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Quark model has predicted a number of states with different quantum numbers.
Godfrey & Isgur,  Phys.Rev.D32,189(1985)
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Charm	Spectroscopy

The	relativized	quark	
model	has	been	used	to	
derived	their	masses	and	
wave	functions.		
They	are	used	to	calculate	
radiative	transition	partial	
widths	and	the	3P0	quark-
pair-creation	model	to	
calculate	their	strong	
decay	widths.	

Properties of excited charm and charm-strange mesons

Stephen Godfrey* and Kenneth Moats
Department of Physics, Ottawa-Carleton Institute for Physics, Carleton University,

Ottawa, Ontario K1S 5B6, Canada
(Received 2 December 2015; published 23 February 2016)

Wecalculate the properties of excited charmand charm-strangemesons.Weuse the relativized quarkmodel
to calculate theirmasses andwave functions that are used to calculate radiative transition partial widths and the
3P0 quark-pair-creation model to calculate their strong decay widths. We use these results to make quark
model spectroscopic assignments for recently observed charm and charm-strange mesons. In particular, we
find that the properties of the DJð2550Þ0 and D#

Jð2600Þ0 are consistent with those of the 21S0ðcuÞ and the
23S1ðcuÞ states respectively, and the D#

1ð2760Þ0, D#
3ð2760Þ−, and DJð2750Þ0 with those of the 13D1ðcuÞ,

13D3ðdcÞ, and 1D2ðcuÞ states respectively. We tentatively identify theD#
Jð3000Þ0 as the 13F4ðcuÞ and favor

theDJð3000Þ0 to be the 31S0ðcuÞ although we do not rule out the 1F3 and 1F0
3 assignment. For the recently

observed charm-strange mesons we identify theD#
s1ð2709Þ$,D#

s1ð2860Þ−, andD#
s3ð2860Þ− as the 23S1ðcsÞ,

13D1ðscÞ, and 13D3ðscÞ states respectively and suggest that theDsJð3044Þ$ is most likely theDs1ð2P0
1Þ or

Ds1ð2P1Þ state although it might be the D#
s2ð23P2Þ with the DK final state too small to be observed with

current statistics. Based on the predicted properties of excited states, that they do not have too large a total
width and that they have a reasonable branching ratio to simple final states, we suggest states that should be
able to be found in the near future. We expect that the tables of properties summarizing our results will be
useful for interpreting future observations of charm and charm-strange mesons.

DOI: 10.1103/PhysRevD.93.034035

I. INTRODUCTION

Over the last decade, charm meson spectroscopy has
undergone a resurgence due to the discovery of numerous
excited charm and charm-strange states by the B-Factory
experiments BABAR and Belle [1–7] and by the CLEO
experiment [8]. More recently the LHCb experiment has
demonstrated the capability of both observing these states
and determining their properties [9–14]. This has led to
considerable theoretical interest in attempting to make quark
model spectroscopic assignments for these new states by
comparing theoretical predictions to experimental measure-
ments [15–32]. At the same time, steady progress is being
made in lattice QCD [33–35] for which these experimental
results and spectroscopic classifications are an important
benchmark. With the start of higher energy and higher
luminosity beams at the LHC and higher luminosity at the
SuperKEKB eþe− collider we expect that more new states
will be observed. To identify newly discovered states, a
theoretical roadmap is needed. The quark model has been
successful in taking on this role and we turn to it to calculate
the properties of excited charm and charm-strange mesons.
An important property of heavy-light mesons is that in

the limit that the heavy quark mass becomes infinite the
properties of the meson are determined by those of the light
quark [36–38]. The light quarks are characterized by their
total angular momentum jq such that ~jq ¼ ~sq þ ~L where sq

is the light quark spin and L is its orbital angular
momentum. jq is combined with SQ, the spin of the heavy
quark, to give the total angular momentum of the meson.
The quantum numbers SQ and jq are separately conserved.
Thus, for a given L, the states are grouped into doublets
characterized by the angular momentum of the light quark.
For example, the four L ¼ 1 P-wave mesons can be
grouped into two doublets characterized by the angular
momentum of the light quark jq ¼ 3=2 with JP ¼ 1þ, 2þ

and jq ¼ 1=2 with JP ¼ 0þ, 1þ where J and P are the total
angular momentum and parity of the excited meson. In the
heavy quark limit (HQL) the members of the doublets will
be degenerate in mass, and this degeneracy is broken by
1=mQ corrections [38,39]. For the L ¼ 1 multiplet, heavy
quark symmetry and conservation of parity and jq also

predict that the strong decaysDð#Þ
ðsÞJðjq ¼ 3=2Þ → Dð#ÞπðKÞ

will only proceed through a D wave while the decays

Dð#Þ
ðsÞJðjq ¼ 1=2Þ → Dð#ÞπðKÞ will only proceed via an S

wave [40,41]. The states decaying to aDwave are expected
to be narrow due to the angular momentum barrier while
those decaying to an S wave are expected to be broad.
Similar patterns are predicted for higher Lmultiplets so that
measuring the properties of excited charm mesons can be
used to both help identify them and to see how well excited
states are described by the properties expected in the heavy
quark limit. However, for higher mass states more phase
space is available, leading to more possible decay channels,*godfrey@physics.carleton.ca
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VIII. SUMMARY

In this paper we calculated the properties of charm and
charm-strange mesons using the relativized quark model to
calculate masses and wave functions which were used to
calculate radiative transition partial widths. We calculated
hadronic widths using the quark pair creation model with
simple harmonic oscillator wave functions with the oscil-
lator parameters fitted to the rms radius of the relativized
quark model wave functions.
We used our results to identify recently observed charm

and charm-strange mesons in terms of quark model
spectroscopic states. Our results support the previously
made assignment of the DJð2550Þ0 and D#

Jð2600Þ0 as the
21S0ðcqÞ and 23S1ðcqÞ states respectively. We identify the
D#

1ð2760Þ0 and D#
3ð2760Þ0 as the 13D1ðcqÞ and 13D3ðcqÞ

respectively and tentatively identify the DJð2750Þ0 as the
1D2ðcqÞ state. In the latter case further measurements are
needed to strengthen the assignment. We suggested
that measurements of BRs to Dρ and D#π would be
useful. We tentatively identified the D#

Jð3000Þ0 as the
D#

4ð13F4Þ state and favor the DJð3000Þ0 to be the Dð31S0Þ
although we do not rule out the 1F3 and 1F0

3 assignments.

