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QCD in perspective

• QCD is required for essentially all practical calculations in particle physics.
Topics that at first glance have nothing to do with QCD can actually have
QCD effects as the limiting factor.

Today’s brief discussion will include
(g − 2)muon, CKM matrix elements, determination of αs, dark matter production,
dark matter detection.

• QCD has an important role in theoretical physics.
confinement, connections to computation, connections to string theory,
the strong CP problem, topology.

• QCD itself has intriguing unanswered questions.
quark-gluon plasma, heavy quark transitions and masses, tetraquarks.
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Some recent lattice and continuum work on QCD at York:

• αs determinations from sum rule analyses of hadronic τ decay data (first with a PhD
student at York, then further work with collaborators at San Francisco State Univer-
sity, University Autonoma Barcelona, TU Munich, and University of Wisconsin)

• Work on duality violating effects in current-current two-point functions with collabo-
rators at San Francisco State University, University Autonoma Barcelona, TU Munich,
and University of Wisconsin

• Combined lattice and continuum analysis of the light quark V-A correlator with the
RBC/UKQCD lattice collaboration, and collaborators (including postdocs) at York,
San Francisco State University and University Autonoma Barcelona

• Work on flavor-breaking sum rules and conventional attempts at determinating Vus

from inclusive hadronic τ decay distributions with an RA at York

• Work on lattice input to the inclusive flavor-breaking τ Vus determination puzzle, first
with a subset of the RBC/UKQCD lattice collaboration and more recently (including
what looks like a probable resolution of this long-standing problem) with collaborators
(including postdocs) at York and University of Adelaide

• World-best determinations of a number of NLO and NNLO chiral low-energy con-
stants from combined lattice and continuum analyses, including of a number of flavor-
breaking inverse moment (chiral) finite-energy sum rules using B-factory strange exclu-
sive mode hadronic τ decay distributions, with collaborators (including post-docs) at
York, San Francisco State University, TU Munich and University Autonoma Barcelona

• Identification of crucial systematic issues in previous lattice determinations of the
leading order hadronic contribution to (g − 2)µ and development of a strategy for
overcoming this problem, now being used by many lattice collaborations, with collab-
orators from San Francisco State University and University Autonoma Barcelona

• Ongoing work with the RBC/UKQCD latttice collaboration and collaborators (in-
cluding postdocs) at York on the lattice determination of the leading order hadronic
contribution to (g−2)µ using RBC/UKQCD data from the new physical point domain
wall fermion ensembles

• Ongoing lattice work with collaborators (including postdocs) at York aimed at iden-
tifying, and determining the expected masses of, certain exotic multi-quark states
expected to be strong-interaction stable

• Ongoing work with collaborators (including postdocs) at York on determining αs us-
ing data for current-current two-point functions measured on the lattice, expected
to be competitive with, and have certain systematic advantages over, the continuum
determination using hadronic τ decay data

Thanks to Kim Maltman for
preparing this list. There is
a lot of QCD activity at York,
including faculty, postdocs,
students and external
collaborators.

Reminder: Kim’s work is
prominent in the PDG:
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manner equivalent to that of a fixed-order calculation), as well as the studies based on
non-perturbative analytic calculations, as their systematics have not yet been verified e.g.
by using observables other than Thrust.

Combining the results from e+e− annihilation data, using the range averaging method
as many analyses are either based on similar datasets and/or are only marginally
compatible with each other, results in αs(M

2
Z) = 0.1177 ± 0.0046.
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Figure 9.2: Summary of determinations of αs from hadronic τ -decays (a), from
lattice calculations (b), from DIS structure functions (c) and from e+e− annihilation
(d). The shaded bands indicate the pre-average values explained in the text, to be
included in the determination of the final world average of αs.

