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Motivation

QM loops sensitive to new heavy particles above the TeV scale, e.g.:

Study fundamental physics with intense sources and sensitive detectors

Target processes where new-physics contributions may be observable:

(1) Extremely rare (or even forbidden) in the Standard Model
(2) Predicted to high precision in the Standard Model
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✤ Observation of deviations from Standard-Model 
expectations requires equally precise theory predictions.  

✤ Maximizing the output of the experimental program 
requires them on the same time scale!
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Scope

3

kaon physics
muon g-2

B & D physics

BES-III

lepton flavor violation

DUNE

neutrino physics Higgs physics

Current and planned experiments cover a broad range of topics in HEP/NP

Here focus on experiments (traditionally) supported by DOE Office of  High-
Energy Physics 
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New-physics reach
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➡ Precision measurements essential ingredient of  experimental program:

✤ If LHC discovers new particles, flavor & CP-violating couplings needed 
to determine underlying theory

✤ If new physics lies above the TeV scale, indirect searches will be only probe!

LHC
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Approximate current (filled) & future (empty) experimental reach
log( Energy[GeV] )31 5 7 9 11 13 15 17

[Ligeti, 
Snowmass 2013]
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[Buras, Acta Phys.Polon.B41:2487-2561,2010]
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Complementarity
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Different processes & 
observables sensitive to 
different new-physics 
scenarios

❖ Pattern of 
measurements can 
distinguish between 
models & constrain 
model parameters

We do not know where 
the new physics lies ➜
cast a wide net!

Quark
flavor

Lepton
Flavor

EDMs
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USQCD scientific goals and 5-year plan

USQCD aims to support the US HEP experimental intensity-physics program by 
“improv[ing] the accuracy of QCD calculations to the point where they no longer limit 
what can be learned from high precision experiments that seek to test the Standard 
Model” — USQCD HEP SciDAC-3 proposal

2013 White Paper “Lattice QCD at the Intensity Frontier” outlines a program of 
calculations matched to experimental priorities 

(1) “Improve the calculation of the matrix elements needed for the CKM unitarity fit”

(2) “Calculate ... new, more computationally demanding, matrix elements that are 
needed for the interpretation of planned (and in some cases old) experiments” 

Target quantities and precision goals developed with input from experimentalists 
and phenomenologists 

6
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P5 science drivers

P5 identified science drivers: intertwined & not prioritized
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Experimental landscape after P5
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HEP program narrowly focused on smaller portfolio of  prioritized experiments
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P5 impact on LQCD program

In budget scenarios A & B, US HEP program involves the following (and not much else):

Continued US involvement in LHC (upgrade identified as highest priority) and 
cosmic frontier

g-2, Mu2e , and neutrinos at Fermilab

No room for ORKA (K+ → π+νν) or Project X (K0 → π0νν, EDMs, neutron-antineutron 
oscillations, ...)

Participation in Japanese ILC only if “external” funds can be obtained

Domestic experimental program primarily charged leptons and neutrinos

Goal for Fermilab to be global leader in neutrinos with LBNE as the flagship project

No domestic quark-flavor physics, although US will participate in Belle II and LHCb

9
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What can USQCD do for HEP?

Incomplete list of quantities aligned with science drivers that we can and should attack 
immediately

Higgs boson as tool for discovery

b-, c-quark masses and strong coupling for precision Higgs predictions

Physics of neutrino mass

Nucleon axial-vector form factor for CCQE scattering (+ other neutrino-nucleon 
scattering matrix elements)

Explore the unknown

Quark flavor-changing matrix elements for CKM tests, rare decays, ...

Hadronic contributions to muon g-2

Light- and strange-quark content of nucleon for μ → e conversion

10
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✤ Must keep DOE HEP priorities in mind (charged 
leptons & neutrinos) when formulating projects and 
allocating resources

✤ To maintain support in the near term, lattice-QCD 
community must meet goals for both precision and 
timeliness!

✤ To maintain support long term, must expand scope of 
problems that can be addressed reliably
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KL − KS Mass Difference from Lattice QCD

Z. Bai,1 N. H. Christ,1 T. Izubuchi,2,3 C. T. Sachrajda,4 A. Soni,2 and J. Yu1
1Physics Department, Columbia University, New York, New York 10027, USA

2Brookhaven National Laboratory, Upton, New York 11973, USA
3RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA

4School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom
(Received 3 June 2014; published 12 September 2014)

We report on the first complete calculation of the KL − KS mass difference, ΔMK , using lattice QCD.
The calculation is performed on a 2þ 1 flavor, domain wall fermion ensemble with a 330 MeV pion mass
and a 575 MeV kaon mass. We use a quenched charm quark with a 949 MeV mass to implement Glashow-
Iliopoulos-Maiani cancellation. For these heavier-than-physical particle masses, we obtain ΔMK ¼
3.19ð41Þð96Þ × 10−12 MeV, quite similar to the experimental value. Here the first error is statistical,
and the second is an estimate of the systematic discretization error. An interesting aspect of this calculation
is the importance of the disconnected diagrams, a dramatic failure of the Okubo-Zweig-Iizuka rule.

DOI: 10.1103/PhysRevLett.113.112003 PACS numbers: 14.40.Be, 11.15.Ha, 12.15.-y, 12.38.Gc

Introduction.—The KL − KS mass difference ΔMK ,
with a value of 3.483ð6Þ × 10−12 MeV [1], is an important
quantity in particle physics which led to the prediction
of the energy scale of the charm quark nearly 50 years ago
[2–4] and whose small size places strong constraints on
possible new physics beyond the standard model. This
mass difference is believed to arise from K0-K̄0 mixing
caused by second-order weak interactions. However,
because ΔMK is suppressed by 14 orders of magnitude
compared to the energy scale of the strong interactions and
must involve a change in strangeness of two units, this is a
promising quantity to reveal new phenomena which lie
outside the standard model. A quantity closely related to
ΔMK is the indirect CP violation parameter ϵK, which
arises in the same mixing process. The experimental values
ofΔMK and ϵK are both known very accurately, making the
precise calculation of ΔMK and ϵK within the standard
model an important challenge.
As an example of new physics, consider a process

which occurs with unit strength but at a very high energy
scaleΛ and which changes strangeness by two units. Such a
process might be represented at low energies as the ΔS ¼ 2
four-fermion operator ð1=Λ2Þs̄ds̄d where s̄ and d are
operators creating a strange quark and destroying a down
quark, respectively. Establishing the validity of the standard
model prediction for ΔMK at the 10% level would then
provide a lower bound on Λ: Λ ≥ 104 TeV—an energy
scale 4 orders of magnitude greater than is effectively
available in present laboratory experiments.
In perturbation theory, the standard model contribution