For the recently observed charm-strange mesons we
identify the D#

s1ð2709Þ$, D#
s1ð2860Þ−, and D#

s3ð2860Þ−
as the 23S1ðcsÞ, 13D1ðscÞ, and 13D3ðscÞ respectively and
suggest that the DsJð3044Þ$ is most likely the Ds1ð2P0

1Þ
or Ds1ð2P1Þ although it might be the D#

s2ð23P2Þ with the
DK final state too small to be observed with current
statistics.
Finally we suggested excited charm and charm-strange

mesons that might be seen in the near future based on the
criteria that they do not have too large a total width and they
have a reasonable branching ratio to simple final states. We
expect that our results comprised of tables of masses,
widths and BRs will be useful to this end.
While we have shown the usefulness of our results in

identifying newly discovered states we are equally keen
that they be a useful guide for future searches for missing
states.
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Data	Vs	Quark	Model

✓Ds0(2317) and Ds1(2460) are lighter and narrower than expected 
from quark models!

Ds0
* :2484MeV

Ds1 :2549MeV

Γ < 3.8MeVΓ = 220MeV
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Hadron	Exotics:	Theory

c q

q
c q

c q

q q
____

c q
q q

____

QCD	allows	many	possible	color	singlets:	

Tetraquark Hadron	Molecule
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Hadron	MoleculeHadronic molecules (I)

• Hadronic molecule:
the dominant component is 2 or more hadrons

• Concept at large distances, so that can be approximated by system of
multi-hadrons at low energies
Consider a 2-body bound state with a mass M = m1 +m2 � EB

size: R ⇠ 1

p
⇠ 1p

2µEB
� rhadron

• Only narrow hadrons can be considered as components of hadronic molecules,
�h ⌧ 1/r, r: range of forces

Filin et al., PRL105(2010)019101; FKG, Meißner, PRD84(2011)014013

Feng-Kun Guo (ITP) X(3872), Zc(3900) and their partners 14.04.2016 3 / 31

Ds0(2317):	DK;	Ds1(2460):	D*K

➡hadron	EFT
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Hadron	Molecule

1-GV＝0 
s=s0 
Mass pole corresponds to a resonance structure 

  àHadron Molecule

Summing All order contributions:
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Hadron	Molecule

Hadron	EFT	can	be	used	to	study	the	DK	scattering:

Yao,	et	al.	1502.05981
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Figure 6: Comparison of the results of the 4-channel fits to the lattice data of the scattering
lengths. UχPT-4: solid red line with blue band, IAM-4: dashed red line with green band.
The lattice data are taken from Ref. [16].

a perturbative amplitude with a zero LO contribution. As can be seen from Eq. (54), if the
LO amplitude vanishes the unitarized one will vanish as well. This happens to the case of
the Dsπ. The UChPT approach is free of this problem. The results of these two fits are
compiled in Table 5. Notice that in this case g′1 and g23 cannot be determined separately,
and the effective combined parameter is g123 = g23 − g′1. One sees that the values of LECs
from the fits using different unitarization methods are consistent with each other, 13 but are
only marginally consistent with those in the 6-channel fits. In addition, the uncertainties are
quite large. More lattice simulations are apparently necessary to pin down the LEC values. A
comparison of the results of the 4-channel fits to the lattice data in these channels are plotted
in Fig. 6.

For reference, the values for the scattering lengths extrapolated to the physical pion mass
are presented in Table 6. The chiral limit values in Table 3 are adopted for all the 16 channels
when performing the chiral extrapolation . Here we only show the results using the 6-channel
fits to the data with the pion mass up to 511 MeV, i.e. UChPT-6(b) and UChPT-6(b′). We
notice that the numerical results of the scattering lengths extrapolated to the physical pion

13However, not all of the LECs in these different unitarization methods ought to take the same values. One
can see this by expanding the IAM resummed amplitude up to O

!

p3
"

. Considering the single channel case

for simplicity, one has TIAM(s) = A(1)(s) +A(2)(s) +A(3)(s)+ [A(2)(s)]2/A(1)(s)+O
!

p4
"

. It is different from

that of UChPT, TUChPT(s) = A(1)(s) +A(2)(s) +A(3)(s) +O
!

p4
"

. Thus, the LECs in the O
!

p3
"

Lagrangian
could take different values.