9.3.10. Hadron collider jets :
Significant determinations of αs from data at hadron colliders, i.e. the Tevatron and
the LHC, are obtained, however mostly still limited to QCD at NLO. At

√
s = 1.96

TeV, αs(M
2
Z) = 0.1161+0.0041

−0.0048 and αs(M
2
Z) = 0.1191+0.0048

−0.0071 result from studies of
inclusive jet cross sections [346] and from jet angular correlations [347], respectively.
More recently, ATLAS data on inclusive jet production at

√
s = 7 TeV [239] became

available, extending the verification of the running of αs up to jet pt of 600 GeV, and
leading to αs(M

2
Z) = 0.1151+0.0093

−0.0087 [348]. Here, experimental systematics, the choice
of jet scale and the use of different PDFs dominate the large overall uncertainties.
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QCD for dark matter

Frederick S. Sage and Rainer Dick, Journal of Physics G 41 (2014) 105007.
The Higgs-portal singlet model adds just one scalar field to the Standard Model.
Gluon-gluon fusion and CTEQ gluon distribution functions were used.

Dark matter
production cross sections
in pp collisions

collisions rely on the parton model of hadronic structure. Partons are generally taken to be
quarks and gluons, but contributions from electroweak vector bosons can be taken into
account as well. In the parton model, the cross section for a process →AB XY , where the
initial states are hadrons comprised of partons a and b can be written in terms of the cross
section σ →ab XYˆ ( ) in the following way:

∫ ∫σ σ→ = →AB XY x x f x f x ab XY( ) d d ( ) ( ) ˆ ( ). (3)a b a A a b B b

The parton distribution function f x( )a A a describes the probability of finding a parton a
carrying a fraction xa of the momentum of the hadron A. This function is a nonperturbative
object that must be extracted from experimental data.

We briefly review some facts about two basic methods of Higgs boson production in
hadron colliders that are easily extended to inclusion of singlets. First, we consider the gluon
fusion (GF) production mechanism [25, 26], which accounts for over 80 basic process is 1-
loop order, but it is enhanced over tree level production by the strength of the Higgs-top quark
Yukawa coupling. Since this coupling is proportional to the top mass, it dominates all other
fermionic couplings. The basic Feynman diagram describing the process is presented in
figure 2. As can be seen, a pair of gluons annihilate to a Higgs boson through an intermediate
virtual top quark loop. The basic calculation at leading order is not difficult, and QCD and
electroweak corrections have been computed to as high as NNLO [27–29], but inclusion of
gluon parton distribution functions requires numerical evaluation.

The second production mechanism we consider will be electroweak vector boson fusion
(VBF) [30], in which W and Z bosons annihilate to produce a Higgs boson. In the currently
supported Higgs mass range, VBF accounts for around 10 making it the second most
important contributor after GF. At high energies, the massive electroweak bosons become
significant contributors to the parton sea of the proton. The effective vector boson approx-
imation (EVB) [31] assumes that massive electroweak vector bosons can be treated as par-
tons, and uses the electroweak structure functions of the proton to derive parton distribution
functions for the vector bosons. It has been used successfully in the past. In fact, exact
calculations for Higgs boson production in proton colliders by VBF have been made [18] with
results that are comparable to those provided by using the EVB approximation. Since our
calculation is a slight modification of this, the EVB approximation remains valid. Use of this
approximation reduces the process to tree level, but at the cost of using complicated parton
distribution functions.

The relevant Lagrangian for the calculation of the production cross sections can be
constructed by appending the Higgs-portal Lagrangian (1) to the Standard Model Lagrangian.
To leading order, production of singlets through VBF is a tree level process. To enable later
use of the EVB approximation parton distribution functions, we do not sum over vector boson
polarizations, leaving the matrix element in longitudinal and transverse components. We use
the following basis for polarization vectors, valid when the vector boson transverse

Figure 2. Higgs production by gluon fusion.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 105007 F S Sage and R Dick

4

The use of gluon distribution functions is necessary in high energy collider physics, as
the majority of hadronic momentum is carried by gluonic components. In our analysis, we
have used the gluon distribution functions reported by the CTEQ collaboration [33], which
are fit from NLO deep inelastic scattering data. We use the specific set CJ12mid, which
includes medium strength nuclear corrections. The following parametrization is used:

= − + +( ) ( )xf x Q g x x g x g x, (1 ) 1 . (10)g p
g g

0
2

0 3 4
1 2

Figure 3. Differential cross section for singlet production σ ∥pd d S ( =k 3.5p TeV).

Figure 4. Differential cross section for singlet production σ ∥pd d S ( =k 6.5p TeV).