to ΔMK is separated into short-distance and long-distance
parts. The short-distance part receives the largest contri-
bution from momenta on the order of the charm quark
mass. In the recent next-to-next-to-leading-order (NNLO)
perturbation theory calculation of Brod and Gorbahn [5],

the NNLO terms were found to be as large as 36% of
the leading-order and next-to-leading-order (NLO) terms,
raising doubts about the convergence of the perturbation
series at this energy scale. At present, the long-distance
part of ΔMK is even less certain, with no available results
with controlled errors because the long-distance contribu-
tions are nonperturbative. However, an estimate given by
Donoghue et al. [6] suggests that the long-distance con-
tributions may be sizable.
The calculation of ϵK is under much better control,

because it is CP violating and the largest contribution
involves momenta on the scale of top quark mass, where
perturbation theory should be reliable. However, the same
NNLO difficulties in predicting the charm quark contribu-
tion to ϵK enters at the 8% level [5]. In addition, the long-
distance contribution to ϵK is estimated to be 3.6% by
Buras et al. [7], again suggesting the need for a reliable
nonperturbative method. Here, long and short distances
refer to the space-time separation between the two pointlike
ΔS ¼ 1 weak operators which enter the calculation of
ΔMK or ϵK when the internal loop momenta are much less
than theW boson mass. Conventionally, separations on the
scale of 1=ΛQCD are referred to as “long distance.”

Lattice QCD provides a first-principles method to com-
pute nonperturbative QCD effects in electroweak processes,
in which all errors can be systematically controlled. We
have proposed a lattice method to compute ΔMK and ϵK
[8,9]. An exploratory calculation of ΔMK [10] has been
carried out on a 2þ 1 flavor, 163 × 32 domain wall fermion
ensemble with an unphysically large 421 MeV pion mass.
We obtained a mass difference ΔMK which ranged
from 6.58ð30Þ × 10−12 MeV to 11.89ð81Þ × 10−12 MeV
for kaon masses varying from 563 to 839 MeV. This
exploratory work was incomplete since we included only
a subset of the necessary diagrams.

PRL 113, 112003 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

12 SEPTEMBER 2014

0031-9007=14=113(11)=112003(5) 112003-1 © 2014 American Physical Society

Kaon physics
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Kaon physics

Hadronic Light-by-Light Scattering Contribution to the Muon Anomalous Magnetic
Moment from Lattice QCD

Thomas Blum,1,2 Saumitra Chowdhury,1 Masashi Hayakawa,3,4 and Taku Izubuchi5,2
1Physics Department, University of Connecticut, Storrs, Connecticut 06269-3046, USA

2RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
3Department of Physics, Nagoya University, Nagoya 464-8602, Japan

4Nishina Center, RIKEN, Wako, Saitama 351-0198, Japan
5Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

(Received 18 July 2014; published 7 January 2015)

The most compelling possibility for a new law of nature beyond the four fundamental forces comprising
the standard model of high-energy physics is the discrepancy between measurements and calculations of
the muon anomalous magnetic moment. Until now a key part of the calculation, the hadronic light-by-light
contribution, has only been accessible from models of QCD, the quantum description of the strong force,
whose accuracy at the required level may be questioned. A first principles calculation with systematically
improvable errors is needed, along with the upcoming experiments, to decisively settle the matter. For the
first time, the form factor that yields the light-by-light scattering contribution to the muon anomalous
magnetic moment is computed in such a framework, lattice QCD þ QED and QED. A nonperturbative
treatment of QED is used and checked against perturbation theory. The hadronic contribution is calculated
for unphysical quark and muon masses, and only the diagram with a single quark loop is computed for
which statistically significant signals are obtained. Initial results are promising, and the prospect for a
complete calculation with physical masses and controlled errors is discussed.

DOI: 10.1103/PhysRevLett.114.012001 PACS numbers: 12.38.Gc, 12.20.-m, 12.38.-t, 13.40.Em

Introduction.—The muon anomalous magnetic moment,
or anomaly aμ ¼ ðgμ − 2Þ=2, provides one of the most
stringent tests of the standard model because it has been
measured to great accuracy (0.54 ppm) [1] and calculated to
even better precision [2–4]. At present, the difference
observed between the experimentally measured value and
the standard model prediction ranges between 249ð87Þ ×
10−11 and 287ð80Þ × 10−11, or about 2.9 to 3.6 standard
deviations [2–4]. In order to confirm such a difference,
which then ought to be accounted for by new physics, new
experiments are under preparation at Fermilab (E989) and
J-PARC (E34), aiming for an accuracy of 0.14 ppm. This
improvement in the experiments, however, will not be useful
unless the uncertainty in the theory is also reduced.
Table I summarizes the contributions to aμ fromQED [2],

electroweak (EW) [5], and QCD sectors of the standard
model. The uncertainty in the QCD contribution saturates
the theory error. The precision of the leading-order (LO)
hadronic vacuum polarization (HVP) contribution requires
subpercent precision on QCD dynamics, reached using a
dispersion relation and either the experimental production
cross section for hadrons (þγ) in eþe− collisions at low
energy or the experimental hadronic decay rate of the τ
leptonwith isospin breaking taken into account.Meanwhile,
lattice QCD calculations of this quantity are improving
rapidly [8] and will provide an important cross-check.
Unlike the case for the HVP, it is difficult, if not

impossible, to determine the hadronic light-by-light

scattering (HLbL) contribution (Fig. 1), aμðHLbLÞ, from
experimental data and a dispersion relation [9,10]. So far,
only model calculations have been done. The uncertainty
quoted in Table I was estimated by the “Glasgow con-
sensus” [7]. Note that the size of aμðHLbLÞ is the same
order as the current discrepancy between theory and experi-
ment. Thus, a first principles calculation, which is system-
atically improvable, is strongly desired for aμðHLbLÞ. In
this Letter we present the first result for the magnetic form
factor yielding aμðHLbLÞ using lattice QCD.
Nonperturbative QED method.—We start by observing

the difficulty computing aμðHLbLÞ using lattice QCD and
then explain our strategy to overcome it. Figure 1 shows
two (of seven) types of diagrams, classified according to
how photons are attached to the quark loop(s). In the lattice

TABLE I. The standard model contributions to the muon
gμ − 2, scaled by 1010. For the LO HVP, three results obtained
without (first two) and with (last) τ → hadrons are shown.

