default choice of the
CMS/ATLAS measurements: pT > 5 GeV and |y| < 2.5.

Using Eq. (3), we show the integrated cross sections for

the production of molecules in Tab. II. We also modify
the rapidity range to 2.0 < y < 4.5 in order to match the
accessibility of the LHCb detector. For Tevatron experi-
ments (CDF and D0) at 1.96 TeV, we use |y| < 0.6, which
is the choice in the measurement of the pp̄ → X(3872).

The charged Zb(10610) and Zb(10650) have a large
decay branching fraction into Υ(nS)π±, and thus can
be reconstructed in the (µ+µ−)π± final states. Using
the decay branching fractions [32, 33], we find that the
cross sections for the pp → Zb(10610)± → Υ(2S)π± →
µ+µ−π± and the pp → Zb(10610)± → Υ(3S)π± →
µ+µ−π± can reach O(10 pb) at the LHC. To estimate
the number of events, we take the integrated luminos-
ity of 22 fb−1 collected by ATLAS in 2012 [34] (similar
for CMS [35]), and this yields O(105) events for these
processes respectively. At Tevatron and LHCb, the num-
ber of events is smaller by about one order-of-magnitude.
The Zc(3900) and Zc(4020) will be more copiously pro-
duced, since the cross sections for the pp → Zc(3900)
and pp → Zc(4020) are larger by a factor of 20− 30 than
those for the Zb(10610) and Zb(10650). The differences
between the results derived from the two MC events re-
flect the hadronic uncertainties.

The production rates for Zb and Z ′
b at the LHC pre-

dicted in this work, of the order a few nb, are much larger
than those non-prompt rates from decays of Υ(5S) or an
exotic candidate Yb(10890) [25, 36]. The cross section for
the latter process pp → Υ(5S) → Zbπ is predicted at the
pb level [25], and this finding can be examined on future
experiments.

Summary.–In conclusion, we have studied the
prompt production of charged bottomonium-like and
charmonium-like states discovered in e+e− annihilation
experiments, the Zb(10610), Zb(10610), Zc(3900) and
Zc(4020) states, at the Tevatron and LHC. These four
particles are candidates of hadronic molecules formed of
a pair of heavy mesons. We have used two Monte Carlo
event generators, Herwig and Pythia, to simulate the
hadronization, based on which we found that the inclu-
sive cross sections for the pp/p̄ → Zb(10610)/Zb(10650)
are of the order nb, and results for the Zc(3900) and
Zc(4020) are larger by a factor of 20 − 30. Taking into
account the current integrated luminosity, a number of
events can be produced. The measurements at hadron
colliders will supplement the study on electron-positron
colliders, extending significantly their current experimen-
tal reach, and exploring also the nature of these four ex-
otic states.
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ATLAS data on pp#J/ψ: Nucl. Phys. B 850, 387 (2011) 

With 22fb-1 data, the signal/background ratio is estimated: 

Zc decays into J/ψ π+. To estimate background 

Different cuts may be applied.  

The experimental  prospect seems very promising! 

EFT vs data: Zc 
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! Hadron Exotics is a fast-developing branch.

! Factorization for production:
    MC Event generators & EFT

! More exotics are to be (re)-discovered at LHC.
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