J. Phys. G: Nucl. Part. Phys. 41 (2014) 105007 F S Sage and R Dick

7

GF = gluon-gluon fusion

VBF = vector boson fusion

kp = proton momentum

Frederick S. Sage and Rainer Dick, Astroparticle Physics (2015) 31.
Nuclear recoil cross sections for perturbative Higgs portal dark matter models will be
probed by DEAP-3600 and XENON1T within two years of observations.

Crucial input from lattice QCD calculations of yN =
2〈N |s̄s|N〉
〈N |ūu + d̄d|N〉



5/11

Conformality or confinement?
Erich Poppitz and Mithat Ünsal,
JHEP 0909 (2009) 050,
JHEP 0912 (2009) 011.

J
H
E
P
1
2
(
2
0
0
9
)
0
1
1

N D.T. 1a/1(a+c) Ladder (SD)-approx. Functional RG NSVZ-inspired: � = 2/� = 1 NAF
F

2 5/8 7.85 8.25 5.5/7.33 11

3 7.5/12 11.91 10 8.25/11 16.5

4 10/16 15.93 13.5 11/14.66 22

5 12.5/20 19.95 16.25 13.75/18.33 27.5

10 25/40 39.97 n/a 27.5/36.66 55

1 2.5N/4N 4N ⇠ (2.75 � 3.25)N 2.75N/3.66N 5.5N

Table 2. Estimates for the lower boundary of conformal window for QCD(F), N⇤
F < NF < 5.5N .

The results of the deformation theory approach according to [1] are shown in the “D.T. 1a” column,

while those due to the “refined” estimate of this paper are shown under “D.T. 1(a+c)”.

S

AS

Adj

F

Figure 2. Conformal window estimates for QCD(F/AS/Adj/S) by using deformation theory and

the mass gap criterion of this paper (solid lines, upper limits on the lower boundary) and the

truncated Schwinger-Dyson approximation (dashed-lines). In order to not overcrowd the figure, we

do not plot the estimates of other approaches; see table 2.

listed the estimates of the ladder approximation to the Schwinger-Dyson equations [23–26],

NSVZ-inspired beta-function conjecture [27] (see also [28]), and functional renormalization

group approach [29]. Estimates were also obtained by using properties of the multi-loop

beta function [30, 31], via a conjectured thermal inequality [32] (see also discussion in [33]),

via the worldline formalism [8], and from a conjectured dual of QCD(F) [34]. It is also of

some interest to show the estimates of the ladder approximation and our approach based

on mass gap for gauge fluctuations for theories with Nf flavors of Dirac fermions in the

fundamental (F) and two-index representations — antisymmetric (AS), symmetric (S),

and adjoint (Adj). The results are plotted18 on figure 2. We also note that the recently

18The Schwinger-Dyson estimates for two-index representations are taken from [26, 27]. We thank T.

Ryttov and F. Sannino for sharing their Mathematica file with us.

– 20 –

The work of Erich Poppitz and collaborators continues to provide a deep understanding
for QCD and many related quantum field theories:
• semiclassical methods in QCD-like theories in a calculable domain

– confinement
– properties of confining strings
– relations to lattice data and string theory

• path integrals in QFT in various dimensions using Lefshetz thimbles
– complexification

• relations between supersymmetric and nonsupersymmetric dynamics
– continuity between thermal deconfinement and (softly broken) super Yang-Mills
– suggestive comparisons to lattice studies



6/11
Dmitri Kharzeev and Ariel Zhitnitsky, Nuclear Physics A 797 (2007) 67.
This famous paper shows that quantum anomalies in QCD produce surprising effects.
It has led to theoretical developments for non-vanishing θ, T , and chemical potential .
It has also led to testable consequences for heavy ion collisions at RHIC and LHC.D. Kharzeev, A. Zhitnitsky / Nuclear Physics A 797 (2007) 67–79 71

Fig. 1. Preliminary STAR data from [27]. Charged particle asymmetry parameters as a function of centrality bins se-
lected on the basis of charged particle multiplicity in |η| < 0.5 region. Points are STAR preliminary data for Au+Au at√

sNN = 62 GeV: circles are a2+ , triangles are a2− and squares are a+a− , see text for details. Black lines are theoretical
prediction [25] corresponding to the topological charge |Q| = 1.