QED up to Oðα5Þ 116 584 71.8 951 (9)(19)(7)(77) [2]
EW Oðα2Þ 15.4 (2) [5]
QCD LO HVP Oðα2Þ 692.3 (4.2) [3]

694.91 (3.72) (2.10) [4]
701.5 (4.7) [3]

NLO HVP Oðα3Þ −9.84 (6)(4) [4,6]
HLbL Oðα3Þ 10.5 (2.6) [7]

NNLO HVP Oðα4Þ 1.24 (1) [6]

PRL 114, 012001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

9 JANUARY 2015

0031-9007=15=114(1)=012001(5) 012001-1 © 2015 American Physical Society

Strange and charm quark contributions to the anomalous magnetic
moment of the muon

Bipasha Chakraborty,1 C. T. H. Davies,1,* G. C. Donald,2 R. J. Dowdall,3

J. Koponen,1 and G. P. Lepage4,3

(HPQCD Collaboration),†

1SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
2Institut für Theoretische Physik, Universität Regensburg, 93040 Regensburg, Germany

3DAMTP, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom
4Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, New York 14853, USA

T. Teubner5
5Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom

(Received 12 March 2014; published 4 June 2014)

We describe a new technique to determine the contribution to the anomalous magnetic moment of the
muon coming from the hadronic vacuum polarization using lattice QCD. Our method reconstructs the
Adler function, using Padé approximants, from its derivatives at q2 ¼ 0 obtained simply and accurately
from time-moments of the vector current-current correlator at zero spatial momentum. We test the method
using strange quark correlators on large-volume gluon field configurations that include the effect of up and
down (at physical masses), strange and charm quarks in the sea at multiple values of the lattice spacing and
multiple volumes and show that 1% accuracy is achievable. For the charm quark contributions we use our
previously determined moments with up, down and strange quarks in the sea on very fine lattices. We find
the (connected) contribution to the anomalous moment from the strange quark vacuum polarization to be
asμ ¼ 53.41ð59Þ × 10−10, and from charm to be acμ ¼ 14.42ð39Þ × 10−10. These are in good agreement with
flavor-separated results from nonlattice methods, given caveats about the comparison. The extension of
our method to the light quark contribution and to that from the quark-line disconnected diagram is
straightforward.

DOI: 10.1103/PhysRevD.89.114501 PACS numbers: 12.38.Gc

I. INTRODUCTION

The magnetic moment of the muon can be determined
extremely accurately in experiment. Its anomaly, defined as
the fractional difference of its gyromagnetic ratio from the
naive value of 2 ðaμ ¼ ðg − 2Þ=2Þ is known to 0.5 ppm [1].
The anomaly arises from muon interactions with a cloud of
virtual particles. However, the theoretical calculation of aμ
in the Standard Model shows a discrepancy with the
experimental result of about 25ð9Þ × 10−10 [2–4] which
could be an exciting indication of the existence of new
virtual particles. Improvements of a factor of 4 in the
experimental uncertainty are expected and improvements in
the theoretical determination would make the discrepancy
(if it remains) really compelling [5].
The current theoretical uncertainty is dominated by that

from the hadronic vacuum polarization (HVP) contribution,
depicted in Fig. 1. This contribution is currently determined
most accurately from experimental results on eþe− →
hadrons or from τ decay to be of size 700 × 10−10 with

a 1% error [3,4]. Higher order contributions from QCD
processes, such as the hadronic light-by-light diagram, have
larger percentage uncertainty but make an order of magni-
tude smaller contribution, so do not contribute as much to
the overall theoretical uncertainty.
In 2002 Blum [6] showed how to express the HVP

contribution in terms of the vacuum polarization function
evaluated at Euclidean q2, which greatly facilitates its
calculation from lattice QCD. He reviews the status of

FIG. 1 (color online). The hadronic vacuum polarization con-
tribution to the muon anomalous magnetic moment is represented
as a shaded blob inserted into the photon propagator (represented
by a wavy line) that corrects the point-like photon-muon coupling
at the top of the diagram.

*christine.davies@glasgow.ac.uk
†http://www.physics.gla.ac.uk/HPQCD

PHYSICAL REVIEW D 89, 114501 (2014)

1550-7998=2014=89(11)=114501(8) 114501-1 © 2014 American Physical Society

Muon g-2
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mass difference is believed to arise from K0-K̄0 mixing
caused by second-order weak interactions. However,
because ΔMK is suppressed by 14 orders of magnitude
compared to the energy scale of the strong interactions and
must involve a change in strangeness of two units, this is a
promising quantity to reveal new phenomena which lie
outside the standard model. A quantity closely related to
ΔMK is the indirect CP violation parameter ϵK, which
arises in the same mixing process. The experimental values
ofΔMK and ϵK are both known very accurately, making the
precise calculation of ΔMK and ϵK within the standard
model an important challenge.
As an example of new physics, consider a process

which occurs with unit strength but at a very high energy
scaleΛ and which changes strangeness by two units. Such a
process might be represented at low energies as the ΔS ¼ 2
four-fermion operator ð1=Λ2Þs̄ds̄d where s̄ and d are
operators creating a strange quark and destroying a down
quark, respectively. Establishing the validity of the standard
model prediction for ΔMK at the 10% level would then
provide a lower bound on Λ: Λ ≥ 104 TeV—an energy
scale 4 orders of magnitude greater than is effectively
available in present laboratory experiments.
In perturbation theory, the standard model contribution

to ΔMK is separated into short-distance and long-distance
parts. The short-distance part receives the largest contri-
bution from momenta on the order of the charm quark
mass. In the recent next-to-next-to-leading-order (NNLO)
perturbation theory calculation of Brod and Gorbahn [5],

the NNLO terms were found to be as large as 36% of
the leading-order and next-to-leading-order (NLO) terms,
raising doubts about the convergence of the perturbation
series at this energy scale. At present, the long-distance
part of ΔMK is even less certain, with no available results
with controlled errors because the long-distance contribu-
tions are nonperturbative. However, an estimate given by
Donoghue et al. [6] suggests that the long-distance con-
tributions may be sizable.
The calculation of ϵK is under much better control,

because it is CP violating and the largest contribution
involves momenta on the scale of top quark mass, where
perturbation theory should be reliable. However, the same
NNLO difficulties in predicting the charm quark contribu-
tion to ϵK enters at the 8% level [5]. In addition, the long-
distance contribution to ϵK is estimated to be 3.6% by
Buras et al. [7], again suggesting the need for a reliable
nonperturbative method. Here, long and short distances
refer to the space-time separation between the two pointlike
ΔS ¼ 1 weak operators which enter the calculation of
ΔMK or ϵK when the internal loop momenta are much less
than theW boson mass. Conventionally, separations on the
scale of 1=ΛQCD are referred to as “long distance.”