23

Graham	Moir,	Charmed	Meson	Scattering	from	Lattice	QCD

DK Scattering (Preliminary)

S-wave
Bound-state pole ⇡ 2380 MeV ; ⇡ 55 MeV below DK threshold (at m⇡ = 391)

Expt. D⇤
s0(2317): 2317.7 ± 0.6 MeV ; ⇡ 45 MeV below DK threshold

c.f. S-wave pole in D⇡ channel: ⇡ 1 MeV below threshold
Graham Moir S��������� �� C������ M����� ���� L������ QCD 7th September 2016 14 / 15



12

Tetraquark

A	lot	of	versions	for	tetraquarks!
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X(5568)

D0: 1602.07588 
LHCb did not confirm, 1608.00435  
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FIG. 4: The m(B0
sπ

±) distribution resulting from fits of the
B0

s signal to m(J/ψφ) in twenty mass intervals of (B0
sπ

±)
candidates described in the text. The solid line shows the
result of the fit. The dashed line shows the contribution of
events due to the B0

s background from simulations. There is
no non-B0

s background.

exceed background for m(B0
sπ

±) > MX [13]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2

[Fig. 3(b)] and find the fitted number of signal events to
be 106± 23, with a corresponding local statistical signif-
icance of 4.8σ. The difference in yields with and without
the cone cut is not fully explained by statistical fluctu-
ations. In a subsidiary study we used empirical func-
tions [15] for the background fitted to the sidebands in
data below the X(5568) region and above the signal re-
gion up to 5.9 GeV/c2 and found signal yields that are
greater than those with the default background function
and comparable to or greater than that found in the cone
cut analysis. These results confirm that using a back-
ground function that agrees with data for masses above
5.7 GeV can increase the fitted signal yield above that ob-
tained using the default background model. Additional
background processes not present in our MC calculations
such as Bc → Bs nπ with n > 1, or other new states at
higher mass, would thus have the effect of reducing the
X(5568) yield for the no-cone cut case.

As a cross-check, we extract a pure B0
sπ

± signal by
performing fits of the number of B0

s events in the J/ψφ
mass distribution in 20 MeV/c2 intervals in the range
5.5 < m(B0

sπ
±) < 5.9 MeV/c2. Results of those fits are

shown in Fig. 4. A fit to the dependence of resulting
B0

s yields on m(B0
sπ

±), with the mass and natural width
fixed to the previously obtained values, gives 118 ± 22
signal events. This result confirms that the observed sig-
nal is due to B0

sπ
± candidates with genuine B0

s mesons
and thus eliminates the possibility of non-B0

s processes
mimicking the signal.

We obtain the systematic uncertainties for the mea-
sured values of the X(5568) state mass, natural width,
and the number of events. The dominant uncertainties
are due to the background and signal shapes. We eval-
uate the systematic uncertainties due to the background

shape by (i) using different models of bottom pair pro-
duction in generating the B0

s MC samples, (ii) varying
the sideband mass intervals, (iii) changing the way the B0

s

mass constraint is applied in the calculation of m(B0
sπ

±)
for the sideband events by replacing the mass difference
defined in the text by the kinetic energy obtained by forc-
ing m(J/ψφ) to the world-average B0

s mass, (iv) chang-
ing the ratio of the MC to the sideband events within
1σ, (v) using different background functions by replac-
ing the fourth-order polynomial in Eq. (1) with a third-
or fifth-order polynomial or replacing the second-order
polynomial in the exponential with the first- or third-
order polynomial, and (vi) varying the nominal B0

s mass
within ±1 MeV/c2 in the background samples, both for
the sideband data and simulated events. The system-
atic uncertainties due to the signal shape are evaluated
by (i) varying the detector resolution within ±1 MeV/c2

around the mean value, (ii) using a nonrelativistic Breit-
Wigner function, and (iii) using a P -wave relativistic
Breit-Wigner function.
Additionally, we estimate the systematic uncertainties

due to the binning by changing the bin size to 5 MeV/c2,
and to 10 MeV/c2 instead of 8 MeV/c2, and shifting
the lower edge of the mass scale by 1/3, 1/2, and 2/3
of the bin size. All systematic uncertainty sources are
summarized in Table 1. The uncertainties are added
in quadrature separately for positive and negative val-
ues to obtain the total systematic uncertainties for each
measured parameter and are treated as nuisance param-
eters to construct a prior predictive model [11, 16] of our
test statistic. When the systematic uncertainties are in-
cluded, the significance of the observed signal, including
the look-elsewhere effect, is reduced to 5.1σ. For the
analysis without the ∆R cut [Fig. 3(b)] we obtain a sig-
nificance including the systematic uncertainty and the
look-elsewhere effect of 3.9σ.
The stability of the result is checked by examining sub-

samples with (i) different signs of the π± meson, (ii)
different ranges of the azimuth and rapidity, (iii) the
distance between the B0

s vertex and the primary ver-
tex changed to five standard deviations, (iv) different B0

s

mass windows (1.7σ, 1.5σ, 1.2σ), (v) different B0
sπ

± mo-
mentum intervals (pT > 9 GeV/c, pT > 12 GeV/c), and
(vi) different cone cuts (∆R < 0.2, ∆R < 0.15). Taking
into account the efficiencies of these cuts, no unexpected
behaviors are observed in these tests.
The invariant mass spectra of B0

s candidates and
charged tracks with kaon or proton mass hypotheses, are
checked and no resonantlike enhancements in these dis-
tributions are found.
We measure the ratio ρ of the yield of the new state

X(5568) to the yield of the B0
s meson in two kinematic

ranges, 10 < pT (B0
s ) < 15 GeV/c and 15 < pT (B0

s ) < 30
GeV/c, by repeating the m(B0

sπ) fits with free mass and
width parameters for theX(5568) signal [13]. The results
for ρ are (9.1 ± 2.6 ± 1.6)% and (8.2 ± 2.7 ± 1.6)%, re-
spectively, with an average of (8.6 ± 1.9 ± 1.4)%. The
systematic uncertainties due to B0

s reconstruction effi-

How about charm sector? 

http://arxiv.org/abs/arXiv:1608.00435
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violations in Bc(B) ! XcP decays. In the last section, we provide a brief summary of this work.