This result again indicates that the angular momentum in the presence of θ ̸= 0 generates a
background electric field even in the absence of magnetic field. Moreover, the magnitude of the
charge density does not depend on the size of the system along z direction. Of course, this result
is a consequence of topological (anomalous) nature of the phenomenon. Now the result (9) is very
easy to interpret: the induced charge separation (9) will result in induced z independent electric
field (8) as long as the system can be considered effectively two-dimensional, Lx,Ly ≫ Lz.
As is well known, the electric field Ez between two infinitely large charged plates with charge
density σxy is equal Ez = σxy . Our equations (8) and (9) satisfy this equation for an infinitely
large capacitor.

3. Numerical estimates

We now want to get from (9) an estimation for an excess of quarks over antiquarks, say, in
the upper hemisphere, i.e. above the reaction plane (the lower hemisphere will obviously have an
equal excess of antiquarks over quarks). Therefore, integrating (9), see Eq. (A.8) in Appendix A,
and assuming µu = µd we have

Q =
∫

σxy dΣxy = −Nc

∑

f

ef

π

θ

Nf
l. (10)

For a numerical estimate we put Nc = 3, Nf = 2 to arrive at

Nq−q̄ = 2Q ≃ 3e

(
θ

π

)
l, (11)

which shows that the asymmetry vanishes for strictly central collisions when the angular mo-
mentum is equal to zero, l = 0 and increases for more peripheral collisions. Note also that this
formula and Eq. (7) clearly resemble the 2d Schwinger model with θ ̸= 0, see [33].

In the presence of a collective expansion of the produced system (as evidenced by the present
RHIC data), the spatial separation of charges will result in the momentum anisotropy of the emis-
sion of positive and negative particles. Depending on the sign of θ and l which fluctuate on the

aiaj =

〈∑

k,l

sin(φki − ψRP) sin(φ
l
j − ψRP)

〉

where RP = reaction plane

Ongoing work has many applications at the intersection of
particle physics, nuclear physics, astrophysics and cosmology.
Recent examples include

The topological long range order in QCD. Applications to heavy ion collisions and cosmology.
Ariel R. Zhitnitsky, EPJ Web of Conferences 95 (2015) 03041.

Inflaton as an auxiliary topological field in a QCD-like system.
Ariel R. Zhitnitsky, Phys Rev D89 (2014) 063529.
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QCD under extreme conditions

Quark-gluon plasma is a strongly-coupled many-body system.
Its bulk properties are close to those of an ideal fluid.
The McGill group is producing state-of-the-art theory for relativistic collisions.

The importance of the bulk viscosity of QCD in ultravelativistic heavy-ion collisions
Ryu, Paquet, Shen, Denicol, Schenke, Jeon and Gale, arXiv:1502.01675
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FIG. 3: (Color online) Transverse momentum spectra (upper panels) of pions, kaons, and protons and harmonic flow coe�cients
(lower panels) as a function of the transverse momentum. Two centrality classes are considered: 0–5% (left panels) and 30–
40% (right panels). The bands denote the statistical uncertainty of the calculation. The full and open symbols correspond to
measurements by the ALICE [49] and CMS [53, 54] collaboration respectively, with bars denoting the experimental uncertainty.

describe these observables. These findings are consistent
with those from Refs. [51, 52].

4. Conclusions. In this letter, we discussed the e↵ect
of bulk viscous pressure on multiplicity, average trans-
verse momentum, and azimuthal momentum anisotropy
of charged hadrons using a state-of-the-art simulation
of ultrarelativistic heavy ion collisions. It includes IP-
Glasma initial conditions, which in combination with hy-
drodynamics are known to provide a good description
of the flow harmonic coe�cients, and UrQMD, which
models the hadronic re-scatterings that follow the fluid-
dynamical evolution of the system. This fluid-dynamical
evolution also considers several non-linear terms absent
from several previous studies. The inclusion of bulk vis-
cosity was found to have a large e↵ect on the average
transverse momentum of charged hadrons and on the el-
liptic flow coe�cient. In fact, when using the IP-Glasma
initial conditions, the bulk viscosity is essential to de-
scribe the pT –spectra of charged hadrons, and leads to
a considerably better description of the data. A similar
quality of description involving only shear viscosity could
not be obtained in our current model.