Lattice QCD provides a first-principles method to com-
pute nonperturbative QCD effects in electroweak processes,
in which all errors can be systematically controlled. We
have proposed a lattice method to compute ΔMK and ϵK
[8,9]. An exploratory calculation of ΔMK [10] has been
carried out on a 2þ 1 flavor, 163 × 32 domain wall fermion
ensemble with an unphysically large 421 MeV pion mass.
We obtained a mass difference ΔMK which ranged
from 6.58ð30Þ × 10−12 MeV to 11.89ð81Þ × 10−12 MeV
for kaon masses varying from 563 to 839 MeV. This
exploratory work was incomplete since we included only
a subset of the necessary diagrams.
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Hadronic Light-by-Light Scattering Contribution to the Muon Anomalous Magnetic
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The most compelling possibility for a new law of nature beyond the four fundamental forces comprising
the standard model of high-energy physics is the discrepancy between measurements and calculations of
the muon anomalous magnetic moment. Until now a key part of the calculation, the hadronic light-by-light
contribution, has only been accessible from models of QCD, the quantum description of the strong force,
whose accuracy at the required level may be questioned. A first principles calculation with systematically
improvable errors is needed, along with the upcoming experiments, to decisively settle the matter. For the
first time, the form factor that yields the light-by-light scattering contribution to the muon anomalous
magnetic moment is computed in such a framework, lattice QCD þ QED and QED. A nonperturbative
treatment of QED is used and checked against perturbation theory. The hadronic contribution is calculated
for unphysical quark and muon masses, and only the diagram with a single quark loop is computed for
which statistically significant signals are obtained. Initial results are promising, and the prospect for a
complete calculation with physical masses and controlled errors is discussed.

DOI: 10.1103/PhysRevLett.114.012001 PACS numbers: 12.38.Gc, 12.20.-m, 12.38.-t, 13.40.Em

Introduction.—The muon anomalous magnetic moment,
or anomaly aμ ¼ ðgμ − 2Þ=2, provides one of the most
stringent tests of the standard model because it has been
measured to great accuracy (0.54 ppm) [1] and calculated to
even better precision [2–4]. At present, the difference
observed between the experimentally measured value and
the standard model prediction ranges between 249ð87Þ ×
10−11 and 287ð80Þ × 10−11, or about 2.9 to 3.6 standard
deviations [2–4]. In order to confirm such a difference,
which then ought to be accounted for by new physics, new
experiments are under preparation at Fermilab (E989) and
J-PARC (E34), aiming for an accuracy of 0.14 ppm. This
improvement in the experiments, however, will not be useful
unless the uncertainty in the theory is also reduced.
Table I summarizes the contributions to aμ fromQED [2],

electroweak (EW) [5], and QCD sectors of the standard
model. The uncertainty in the QCD contribution saturates
the theory error. The precision of the leading-order (LO)
hadronic vacuum polarization (HVP) contribution requires
subpercent precision on QCD dynamics, reached using a
dispersion relation and either the experimental production
cross section for hadrons (þγ) in eþe− collisions at low
energy or the experimental hadronic decay rate of the τ
leptonwith isospin breaking taken into account.Meanwhile,
lattice QCD calculations of this quantity are improving
rapidly [8] and will provide an important cross-check.
Unlike the case for the HVP, it is difficult, if not

impossible, to determine the hadronic light-by-light

scattering (HLbL) contribution (Fig. 1), aμðHLbLÞ, from
experimental data and a dispersion relation [9,10]. So far,
only model calculations have been done. The uncertainty
quoted in Table I was estimated by the “Glasgow con-
sensus” [7]. Note that the size of aμðHLbLÞ is the same
order as the current discrepancy between theory and experi-
ment. Thus, a first principles calculation, which is system-
atically improvable, is strongly desired for aμðHLbLÞ. In
this Letter we present the first result for the magnetic form
factor yielding aμðHLbLÞ using lattice QCD.
Nonperturbative QED method.—We start by observing

the difficulty computing aμðHLbLÞ using lattice QCD and
then explain our strategy to overcome it. Figure 1 shows
two (of seven) types of diagrams, classified according to
how photons are attached to the quark loop(s). In the lattice

TABLE I. The standard model contributions to the muon
gμ − 2, scaled by 1010. For the LO HVP, three results obtained
without (first two) and with (last) τ → hadrons are shown.

QED up to Oðα5Þ 116 584 71.8 951 (9)(19)(7)(77) [2]
EW Oðα2Þ 15.4 (2) [5]
QCD LO HVP Oðα2Þ 692.3 (4.2) [3]

694.91 (3.72) (2.10) [4]
701.5 (4.7) [3]

NLO HVP Oðα3Þ −9.84 (6)(4) [4,6]
HLbL Oðα3Þ 10.5 (2.6) [7]

NNLO HVP Oðα4Þ 1.24 (1) [6]
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Strange and charm quark contributions to the anomalous magnetic
moment of the muon
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We describe a new technique to determine the contribution to the anomalous magnetic moment of the
muon coming from the hadronic vacuum polarization using lattice QCD. Our method reconstructs the
Adler function, using Padé approximants, from its derivatives at q2 ¼ 0 obtained simply and accurately
from time-moments of the vector current-current correlator at zero spatial momentum. We test the method
using strange quark correlators on large-volume gluon field configurations that include the effect of up and
down (at physical masses), strange and charm quarks in the sea at multiple values of the lattice spacing and
multiple volumes and show that 1% accuracy is achievable. For the charm quark contributions we use our
previously determined moments with up, down and strange quarks in the sea on very fine lattices. We find
the (connected) contribution to the anomalous moment from the strange quark vacuum polarization to be
asμ ¼ 53.41ð59Þ × 10−10, and from charm to be acμ ¼ 14.42ð39Þ × 10−10. These are in good agreement with
flavor-separated results from nonlattice methods, given caveats about the comparison. The extension of
our method to the light quark contribution and to that from the quark-line disconnected diagram is
straightforward.