II. CHARMED TETRAQUARKS SPECTROSCOPY

A. Charmed tetraquarks Xc in SU(3)

Charmed tetraquark states Xc ⇠ [qq0]q̄00c̄ with three light quarks, q, q0 and q00, can be conveniently organized by
flavor SU(3) symmetry [24]. Under the flavor SU(3) symmetry, the three light quarks, (u, d, s) form a triplet 3
representation and the charm quark c is a singlet [43–45]. Tetraquark states formed by three light quarks (q, q0 and
q00 are di↵erent ones) and one charm quark can have the following irreducible representations

3⌦ 3⌦ 3̄ = 3� 3� 6̄� 15 . (1)

We will be interested in charmed tetraquark states with four di↵erent quarks, namely c̄dsū, c̄sud̄, and c̄uds̄ states.
They must be in a 6̄ or a 15 representation. We label 6̄ representation by Xk

[i,j]. Here the flavor components are

antisymmetric under the exchange of i and j, and traceless Xi
[i,j] = 0. More explicitly, the components are given

by [24]

X1
[2,3] =

1p
2
X 0

dsū, X2
[3,1] =

1p
2
X 0

sud̄, X3
[1,2] =

1p
2
X 0

uds̄,

X1
[1,2] = X3

[2,3] =
1

2
Y 0
(uū,ss̄)d, X1

[3,1] = X2
[2,3] =

1

2
Y 0
(uū,dd̄)s, X2

[1,2] = X3
[3,1] =

1

2
Y 0
(dd̄,ss̄)u. (2)

The 15 representation is denoted as Xk
{i,j}. Here the representation is symmetric when exchanging i and j, and

traceless Xi
{i,j} = 0 with the components [24]:

X1
{2,3} =

1p
2
Xdsū, X2

{3,1} =
1p
2
Xsud̄, X3

{1,2} =
1p
2
Xuds̄,

X1
{1,1} =

✓
Y⇡up
2
+

Y⌘up
6

◆
, X1

{1,2} =
1p
2

✓
Y⇡dp
2
+

Y⌘dp
6

◆
, X1

{1,3} =
1p
2

✓
Y⇡sp
2
+

Y⌘sp
6

◆
,

X2
{2,1} =

1p
2

✓
�Y⇡up

2
+

Y⌘up
6

◆
, X2

{2,2} =

✓
�Y⇡dp

2
+

Y⌘dp
6

◆
, X2

{2,3} =
1p
2

✓
�Y⇡sp

2
+

Y⌘sp
6

◆
,

X3
{3,1} = �Y⌘up

3
, X3

{3,2} = �Y⌘dp
3
, X3

{3,3} = �Y⌘sp
3
,

X1
{2,2} = Zddū, X1

{3,3} = Zssū,

X2
{1,1} = Zuud̄, X2

{3,3} = Zssd̄,

X3
{1,1} = Zuus̄, X3

{2,2} = Zdds̄. (3)

It is clear that if SU(3) flavor symmetry plays an important role in classifying charmed tetraquark states, there are
associated members with those tetraquarks with three di↵erent light quarks. Whether they come as a 6̄ or 15 has to
be determined experimentally.

B. Estimation of Xc masses

Before discussing Bc(B) ! XcP , we estimate the masses for Xc. Here we focus on the lowest-lying tetraquarks
where their orbital angular momenta are zero. We assume that the Xc mass is from the constituent quark masses and
also various spin-spin correlations as proposed in Ref. [46, 47]. This approach has been applied to various multiquark
systems [31, 48–54]. The e↵ective Hamiltonian is given by

H = m� +mq00 +mc +H�
SS +H q̄00c̄

SS +H�q̄00

SS +H�c̄
SS , (4)

4

Note that there are two possible ways for the charmed tetraquark with spin-parity JP = 1+. One of them is from the
light quark system qq0q̄00 having the spin 1

2 and combing to the total spin 1 with the heavy antiquark, while the other
one is from the light quark system qq0q̄00 having the spin 3

2 and combing to the total spin 1 with the heavy antiquark.
They mix with each other, since they have the same quantum numbers. Using the second and third basis defined in
Eq. (9), one can obtain the mass matrix M for JP = 1+ tetraquarks in the 15 representation

M(1+) = m� +mq00 +mc +
1

2
(qq0)3̄ +

✓ �2qq̄0 +
2
3qc̄ � 1

6 (q00c)3̄
2
3

p
2((q00c)3̄ � qc̄)

2
3

p
2((q00c)3̄ � qc̄) qq̄0 � 5

6 (2qc̄ + (q00c)3̄)

◆
. (11)

Diagonalizing the above matrix, one obtains two di↵erent eigenvalues of masses.
In the flavor SU(3) symmetry, all charmed tetraquark states will have the identical masses. By distinguishing the

strange quark from the up and down quarks, one can obtain the charmed tetraquark masses including the SU(3)
symmetry breaking e↵ects. In the numerical calculation, we will use the quark masses as mq = 305MeV,ms =
490MeV,mc = 1.670GeV [46, 53]. For the light diquark � = [qq], we use mqq = 0.395GeV and msq = 0.590GeV [46].
The strange diquark mass mss = 0.785GeV is estimated by the relation mss � msq = msq � mqq. The spin-spin
couplings are (qq)3̄ = 103MeV, (sq)3̄ = 64MeV, (cq)3̄ = 22MeV, (cs)3̄ = 25MeV, (ss)3̄ = 72MeV, (qq̄)0 =
315MeV, (sq̄)0 = 195MeV, (ss̄)0 = 121MeV, (cq̄)0 = 70MeV and (cs̄)0 = 72MeV [46, 53]. The relation ij =
1
4 (ij)0 for the quark-antiquark state derived from one gluon exchange model has been employed.
For the tetraquarks in the 6̄ representation, their masses are estimated to be:

m(X 0
dsū) = m(X 0

sud̄) = m(Y 0
(uū,dd̄)s) =

⇢
2.44GeV , JP = 0+ ,
2.48GeV , JP = 1+ ,

(12)

m(X 0
uds̄) =

⇢
2.36GeV , JP = 0+ ,
2.41GeV , JP = 1+ ,

(13)

m(Y 0
(uū,ss̄)d) = m(Y 0

(dd̄,ss̄)u) =

⇢
2.40GeV , JP = 0+ ,
2.45GeV , JP = 1+ .