This work constitutes the first phenomenological in-
vestigation which shows that the bulk viscosity of QCD
matter is not small, at least around the phase transition
region. Our calculations suggest that ⇣/s ⇡ 0.3 or larger

around Tc. The e↵ects of bulk viscosity on ultracentral
collisions, already briefly investigated in Ref. [46], and on
several other experimental observables will be the subject
of future studies.

Acknowledgments. The authors thank M. Luzum,
J. B. Rose, P. Huovinen, J. Noronha, R. Snellings, and
A. Kalweit for useful discussions. This work was sup-
ported in part by the Natural Sciences and Engineer-
ing Research Council of Canada, and by the U. S. DOE
Contract No. de-sc0012704. G. S. Denicol acknowl-
edges support through a Banting Fellowship of the
Natural Sciences and Engineering Research Council of
Canada. B. Schenke acknowledges support from a DOE
O�ce of Science Early Career Award. Computations
were made on the Guillimin supercomputer at McGill
University, managed by Calcul Québec and Compute
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TABLE XIX: The 3S Decay chains, branching ratios and event estimates. The number of events in the pp column are based
on producing 3.1 ⇥ 108 ⌥(3S)’s and 1.4 ⇥ 108 ⌘b(3S)’s as described in the text while those in the e+e� column are based on
109 ⌥(3S)’s assuming 250 fb�1 integrated luminosity.

Parent Decay chain Combined Events

BR pp e+e�

33S1
13.6%�! 23P2 (86.2)

1.1%�! 13D3� (96.5)
91.0%�! 13P2� (256.0)

19.1%�! 13S1� (441.6)
2.48%�! µ+µ� 6.4 ⇥ 10�6 2003 6400

13.6%�! 23P2 (86.2)
0.2%�! 13D2� (104.4)

19.0%�! 13P2� (248.4)
19.1%�! 13S1� (441.6)

2.48%�! µ+µ� 2.4 ⇥ 10�7 75 240
13.6%�! 23P2 (86.2)

0.2%�! 13D2� (104.4)
78.0%�! 13P1� (267.3)

33.9%�! 13S1� (423.0)
2.48%�! µ+µ� 1.8 ⇥ 10�6 563 1800

13.6%�! 23P2 (86.2)
0.02%�! 13D1� (78.0)

1.6%�! 13P2� (239.1)
19.1%�! 13S1� (441.6)

2.48%�! µ+µ� 2.1 ⇥ 10�9 0.7 2
13.6%�! 23P2 (86.2)

0.02%�! 13D1� (78.0)
28.0%�! 13P1� (258.0)

33.9%�! 13S1� (423.0)
2.48%�! µ+µ� 6.4 ⇥ 10�8 20 64

13.6%�! 23P2 (86.2)
0.02%�! 13D1� (78.0)

47.0%�! 13P0� (290.5)
1.76%�! 13S1� (391.1)

2.48%�! µ+µ� 5.6 ⇥ 10�9 2 6
13.6%�! 23P2 (86.2)

0.02%�! 13D1� (78.0)
0.0039%�! µ+µ� 7.8 ⇥ 10�9 2 8

12.6%�! 23P1 (99.3)
2.1%�! 13D2� (91.3)

19.0%�! 13P2� (248.4)
19.1%�! 13S1� (441.6)

2.48%�! µ+µ� 2.4 ⇥ 10�6 751 2400
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2.1%�! 13D2� (91.3)
78.0%�! 13P1� (267.3)
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2.48%�! µ+µ� 1.7 ⇥ 10�5 5321 17,000
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1.76%�! 13S1� (391.1)

2.48%�! µ+µ� 2.3 ⇥ 10�7 72 230
5.9%�! 23P0 (122.0)

0.2%�! 13D1� (78.0)
1.6%�! 13P2� (239.1)

19.1%�! 13S1� (441.6)
2.48%�! µ+µ� 8.9 ⇥ 10�9 3 9

5.9%�! 23P0 (122.0)
0.2%�! 13D1� (78.0)

28.0%�! 13P1� (258.0)
33.9%�! 13S1� (423.0)

2.48%�! µ+µ� 2.8 ⇥ 10�7 88 280
5.9%�! 23P0 (122.0)

0.2%�! 13D1� (78.0)
47.0%�! 13P0� (290.5)

1.76%�! 13S1� (391.1)
2.48%�! µ+µ� 2.4 ⇥ 10�8 8 24

31S0
1.8⇥10�6

�! 23S1� (309.2)
2.48%�! µ+µ� 3.5 ⇥ 10�8 5

1.5⇥10�5

�! 13S1� (840.0)
2.48%�! µ+µ� 3.7 ⇥ 10�7 48

more events are expected from 33PJ production than
from direct 2D production.