DOI: 10.1103/PhysRevD.89.114501 PACS numbers: 12.38.Gc

I. INTRODUCTION

The magnetic moment of the muon can be determined
extremely accurately in experiment. Its anomaly, defined as
the fractional difference of its gyromagnetic ratio from the
naive value of 2 ðaμ ¼ ðg − 2Þ=2Þ is known to 0.5 ppm [1].
The anomaly arises from muon interactions with a cloud of
virtual particles. However, the theoretical calculation of aμ
in the Standard Model shows a discrepancy with the
experimental result of about 25ð9Þ × 10−10 [2–4] which
could be an exciting indication of the existence of new
virtual particles. Improvements of a factor of 4 in the
experimental uncertainty are expected and improvements in
the theoretical determination would make the discrepancy
(if it remains) really compelling [5].
The current theoretical uncertainty is dominated by that

from the hadronic vacuum polarization (HVP) contribution,
depicted in Fig. 1. This contribution is currently determined
most accurately from experimental results on eþe− →
hadrons or from τ decay to be of size 700 × 10−10 with

a 1% error [3,4]. Higher order contributions from QCD
processes, such as the hadronic light-by-light diagram, have
larger percentage uncertainty but make an order of magni-
tude smaller contribution, so do not contribute as much to
the overall theoretical uncertainty.
In 2002 Blum [6] showed how to express the HVP

contribution in terms of the vacuum polarization function
evaluated at Euclidean q2, which greatly facilitates its
calculation from lattice QCD. He reviews the status of

FIG. 1 (color online). The hadronic vacuum polarization con-
tribution to the muon anomalous magnetic moment is represented
as a shaded blob inserted into the photon propagator (represented
by a wavy line) that corrects the point-like photon-muon coupling
at the top of the diagram.
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⇤b ! p `� ⌫̄` and ⇤b ! ⇤c `� ⌫̄` form factors from lattice QCD

with relativistic heavy quarks
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Measurements of the ⇤b ! p `�⌫̄` and ⇤b ! ⇤c `�⌫̄` decay rates can be used to determine
the magnitudes of the CKM matrix elements Vub and Vcb, provided that the relevant hadronic form
factors are known. Here we present a precise calculation of these form factors using lattice QCD with
2+1 flavors of dynamical domain-wall fermions. The b and c quarks are implemented with relativistic
heavy-quark actions, allowing us to work directly at the physical heavy-quark masses. The lattice
computation is performed for six di↵erent pion masses and two di↵erent lattice spacings, using
gauge-field configurations generated by the RBC and UKQCD collaborations. The b ! u and b ! c
currents are renormalized with a mostly nonperturbative method. We extrapolate the form factor
results to the physical pion mass and the continuum limit, parametrizing the q2-dependence using
z-expansions. The form factors are presented in such a way as to enable the correlated propagation
of both statistical and systematic uncertainties into derived quantities such as di↵erential decay
rates and asymmetries. Using these form factors, we present predictions for the ⇤b ! p `�⌫̄` and
⇤b ! ⇤c `�⌫̄` di↵erential and integrated decay rates. Combined with experimental data, our results
enable determinations of |Vub|, |Vcb|, and |Vub/Vcb| with theory uncertainties of 5.0%, 2.2%, and
5.3%, respectively.

I. INTRODUCTION

To date, all direct determinations of the CKM matrix element magnitudes |Vub| and |Vcb| were performed using
measurements of B meson semileptonic or leptonic decays at e+e� colliders. For both |Vub| and |Vcb|, there are
tensions between the most precise extractions from exclusive and inclusive semileptonic B decays. The 2014 Review
of Particle Physics lists [1]

|Vub|excl. = (3.28 ± 0.29) ⇥ 10�3, |Vcb|excl. = (39.5 ± 0.8) ⇥ 10�3,

|Vub|incl. = (4.41 ± 0.15+0.15
�0.17) ⇥ 10�3, |Vcb|incl. = (42.2 ± 0.7) ⇥ 10�3.

(1)

The exclusive results in Eq. (1) are from the decays B ! ⇡`⌫̄ and B ! D⇤`⌫̄ (where ` = e, µ) and use hadronic form
factors from lattice QCD [2, 3]. The discrepancy between the exclusive and inclusive results is a long-standing puzzle
in flavor physics [4–6], and right-handed currents beyond the Standard Model have been considered as a possible
explanation [7–10]. New lattice QCD calculations of the B ! ⇡ form factors published recently yield somewhat
higher values of |Vub|excl. = (3.72±0.14)⇥10�3 [11] and |Vub|excl. = (3.61±0.32)⇥10�3 [12], but the latest analysis of
B ! D⇤`⌫̄ using lattice QCD gives |Vcb|excl. = (39.04±0.75) [13] and slightly increases the exclusive-inclusive tension.
Moreover, the current experimental results for the ratios of the B ! D(⇤)⌧ ⌫̄ and B ! D(⇤)`⌫̄ (` = e, µ) branching
fractions di↵er from the Standard-Model expectation with a combined significance of 3.4� [14].

On the experimental front, new results are expected from the future Belle II detector at the SuperKEKB e+e�

collider, and in the near future also from LHCb at the Large Hadron Collider. The LHCb Collaboration is currently
analyzing the ratio of branching fractions of the baryonic b ! u and b ! c decays ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ,
with the aim of determining |Vub/Vcb| for the first time at a hadron collider. These decays were chosen over the
more conventional B ! ⇡µ⌫̄ and B ! Dµ⌫̄ decays because, with the LHCb detector, final states containing protons
are easier to identify than final states with pions [15]. Note that the production rate of ⇤b baryons at the LHC is
remarkably high, equal to approximately 1/2 times the production rate of B̄0 mesons [16].

The extraction of |Vub| and |Vcb| (or their ratio) from the measured ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ branching
fractions requires knowledge of the form factors describing the ⇤b ! p and ⇤b ! ⇤c matrix elements of the relevant
b ! u and b ! c currents in the weak e↵ective Hamiltonian. These form factors have been studied using sum rules