(14)

The spin of charmed tetraquark states in the 15 representation could be 0, 1, and 2. We give the predictions for their
masses:

m(Xdsū) = m(Xsud̄) = m(Y⇡s) =

8
<

:

2.47GeV , JP = 0+ ,
2.51GeV, 2.60GeV , JP = 1+ ,
2.67GeV , JP = 2+ ,

(15)

m(Xuds̄) = m(Zuus̄) = m(Zdds̄) =

8
<

:

2.49GeV , JP = 0+ ,
2.52GeV, 2.61GeV , JP = 1+ ,
2.69GeV , JP = 2+ ,

(16)

m(Y⇡u) = m(Y⇡d) = m(Zuud̄) = m(Zddū) =

8
<

:

2.24GeV , JP = 0+ ,
2.27GeV, 2.45GeV , JP = 1+ ,
2.53GeV , JP = 2+ ,

(17)

m(Y⌘u) = m(Y⌘d) =

8
<

:

2.55GeV , JP = 0+ ,
2.58GeV, 2.66GeV , JP = 1+ ,
2.74GeV , JP = 2+ ,

(18)

m(Y⌘s) =

8
<

:

2.76GeV , JP = 0+ ,
2.79GeV, 2.84GeV , JP = 1+ ,
2.92GeV , JP = 2+ ,

(19)

m(Zssū) = m(Zssd̄) =

8
<

:

2.71GeV , JP = 0+ ,
2.74GeV, 2.78GeV , JP = 1+ ,
2.86GeV , JP = 2+ .

(20)

The masses of Xc are in the range between 2.24GeV and 2.92GeV. The above discussion shows that there should
be enough phase space to allow Bc(B) ! XcP occur.

III. EFFECTIVE HAMILTONIAN AND DECAY AMPLITUDES FOR Bc(B) ! XcP

In this section, we study the Bc ! XcP and B ! XcP decays. Let us first identify the flavor SU(3) symmetry
properties of the particles involved. As already mentioned beforeXc can be in 6̄ or 15. The other SU(3) transformation
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All can be produced in B decays!!

He, WW, Zhu, 1606.00097

Sextet:

15-plet:
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Open	Charm	Production

Andrea	Beraudo	
Open	charm	physics	with	Heavy	Ions:	theoretical	overview
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In	the	past	charm	conferences,		
there	are	rare	theoretical	talks	on	open	charm	productions.	
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In	the	past	charm	conferences,		
there	are	rare	theoretical	talks	on	open	charm	productions.	

➡The	production	is	not	interesting/
important?	

➡The	production	mechanism	is	too	simple	
for	every	participant?	

➡The	production	mechanism	is	too	difficult?
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Is	the	production	interesting/important?	Yes!		

Experimental talks:
❖ Achim Geiser,Charm production at HERA, proton structure, the charm mass, 

and Higgs Yukawa couplings
❖ Bilas Pal,Open charm Production and Spectroscopy at B-factories
❖ George Wei-Shu Hou, Open charm production and spectroscopy at ATLAS 

and CMS
❖ Patrick Spradlin,Open charm production and spectroscopy at LHCb
❖ …
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Production

The	production	mechanism	is	too	simple	for	every	participant?
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Production

pp	->	Ds0*(2317)

e+e-->DsDs0*(2317)

A	few	simplest	example:

The	production	mechanism	is	too	simple	for	every	participant?
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Production

A	few	simplest	example:

SCET NRQCD???

The	production	mechanism	is	too	simple	for	every	participant?

pp	->	Ds0*(2317)

e+e-->DsDs0*(2317)e+e− → ρπ

pp→ J /ψ

e+e− → J /ψηc
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Hadron	Molecule	Production
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Production	rate	of	a	hadron	is	equivalent	to	that	of	quark	pairs

Hadron	Molecule	Production

Production	rate	of	X(3872)	is	equivalent	to	production	rate	of	the	DD*	in	limited	phase	space	

σ (pp→ X(3872)) ≤ d 3k
R
∫ |< DD*(k) | pp >|2

Local	Constituent-Molecule	Duality	

Local	Quark-Hadron	Duality	

A	key	assumption:	
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R	value
The	Born	cross	section	of	e+e-	annihilation	into	hadrons	normalized	by	
theoretical	µ+µ- cross	section.

R≡ µ-

e+

e-

µ+

hadrons-e

e+

q-

q

σ

σ
flavor
color

= ΣQf
2

lowest
order

R	value



25See	Xiaoyan	Shen’s	talk	on	BES-III

R	value
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Color		Evaporation	Model

For	X(3872),	this	amounts	to	adjust	the	phase-space	cutoff	

Artoisenet,	Braaten,	0911.2016;1007.2868
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Effective	Field	Theory

NRQCD

Hadron	Level	EFT

• Conjecture (GTB, Braaten, Lepage (1995)):
The inclusive cross section for producing a quarkonium at large momentum transfer (pT ) can be
written as hard-scattering cross section convolved with an NRQCD matrix element.

σ(H) =

X

n

Fn(Λ)�0|OH
n (Λ)|0�.

• The part of the diagram inside the box corresponds to an NRQCD matrix element.

• The points A(C) and B(D) are
within ∼ 1/m of each other.

– Kinematics implies that the vir-
tual Q is off shell by order m.

• The points A(B) and C(D) are
within 1/pT of each other.

– The part of the diagram outside
the box is insensitive to changes
of momentum flow from A(B)

to C(D) of order pT .

σ (Ds0 ) ∼σ (DK ) |< Ds0 |DK | 0 >|
2

Bodwin,	Braaten,	Lepage,	Brambilla,	et	al.