For the 3D and 4D states each member of both mul-
tiplets will have of the order of 104 produced. However
the predicted widths are O(100 MeV) so the the BR’s for
radiative transitions will be small. Thus, we only expect
that they can be observed in BB̄, BB̄⇤ or B⇤B̄⇤ final
states if they can be reconstructed with high enough ef-
ficiences and separated from backgrounds.

8. The nF states

The production rate decreases quite dramatically for
states with larger L. This is a simple consequence of
our estimates which use eqn. 11 where the NR approx-
imation of the cross section goes like the lth derivative
of the wavefunction at the origin with the corresponding
mass in the denominator needed for dimensional reasons.
We only expect that ⇠ 200 for each of the 1F states
will be produced. Once the BR’s for the decay chains
are included we expect that only 1 or less events will
result. Considering experimental challenges in making
these measurements we do not expect that the 1F states
will be observed from direct production. Nevertheless we
include the dominant decay chains in Table XXVI for
completeness.

We do expect a small number of 1F states; ⇠ 14 13F4’s,
⇠ 16 13F3’s and ⇠ 1 13F2, to be produced via radiative

transitions originating with 33PJ and 23DJ states. Since
there are 3 �’s in the final state it is unlikely that the 1F
states will be observed in hadron production.

We expect the 2F and 3F multiplets to be even more
challenging to observe using radiative transition decay
chains primarily because they are above BB̄ threshold
and are therefore broader, ranging from 2.8 MeV for
the 23F4 state to 88.6 MeV for the 23F2 state. These
states are very close to BB̄ and BB̄⇤ threshold and
therefore very sensitive to available phase space. If our
mass predictions are too high it is possible that the to-
tal widths could be significantly smaller leading to sig-
nificantly larger BR’s to the decay chains we have been
focusing on. Nevertheless, given our expectations for the
1F states we do not feel it is likely that they would be
discovered using radiative transitions. If the B and B⇤

mesons can be observed with high e�ciencies the excited
F -wave states might be observed in BB̄ and BB̄⇤ final
states.

The 3F multiplets are su�ciently above BB̄ and BB̄⇤

threshold that they are much broader. The only possi-
bility that they might be observed would be in BB̄, BB̄⇤

or B⇤B̄⇤ final states.

9. The nG states

Even more so than the F -waves the G-wave production
cross sections are highly suppressed so we expect only

Godfrey and Moats (preliminary)

Wurtz, Lewis, Woloshyn
PoS LATTICE2014 (2014) 111

hadrons from
a quark model

Steve Godfrey et al are
working on properties of
hadrons relevant to BES-III,
Belle-II, LHCb and GlueX.

⇐ EXAMPLE
bottomonium spectrum

They can also calculate
production rates.

⇐ EXAMPLE
These are for Belle-Babar
at 250 fb−1.
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Lattice QCD and BABAR Lattice QCD and ATLAS
transition matrix elements spectrum of Bc masses
Lewis, Woloshyn, PRD84, 094501 (2011) Wurtz, Lewis, Woloshyn, arXiv:1505:04410

and PRD85, 114509 (2012)
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FIG. 6: Spectrum of Bc meson mass differences with respect to the lightest Bc meson. The red

band is an experimental value[35]. Black points with errors bars are lattice data with statistical

errors only. Grey bands are combined statistical and systematic lattice spacing uncertainty, added

in quadrature. Numerical values are given in Table VIII.

Bc D-wave ground states and the P-wave radial excitations. The Bc results are all under or

very near the BD threshold. Precise Bc spin splittings for 1S, 2S, 1P and 1D are given in

Table VI. Note that spin splittings are only given between spin 0 and spin 2 for P waves,

and spin 1 and spin 3 for D waves, because of the unresolved mixing between the two spin-1

P waves and the two spin-2 D waves.