⇤
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B → πlν and Bs → Klν form factors and jVubj from 2þ 1-flavor lattice
QCD with domain-wall light quarks and relativistic heavy quarks
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We calculate the form factors for B → πlν and Bs → Klν decay in dynamical lattice quantum
chromodynamics (QCD) using domain-wall light quarks and relativistic b-quarks. We use the (2þ 1)-flavor
gauge-field ensembles generated by theRBCandUKQCDcollaborationswith the domain-wall fermion action
and Iwasaki gauge action. For the b-quarkswe use the anisotropic clover action with a relativistic heavy-quark
interpretation.We analyzedata at two lattice spacings ofa ≈ 0.11, 0.086 fmwith unitary pionmasses as light as
Mπ ≈ 290 MeV.We simultaneously extrapolate our numerical results to the physical light-quarkmasses and to
the continuum and interpolate in the pion/kaon energy using SU(2) “hard-pion” chiral perturbation theory for
heavy-light meson form factors. We provide complete systematic error budgets for the vector and scalar form
factorsfþðq2Þ andf0ðq2Þ for bothB → πlν andBs → Klν at threemomenta that span theq2 range accessible
in our numerical simulations. Next we extrapolate these results to q2 ¼ 0 using a model-independent
z-parametrization based on analyticity and unitarity. We present our final results for fþðq2Þ and f0ðq2Þ as the
coefficients of the series in z and thematrix of correlations between them; this provides a parametrization of the
form factors validover the entire allowedkinematic range.Our results agreewithother three-flavor lattice-QCD
determinations using staggered light quarks, and have comparable precision, thereby providing important
independent cross-checks. Both B → πlν and Bs → Klν decays enable determinations of the Cabibbo-
Kobayashi-Maskawa matrix element jVubj. To illustrate this, we perform a combined z-fit of our numerical
B → πlν form-factor data with the experimental measurements of the branching fraction from BABAR and
Belle leaving the relative normalization as a free parameter; we obtain jVubj ¼ 3.61ð32Þ × 10−3, where the
error includes statistical and all systematic uncertainties. The same approach can be applied to the decay
Bs → Klν to provide an alternative determination of jVubj once the process has beenmeasured experimentally.
Finally, inanticipationoffuture experimentalmeasurements,wemakepredictions forB → πlν andBs → Klν
differential branching fractions and forward-backward asymmetries in the Standard Model.

DOI: 10.1103/PhysRevD.91.074510 PACS numbers: 11.15.Ha, 12.38.Gc, 13.20.He, 14.40.Nd

I. INTRODUCTION

Semileptonic B-meson decays play an important role in
the search for new physics in the quark-flavor sector. Tree-
level decays that occur via charged W-boson exchange are
used to obtain the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements jVubj and jVcbj, while flavor-changing
neutral-current decays provide sensitive probes for heavy
newparticles thatmay enter virtual loops.Decays involving τ
leptons are especially sensitive to charged Higgs bosons that

arise in many new-physics models (see e.g. Ref. [1] and
references therein).
The decays B → πlν and Bs → Klν probe the quark-

flavor-changing transition b → u. In the Standard Model,
the differential decay rate for these processes in the BðsÞ-
meson rest frame is given by

dΓðBðsÞ →PlνÞ
dq2

¼G2
FjVubj2

24π3
ðq2−m2

lÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
P−M2

P

p

q4M2
BðsÞ

×
"#

1þ m2
l

2q2

$
M2

BðsÞ
ðE2

P −M2
PÞjfþðq2Þj2

þ 3m2
l

8q2
ðM2

BðsÞ
−M2

PÞ2jf0ðq2Þj2
%
; ð1Þ
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KL − KS Mass Difference from Lattice QCD
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We report on the first complete calculation of the KL − KS mass difference, ΔMK , using lattice QCD.
The calculation is performed on a 2þ 1 flavor, domain wall fermion ensemble with a 330 MeV pion mass
and a 575 MeV kaon mass. We use a quenched charm quark with a 949 MeV mass to implement Glashow-
Iliopoulos-Maiani cancellation. For these heavier-than-physical particle masses, we obtain ΔMK ¼
3.19ð41Þð96Þ × 10−12 MeV, quite similar to the experimental value. Here the first error is statistical,
and the second is an estimate of the systematic discretization error. An interesting aspect of this calculation
is the importance of the disconnected diagrams, a dramatic failure of the Okubo-Zweig-Iizuka rule.

DOI: 10.1103/PhysRevLett.113.112003 PACS numbers: 14.40.Be, 11.15.Ha, 12.15.-y, 12.38.Gc

Introduction.—The KL − KS mass difference ΔMK ,
with a value of 3.483ð6Þ × 10−12 MeV [1], is an important
quantity in particle physics which led to the prediction
of the energy scale of the charm quark nearly 50 years ago
[2–4] and whose small size places strong constraints on
possible new physics beyond the standard model. This
mass difference is believed to arise from K0-K̄0 mixing
caused by second-order weak interactions. However,
because ΔMK is suppressed by 14 orders of magnitude
compared to the energy scale of the strong interactions and
must involve a change in strangeness of two units, this is a
promising quantity to reveal new phenomena which lie
outside the standard model. A quantity closely related to
ΔMK is the indirect CP violation parameter ϵK, which
arises in the same mixing process. The experimental values
ofΔMK and ϵK are both known very accurately, making the
precise calculation of ΔMK and ϵK within the standard
model an important challenge.
As an example of new physics, consider a process

which occurs with unit strength but at a very high energy
scaleΛ and which changes strangeness by two units. Such a
process might be represented at low energies as the ΔS ¼ 2
four-fermion operator ð1=Λ2Þs̄ds̄d where s̄ and d are
operators creating a strange quark and destroying a down
quark, respectively. Establishing the validity of the standard
model prediction for ΔMK at the 10% level would then
provide a lower bound on Λ: Λ ≥ 104 TeV—an energy
scale 4 orders of magnitude greater than is effectively
available in present laboratory experiments.
In perturbation theory, the standard model contribution

to ΔMK is separated into short-distance and long-distance
parts. The short-distance part receives the largest contri-
bution from momenta on the order of the charm quark
mass. In the recent next-to-next-to-leading-order (NNLO)
perturbation theory calculation of Brod and Gorbahn [5],

the NNLO terms were found to be as large as 36% of
the leading-order and next-to-leading-order (NLO) terms,
raising doubts about the convergence of the perturbation
series at this energy scale. At present, the long-distance
part of ΔMK is even less certain, with no available results
with controlled errors because the long-distance contribu-
tions are nonperturbative. However, an estimate given by
Donoghue et al. [6] suggests that the long-distance con-
tributions may be sizable.
The calculation of ϵK is under much better control,

because it is CP violating and the largest contribution
involves momenta on the scale of top quark mass, where
perturbation theory should be reliable. However, the same
NNLO difficulties in predicting the charm quark contribu-
tion to ϵK enters at the 8% level [5]. In addition, the long-
distance contribution to ϵK is estimated to be 3.6% by
Buras et al. [7], again suggesting the need for a reliable
nonperturbative method. Here, long and short distances
refer to the space-time separation between the two pointlike
ΔS ¼ 1 weak operators which enter the calculation of
ΔMK or ϵK when the internal loop momenta are much less
than theW boson mass. Conventionally, separations on the
scale of 1=ΛQCD are referred to as “long distance.”