Γ+ ΓGV + ΓGVGV+…. = Γ /(1-GV) 
 Γ is tree-level amplitude 

1-GV＝0 

Herwig/Pythia:	simulate	production	rates	of	constituents

Hadron	Molecule	Production	at	Hadron	Collider
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Hadron	Molecule	Production	at	Hadron	Collider

Guo,	Meissner,	WW,	Yang,	1403.4032
D⇤

s0(2317) Ds1(2460) DsJ(2860) Ds2(2910)

LHC 7 2.5(0.83) 2.1(0.91) 0.21(-) 0.27(-)
LHCb 7 0.61(0.15) 0.5(0.17) 0.05(-) 0.06(-)
LHC 8 2.9(0.94) 2.4(1.0) 0.24(-) 0.32(-)
LHCb 8 0.74(0.18) 0.61(0.2) 0.06(-) 0.08(-)
LHC 14 5.5(1.6) 4.7(1.7) 0.5(-) 0.65(-)
LHCb 14 1.6(0.35) 1.3(0.38) 0.13(-) 0.17(-)

Table 2. Integrated normalized cross sections (in units of µb) for the inclusive pro-
cesses pp ! D⇤

s0(2317), Ds1(2460), DsJ(2860) and Ds2(2910) at LHC. The results outside
(inside) brackets are obtained using Herwig (Pythia). Here the rapidity range |y| < 2.5

has been assumed for the LHC experiments (ATLAS and CMS), while the rapidity range
2.0 < y < 4.5 is used for the LHCb.

Therefore, the coupling constant c can be determined using Eq. (3.14). Substi-
tuting the result into the Eq. (3.12), we obtain the cross section for the DsJ :

�[DsJ ] =

����
F 2

2

g
eff

����
2 ✓

d�[HK(k)]

dk

◆

MC

4⇡2µ

k2E2
Km

2
H

. (3.15)

Although the expression contains explicitly a factor of 1/(E2
Kk

2
), this factor is com-

pletely cancelled by (d�[HK(k)]/dk)
MC

and thus a momentum-independent value is
obtained.

4 Results

To form a molecular state, the constituents must move nearly collinear as a multi-
quark system and thus have a small relative momentum. Such configurations can be
realized in an inclusive 2 ! 2 QCD process, while the multiquark final states can be
produced by soft parton shower radiations. The dominant partonic process for the
production of the DsJ is gg ! cc̄, as the gluon density at the LHC energy is much
larger than those for quarks. In addition, the process qq̄ ! cc̄ will also be included
in this analysis.

Using Pythia and Herwig, we have generated 10

8 events which contain a pair
of the charm and anti-charm quarks. These events are then analyzed by the Rivet
library [54] in order to pick out the charmed-meson kaon pair with a small invariant
mass. Since the kaons in these events are mostly produced from the soft gluon
emission by the heavy charm quarks, they tend to move together with the charmed
hadrons. This portion of the events will contribute significantly to the formation of
the molecules. To match the capability of the detectors, we have also implemented
the cuts on the transverse momentum of the meson pair pT > 5 GeV, and the rapidity
|y| < 2.5 and 2.0 < y < 4.5 for the ATLAS/CMS (denoted as LHC for simplicity)

– 11 –
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3063 Page 4 of 8 Eur. Phys. J. C (2014) 74:3063

Table 1 Integrated cross sections (in units of nb) for pp/ p̄ → X (3872)
compared with previous theoretical estimates [16,18] and experimen-
tal measurements by CDF [43] and CMS [6]. Results outside (inside)
brackets are obtained using Herwig (Pythia). Kinematical cuts used are
pT > 5 GeV and |y| < 1.2 at Tevatron and 10 GeV < pT < 50 GeV

and |y| < 0.6 at LHC with
√

s = 7 TeV. We have converted the
experimental data σ (p p̄ → X) × B(X (3872) → J/ψπ+π−) =
(3.1 ± 0.7) nb [43] and σ (pp → X) × B(X (3872) → J/ψπ+π−) =
(1.06 ± 0.11 ± 0.15)nb [6] into cross sections using B(X (3872) →
J/ψπ+π−) ∈ [0.027, 0.083] as discussed in the text

σ (pp/p p̄ → X (3872)) Reference [16] Reference [18] $ = 0.5 GeV $ = 1 GeV Experiment

Tevatron <0.085 1.5–23 10 (7) 47 (33) 37–115 [43]

LHC7 – 45–100a 16 (7) 72 (32) 13–39 [6]

a Estimate based on non-relativistic QCD

J/ψπ+π− [38], include D0 D̄∗0 + c.c. [39], J/ψω [40],
ψ ′γ and J/ψγ [41,42] can provide an upper bound for the
branching fraction of the X (3872) → J/ψπ+π−:

B(X (3872) → J/ψπ+π−) < 0.083. (10)

In Table 1, we show the integrated cross sections (in units
of nb) for the pp/ p̄ → X (3872) and compare with previ-
ous theoretical estimates [16,18] and experimental measure-
ments by the CDF Collaboration [43]

σ (p p̄ → X) × B(X (3872) → J/ψπ+π−)

= (3.1 ± 0.7) nb, (11)

and by the CMS Collaboration [6]

σ (pp → X) × B(X (3872) → J/ψπ+π−)

= (1.06 ± 0.11 ± 0.15) nb. (12)

The same kinematical cuts on the transverse momentum and
rapidity as those in the experimental analyses were imple-
mented: pT > 5 GeV and |y| < 1.2 at the Tevatron and
10 GeV < pT < 50 GeV and |y| < 0.6 at the LHC with√

s = 7 TeV. In this table, we have converted the experimen-
tal data to σ (p p̄/pp → X). A very small upper bound was
derived for σ (p p̄/pp → X) in Reference [16], and the pre-
dicted values are increased in Reference [18] by taking into
account the FSI using the universal scattering amplitude. As
shown in this table, our results agree with the experimen-
tal measurements quite well, which validates our calculation
based on an EFT treatment of the FSI.