The spectrum of Bs masses for 1S, 2S and 1P is shown in Fig. 7. Bs spin splittings

are given in Table VI. The Bs radial and orbital excitations are either very near or above

the threshold for break-up into BK or B∗K. Therefore, the 2S and 1P Bs states have the

possibility to mix with these two-meson scattering states. A cross-correlation matrix of Bs

with two-meson operators and application of the variational method, which was done in [19],

would be necessary to analyze the mixing and account for its effect.

Since the JP = 2+ state does not decay to BK via S wave, and the S-wave decay to B∗K

is suppressed for the JP = 1+ state with j = 3
2

[19, 36], the two-meson decay must contain

19

*

*BaBar, PRL101, 071801 (2008) and PRL103, 161801 (2009). *ATLAS, PRL113, 212004 (2014).

experiments needed here!

*

Only one experimental measurement so far!
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tetraquarks and other exotics from QCD sum rules

Many charmonium-like resonances have been observed by Belle, Babar, CLEO and BESIII.
They are difficult to interpret as conventional quark-antiquark mesons.
Tom Steele and collaborators use QCD sum rules to study them.

For example: Chen, Steele, Chen and Zhu, arXiv:1501.03863
4
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FIG. 1: Feynman diagrams for the leading order contributions of the three-point function. Wave lines depict vector and
axial-vector mesons, dashed lines pion, solid lines quarks and curly lines gluons. Graphs related by symmetry are not shown.

On the phenomenological side in Eq. (9), there are five different tensor structures gµν , qµqν , qµp′
ν , qνp

′
µ and p′

µp′
ν .

On the QCD side, we evaluate the three-point function and spectral density up to the dimension five terms. In
addition to the perturbative term, we calculate the quark condensate, the gluon condensate and the quark-gluon
mixed condensate for the power corrections. The Feynman diagrams for these terms are shown in Fig. 1. In our
result for the OPE series, the gµν structure contributes to all expansion terms including the perturbative part, quark
condensate, gluon condensate and quark-gluon mixed condensate. Other tensor structures contribute just some of
these terms in the OPE at leading order. For example, the qµqν and qνp

′
µ structures appear only in the gluon

condensate while p′
µp′
ν appears in the perturbative term and the gluon condensate. The structure qµp′

ν gives no
contributions to the perturbative term.

To obtain the greatest number of terms in the OPE series, we therefore study the gµν structure in the following
analysis. Finally, we obtain the spectral density proportional to 1/q2 in the gµν structure

ρ(s) = −⟨g2
sGG⟩(s + 2m2

c)

192π4

√
1 − 4m2

c

s
, (14)

where we find that only the gluon condensate gives contributions to the spectral density at order 1/q2. To establish a
sum rule for the coupling constant gZψπ, we assume p2 = p′2 = P 2 in Eq. (9) and then perform the Borel transform
(P 2 → M2

B) to suppress the higher state contributions. For the gµν structure, we arrive at the sum rule

gZψπ(s0, M
2
B)|Q2→0 =

1

fψ(−if ′
π)fZ

m2
Z − m2

ψ

e−m2
ψ/M2

B − e−m2
Z/M2

B

∫ s0

4m2
c

ρ(s)e−s/M2
B ds, (15)

in which Q2 = −q2 and s0 is the continuum threshold parameter for the Zc(4200) meson.
To perform the QCD sum rule numerical analysis, we use the following values of quark masses and various conden-

The Zc(4200)+ is treated as a hidden-charm tetraquark state.
The full decay width agrees with experiment.
Predictions are given for the branching ratios into J/ψπ+, ηcρ+, D+D̄∗0 and D̄0D∗+.
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summary

• QCD is required for essentially all practical calculations in particle physics.
• QCD has an important role in theoretical physics.
• QCD itself has intriguing unanswered questions.

QCD does not exist in isolation.

It is closely connected to many aspects of subatomic physics,
theoretical physics and beyond.

Canadian researchers are making internationally recognized contributions
but Canadian researchers are relatively few in number.

Strengthening QCD research in Canada would be of benefit to everyone.