Lattice QCD provides a first-principles method to com-
pute nonperturbative QCD effects in electroweak processes,
in which all errors can be systematically controlled. We
have proposed a lattice method to compute ΔMK and ϵK
[8,9]. An exploratory calculation of ΔMK [10] has been
carried out on a 2þ 1 flavor, 163 × 32 domain wall fermion
ensemble with an unphysically large 421 MeV pion mass.
We obtained a mass difference ΔMK which ranged
from 6.58ð30Þ × 10−12 MeV to 11.89ð81Þ × 10−12 MeV
for kaon masses varying from 563 to 839 MeV. This
exploratory work was incomplete since we included only
a subset of the necessary diagrams.
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Hadronic Light-by-Light Scattering Contribution to the Muon Anomalous Magnetic
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The most compelling possibility for a new law of nature beyond the four fundamental forces comprising
the standard model of high-energy physics is the discrepancy between measurements and calculations of
the muon anomalous magnetic moment. Until now a key part of the calculation, the hadronic light-by-light
contribution, has only been accessible from models of QCD, the quantum description of the strong force,
whose accuracy at the required level may be questioned. A first principles calculation with systematically
improvable errors is needed, along with the upcoming experiments, to decisively settle the matter. For the
first time, the form factor that yields the light-by-light scattering contribution to the muon anomalous
magnetic moment is computed in such a framework, lattice QCD þ QED and QED. A nonperturbative
treatment of QED is used and checked against perturbation theory. The hadronic contribution is calculated
for unphysical quark and muon masses, and only the diagram with a single quark loop is computed for
which statistically significant signals are obtained. Initial results are promising, and the prospect for a
complete calculation with physical masses and controlled errors is discussed.

DOI: 10.1103/PhysRevLett.114.012001 PACS numbers: 12.38.Gc, 12.20.-m, 12.38.-t, 13.40.Em

Introduction.—The muon anomalous magnetic moment,
or anomaly aμ ¼ ðgμ − 2Þ=2, provides one of the most
stringent tests of the standard model because it has been
measured to great accuracy (0.54 ppm) [1] and calculated to
even better precision [2–4]. At present, the difference
observed between the experimentally measured value and
the standard model prediction ranges between 249ð87Þ ×
10−11 and 287ð80Þ × 10−11, or about 2.9 to 3.6 standard
deviations [2–4]. In order to confirm such a difference,
which then ought to be accounted for by new physics, new
experiments are under preparation at Fermilab (E989) and
J-PARC (E34), aiming for an accuracy of 0.14 ppm. This
improvement in the experiments, however, will not be useful
unless the uncertainty in the theory is also reduced.
Table I summarizes the contributions to aμ fromQED [2],

electroweak (EW) [5], and QCD sectors of the standard
model. The uncertainty in the QCD contribution saturates
the theory error. The precision of the leading-order (LO)
hadronic vacuum polarization (HVP) contribution requires
subpercent precision on QCD dynamics, reached using a
dispersion relation and either the experimental production
cross section for hadrons (þγ) in eþe− collisions at low
energy or the experimental hadronic decay rate of the τ
leptonwith isospin breaking taken into account.Meanwhile,
lattice QCD calculations of this quantity are improving
rapidly [8] and will provide an important cross-check.
Unlike the case for the HVP, it is difficult, if not

impossible, to determine the hadronic light-by-light

scattering (HLbL) contribution (Fig. 1), aμðHLbLÞ, from
experimental data and a dispersion relation [9,10]. So far,
only model calculations have been done. The uncertainty
quoted in Table I was estimated by the “Glasgow con-
sensus” [7]. Note that the size of aμðHLbLÞ is the same
order as the current discrepancy between theory and experi-
ment. Thus, a first principles calculation, which is system-
atically improvable, is strongly desired for aμðHLbLÞ. In
this Letter we present the first result for the magnetic form
factor yielding aμðHLbLÞ using lattice QCD.
Nonperturbative QED method.—We start by observing

the difficulty computing aμðHLbLÞ using lattice QCD and
then explain our strategy to overcome it. Figure 1 shows
two (of seven) types of diagrams, classified according to
how photons are attached to the quark loop(s). In the lattice

TABLE I. The standard model contributions to the muon
gμ − 2, scaled by 1010. For the LO HVP, three results obtained
without (first two) and with (last) τ → hadrons are shown.

QED up to Oðα5Þ 116 584 71.8 951 (9)(19)(7)(77) [2]
EW Oðα2Þ 15.4 (2) [5]
QCD LO HVP Oðα2Þ 692.3 (4.2) [3]

694.91 (3.72) (2.10) [4]
701.5 (4.7) [3]

NLO HVP Oðα3Þ −9.84 (6)(4) [4,6]
HLbL Oðα3Þ 10.5 (2.6) [7]

NNLO HVP Oðα4Þ 1.24 (1) [6]
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Strange and charm quark contributions to the anomalous magnetic
moment of the muon
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We describe a new technique to determine the contribution to the anomalous magnetic moment of the
muon coming from the hadronic vacuum polarization using lattice QCD. Our method reconstructs the
Adler function, using Padé approximants, from its derivatives at q2 ¼ 0 obtained simply and accurately
from time-moments of the vector current-current correlator at zero spatial momentum. We test the method
using strange quark correlators on large-volume gluon field configurations that include the effect of up and
down (at physical masses), strange and charm quarks in the sea at multiple values of the lattice spacing and
multiple volumes and show that 1% accuracy is achievable. For the charm quark contributions we use our
previously determined moments with up, down and strange quarks in the sea on very fine lattices. We find
the (connected) contribution to the anomalous moment from the strange quark vacuum polarization to be
asμ ¼ 53.41ð59Þ × 10−10, and from charm to be acμ ¼ 14.42ð39Þ × 10−10. These are in good agreement with
flavor-separated results from nonlattice methods, given caveats about the comparison. The extension of
our method to the light quark contribution and to that from the quark-line disconnected diagram is
straightforward.