Uncertainties in our results come from the parameter
$ in the loop function in Eq. (5). Based on heavy quark
symmetries, this parameter has been adopted as $ ∈
[0.5, 1] GeV [23]. Different values will give rise to differ-
ent binding energies of the counterparts for instance the Xb,
ranging from 24 to 66 MeV. Measurements of the Xb mass
in future will reduce the errors. Taking into account these
uncertainties, our results for the cross section at the Tevatron
are given as

σ (p p̄ → X (3872)) =
!

(10, 47) nb for Herwig,

(7, 33) nb for Pythia,
(13)

and at the LHC with
√

s = 7 TeV

σ (pp → X (3872)) =
!

(16, 72) nb for Herwig,

(7, 32) nb for Pythia.
(14)

Based on 107 partonic events generated by Madgraph,
we show the differential cross sections dσ/dk (in units of
nb/GeV) for the process pp → B0 B̄∗0 in Fig. 2, and the
ones for the reaction pp → B∗0 B̄∗0 in Fig. 3 at the LHC with
the center-of-mass energy

√
s = 8 TeV and at the Tevatron

with
√

s = 1.96 TeV. The kinematic cuts are |y| < 2.5
and pT > 5 GeV, where y and pT are the rapidity and the
transverse momentum of the bottom mesons, respectively,
which lie in the phase space regions of the ATLAS and CMS
detectors. 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 detector. We have checked that dσ/dk
is approximately proportional to k2, cf. Eq. (3).

Integrated cross sections (in units of nb) for the pp → Xb,
and pp → Xb2,c2 are collected in Table 2. Results outside
(inside) brackets are obtained using Herwig (Pythia).

From the table, one sees that the cross sections for the Xb2
is similar to those for the Xb, and the ones for the Xc2 are
of the same order as those for the X (3872) given in Table 1
and are two orders of magnitude larger than those for their
bottom analogs.

Recently, the CMS Collaboration has presented results of
a first search for new bottomonium states, with the main focus
on the Xb, decaying toϒ(1S)π+π−. The search is based on
a data sample corresponding to an integrated luminosity of
20.7 fb−1 at

√
s = 8 TeV [44]. No evidence for the Xb is

found, and the upper limit at a confidence level of 95 % on
the product of the production cross section of the Xb and the
decay branching fraction of Xb → ϒ(1S)π+π− has been
set to be

σ (pp → Xb → ϒ(1S)π+π−)

σ (pp → ϒ(2S) → ϒ(1S)π+π−)
< (0.009, 0.054),

(15)

where the range corresponds to the variation of the Xb mass
from 10 to 11 GeV.

Using the current experimental data on the σ (pp →
ϒ(2S)), we can convert the above ratio into the cross sec-
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Three-body	B	decays
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Generalized Form factors in LCSR

Consider a generic correlation function

Hadron level: Quark level: Light cone OPE

Quark 
Hadron 
Duality

Meissner,	WW,	1312.3087



34

Scalar	form	factors

In elastic region: 

Im[F]=  F  σi T*

F and T carry the same strong phase! 
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Scalar	form	factors	in	χPT

twice-subtracted Omnes 
solution matched onto χPT

Imaginary part
Real part
Magnitude 0.4 0.6 0.8 1.0 1.2

0.0

0.5

1.0

1.5
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mKΠ2 !GeV2"
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It simultaneously combines the perturbation 
theory at the mb scale based on the operator 
product expansion and the low-energy effective 
theory inspired by the chiral symmetry to describe 
the S-wave ππ and Kπ scattering. 

Meissner,	WW,	1312.3087
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Dsàπ+π-eνLHCb:1412.6433Bsàπ+π-μ+μ- CLEO:0907.3201

Y.J. Shi, WW, 1507.07692

BES-III & Belle-II?
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FIG. 11: The di↵erential branching ratios for the Ds ! ⇡+⇡�`⌫. The first panel corresponds to the dB/dm⇡⇡, in which the

dotted and solid curves correspond to Ds ! ⇡+⇡�µ⌫ and Ds ! ⇡+⇡�e⌫ respectively. The second panel shows the ratio

Rµ/e(m2
⇡⇡) defined in Eq. (53). A comparison with the experimental data [76, 77] is given in panel (c).

and the integrated form over q2:

Rµ/e(m2
⇡⇡

) =
d�(D

s

! ⇡+⇡�µ+⌫
µ

)/dm2
⇡⇡

d�(D
s

! ⇡+⇡�e+⌫
e

)/dm2
⇡⇡

. (53)

Our results are given in Fig. 11. The first panel corresponds to the dB/dm
⇡⇡

, in which the dotted and solid curves

denote to the D
s

! ⇡+⇡�µ⌫ and D
s

! ⇡+⇡�e⌫, respectively. One di↵erent behavior in the di↵erential branching

ratio with B
s

! ⇡+⇡�`+`� in the m
⇡⇡

distributions is the suppression in the large m
⇡⇡

region. The second panel

shows the ratio Rµ/e(m2
⇡⇡

) defined in Eq. (53). A comparison with the experimental data on the di↵erential branching

fraction [76, 77] is given in panel (c), where we can also find the agreement.

The integrated branching fractions are predicted as

B(D
s

! ⇡+⇡�e+⌫) = (1.52± 0.36)⇥ 10�3, (54)

B(D
s

! ⇡+⇡�µ+⌫) = (1.68± 0.39)⇥ 10�3, (55)

where 0.5GeV< m
⇡⇡

< 1.3GeV has been adopted in the integration. Again the errors come from the QCD condensate

parameter B0. Theoretical results are in good agreement with the CLEO results in Eqs. (3,4) [76–78]. We expect

experimental errors will be greatly reduced since in future the BES-III collaboration will collect about 2fb�1 data in

e+e� collision at the energy around 4.17GeV which will be used to study semileptonic and nonleptonic D
s

decays [79].

V. CONCLUSIONS

Rare B decays have played an important role in testing the SM, and hunting for the NP. In recent years, a lot of

experimental progresses have been made on the B ! K⇤`+`�, and remarkably the LHCb collaboration has found

a 3.7� deviation from the SM for the ratio P 0
5. This observable P 0

5 is believed almost independent on the hadronic

uncertainties.

The analysis of B ! V `+`�, more appropriately B ! M1M2`
+`�, requests not only the knowledge on the

m
b

expansion but also the M1M2 final state interactions. In this work, we have studied the B0
s

! ⇡+⇡�`+`�,

B0
s

! ⇡+⇡�⌫⌫̄ and D+
s

! ⇡+⇡�`+⌫ decay in the kinematics region where the ⇡+⇡� system has a invariant mass in

the range 0.5-1.3 GeV. These processes are dominated by the S-wave contributions and thus they are valuable towards

the determination of the S-wave ⇡+⇡� light-cone distribution amplitudes which are normalized to scalar form factors.
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FIG. 8: Di↵erential branching ratios dB/dm⇡⇡ for the Bs ! ⇡+⇡�µ+µ� in panel (a) and (b), and Bs ! ⇡+⇡�⌧+⌧� in panel

(c). In panel (b), experimental data (with triangle markers) has been normalized to the central value of the branching fraction:

B(B0
s ! ⇡+⇡�µ+µ�) = (8.6± 1.5± 0.7± 0.7)⇥ 10�8 [73], and theoretical results are shown with square markers.

direction in the lepton pair rest-frame. The �0
L0 and �0

R0 are phases of the helicity amplitudes

A0
L/R,0 = N2`

1

q
N2`

2 i
1

m
Bs

"
(C9 ⌥ C10)

p
�p
q2

FBs!⇡⇡

1 (q2) + 2(C7L � C7R)

p
�m

bp
q2(m

B

+m
⇡⇡

)
FBs!⇡⇡

T

(q2)

#
,

A0
L/R,t

= N2`
1

q
N2`

2 i
1

m
Bs

"
(C9 ⌥ C10)

m2
Bs

�m2
⇡⇡p

q2
FBs!⇡⇡

0 (q2)

#
, (34)

A0
t

= A0
R,t

�A0
L,t

= 2N2`
1

q
N2`

2 C10i
1

m
Bs

"
m2

Bs
�m2

⇡⇡p
q2

FBs!⇡⇡

0 (q2)

#
. (35)

where

N2`
1 =

G
F

4
p
2

↵em

⇡
V
tb

V ⇤
ts

(36)

N2`
2 =

1

16⇡2

p
1� 4m2

⇡

/m2
⇡⇡

⇥ 8

3

p
�q2�2`

256⇡3m3
Bs

. (37)

The Källen function � is related to the ⇡+⇡� momentum in the B
s

rest-frame:

� ⌘ �(m2
Bs

,m2
⇡

+
⇡

� , q2), �(a, b, c) = a2 + b2 + c2 � 2(ab+ bc+ ca) . (38)

In Fig. 8, results for di↵erential branching fractions dB/dm
⇡⇡

for the B
s

! ⇡+⇡�µ+µ� are given in panel (a)

and (b), and the ones for B
s

! ⇡+⇡�⌧+⌧� are given in panel (c). The result in panel (a) clearly shows the peak

corresponding to the f0(980). In order to compare with the experimental data [73], we also give the binned results

in panel (b) in Fig. 8 from 0.5 GeV to 1.3 GeV with square markers. Dominant theoretical errors arise from the

B0 = (1.7 ± 0.2)GeV. The experimental data (with triangle markers) has been normalized to the central value

in Eq. (1). The comparison in this panel shows an overall agreement between our theoretical predictions and the

experimental data. Integrating out the m
⇡⇡

from 0.5 GeV to 1.3 GeV, we have the branching fraction:

B(B
s

! ⇡+⇡�µ+µ�) = (6.9± 1.6)⇥ 10�8, (39)

which is also consistent with the data in Eq. (2).

In Fig. 9, we predict the di↵erential distribution dB/dq2 (in unit of 10�8/GeV2) for the B
s

! ⇡+⇡�µ+µ�

(solid curve) and for the B
s

! ⇡+⇡�⌧+⌧� (dashed curve). Results for the integrated branching fractions of
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B	decays	into	Ds0(2317)
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II. Theoretical approach: hadronization. 4.

Bc

J/ 

D+

K0 + Bc

K0

D+Pi

P 0
i

J/ 

ti

Vp Vp

I t Decay
�
Bc ! J/ K 0D+

�
= Vp ⇥

⇣
hK 0D+ +

P
j Gj tj,K 0D+hj

⌘

III. Results and predictions for observables. 2.

I �(Bc ! J/ D⇤
s0(2317)) Coalescence production of the

D⇤
s0(2317)+: t(Bc ! J/ R) = Vp

P
j hjGjgj

���
E=MR

Bc

J/ 

P 0
j

Pj

Vp

D⇤
s0(2317)

I d�̃(Bc!J/ KD)
dMinv

= d�(Bc!J/ KD)
dMinv

1
p3

J/ pDK
. . .

➡e+e-	à	Ds0(2317)	Ds		at	Belle-II?



➢ Quark Model  

➢ Hadron Molecule 

➢ Tetraquark

➢Hadron Level Approach 

➢QCD factorization  

➢B decays 

Summary

Apologize for a lot others not covered here

Many thanks for your attention!
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