DOI: 10.1103/PhysRevD.89.114501 PACS numbers: 12.38.Gc

I. INTRODUCTION

The magnetic moment of the muon can be determined
extremely accurately in experiment. Its anomaly, defined as
the fractional difference of its gyromagnetic ratio from the
naive value of 2 ðaμ ¼ ðg − 2Þ=2Þ is known to 0.5 ppm [1].
The anomaly arises from muon interactions with a cloud of
virtual particles. However, the theoretical calculation of aμ
in the Standard Model shows a discrepancy with the
experimental result of about 25ð9Þ × 10−10 [2–4] which
could be an exciting indication of the existence of new
virtual particles. Improvements of a factor of 4 in the
experimental uncertainty are expected and improvements in
the theoretical determination would make the discrepancy
(if it remains) really compelling [5].
The current theoretical uncertainty is dominated by that

from the hadronic vacuum polarization (HVP) contribution,
depicted in Fig. 1. This contribution is currently determined
most accurately from experimental results on eþe− →
hadrons or from τ decay to be of size 700 × 10−10 with

a 1% error [3,4]. Higher order contributions from QCD
processes, such as the hadronic light-by-light diagram, have
larger percentage uncertainty but make an order of magni-
tude smaller contribution, so do not contribute as much to
the overall theoretical uncertainty.
In 2002 Blum [6] showed how to express the HVP

contribution in terms of the vacuum polarization function
evaluated at Euclidean q2, which greatly facilitates its
calculation from lattice QCD. He reviews the status of

FIG. 1 (color online). The hadronic vacuum polarization con-
tribution to the muon anomalous magnetic moment is represented
as a shaded blob inserted into the photon propagator (represented
by a wavy line) that corrects the point-like photon-muon coupling
at the top of the diagram.
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⇤b ! p `� ⌫̄` and ⇤b ! ⇤c `� ⌫̄` form factors from lattice QCD

with relativistic heavy quarks
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Measurements of the ⇤b ! p `�⌫̄` and ⇤b ! ⇤c `�⌫̄` decay rates can be used to determine
the magnitudes of the CKM matrix elements Vub and Vcb, provided that the relevant hadronic form
factors are known. Here we present a precise calculation of these form factors using lattice QCD with
2+1 flavors of dynamical domain-wall fermions. The b and c quarks are implemented with relativistic
heavy-quark actions, allowing us to work directly at the physical heavy-quark masses. The lattice
computation is performed for six di↵erent pion masses and two di↵erent lattice spacings, using
gauge-field configurations generated by the RBC and UKQCD collaborations. The b ! u and b ! c
currents are renormalized with a mostly nonperturbative method. We extrapolate the form factor
results to the physical pion mass and the continuum limit, parametrizing the q2-dependence using
z-expansions. The form factors are presented in such a way as to enable the correlated propagation
of both statistical and systematic uncertainties into derived quantities such as di↵erential decay
rates and asymmetries. Using these form factors, we present predictions for the ⇤b ! p `�⌫̄` and
⇤b ! ⇤c `�⌫̄` di↵erential and integrated decay rates. Combined with experimental data, our results
enable determinations of |Vub|, |Vcb|, and |Vub/Vcb| with theory uncertainties of 5.0%, 2.2%, and
5.3%, respectively.

I. INTRODUCTION

To date, all direct determinations of the CKM matrix element magnitudes |Vub| and |Vcb| were performed using
measurements of B meson semileptonic or leptonic decays at e+e� colliders. For both |Vub| and |Vcb|, there are
tensions between the most precise extractions from exclusive and inclusive semileptonic B decays. The 2014 Review
of Particle Physics lists [1]

|Vub|excl. = (3.28 ± 0.29) ⇥ 10�3, |Vcb|excl. = (39.5 ± 0.8) ⇥ 10�3,

|Vub|incl. = (4.41 ± 0.15+0.15
�0.17) ⇥ 10�3, |Vcb|incl. = (42.2 ± 0.7) ⇥ 10�3.

(1)

The exclusive results in Eq. (1) are from the decays B ! ⇡`⌫̄ and B ! D⇤`⌫̄ (where ` = e, µ) and use hadronic form
factors from lattice QCD [2, 3]. The discrepancy between the exclusive and inclusive results is a long-standing puzzle
in flavor physics [4–6], and right-handed currents beyond the Standard Model have been considered as a possible
explanation [7–10]. New lattice QCD calculations of the B ! ⇡ form factors published recently yield somewhat
higher values of |Vub|excl. = (3.72±0.14)⇥10�3 [11] and |Vub|excl. = (3.61±0.32)⇥10�3 [12], but the latest analysis of
B ! D⇤`⌫̄ using lattice QCD gives |Vcb|excl. = (39.04±0.75) [13] and slightly increases the exclusive-inclusive tension.
Moreover, the current experimental results for the ratios of the B ! D(⇤)⌧ ⌫̄ and B ! D(⇤)`⌫̄ (` = e, µ) branching
fractions di↵er from the Standard-Model expectation with a combined significance of 3.4� [14].

On the experimental front, new results are expected from the future Belle II detector at the SuperKEKB e+e�

collider, and in the near future also from LHCb at the Large Hadron Collider. The LHCb Collaboration is currently
analyzing the ratio of branching fractions of the baryonic b ! u and b ! c decays ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ,
with the aim of determining |Vub/Vcb| for the first time at a hadron collider. These decays were chosen over the
more conventional B ! ⇡µ⌫̄ and B ! Dµ⌫̄ decays because, with the LHCb detector, final states containing protons
are easier to identify than final states with pions [15]. Note that the production rate of ⇤b baryons at the LHC is
remarkably high, equal to approximately 1/2 times the production rate of B̄0 mesons [16].

The extraction of |Vub| and |Vcb| (or their ratio) from the measured ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ branching
fractions requires knowledge of the form factors describing the ⇤b ! p and ⇤b ! ⇤c matrix elements of the relevant
b ! u and b ! c currents in the weak e↵ective Hamiltonian. These form factors have been studied using sum rules

⇤
smeinel@email.arizona.edu
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B → πlν and Bs → Klν form factors and jVubj from 2þ 1-flavor lattice
QCD with domain-wall light quarks and relativistic heavy quarks

J. M. Flynn,1 T. Izubuchi,2,3 T. Kawanai,2,3,* C. Lehner,3 A. Soni,3 R. S. Van de Water,4 and O. Witzel5,†

(RBC and UKQCD Collaborations)

1School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom
2RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA

3Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA
4Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

5Center for Computational Science, Boston University, Boston, Massachusetts 02215, USA
(Received 9 February 2015; published 14 April 2015)

We calculate the form factors for B → πlν and Bs → Klν decay in dynamical lattice quantum
chromodynamics (QCD) using domain-wall light quarks and relativistic b-quarks. We use the (2þ 1)-flavor
gauge-field ensembles generated by theRBCandUKQCDcollaborationswith the domain-wall fermion action
and Iwasaki gauge action. For the b-quarkswe use the anisotropic clover action with a relativistic heavy-quark
interpretation.We analyzedata at two lattice spacings ofa ≈ 0.11, 0.086 fmwith unitary pionmasses as light as
Mπ ≈ 290 MeV.We simultaneously extrapolate our numerical results to the physical light-quarkmasses and to
the continuum and interpolate in the pion/kaon energy using SU(2) “hard-pion” chiral perturbation theory for
heavy-light meson form factors. We provide complete systematic error budgets for the vector and scalar form
factorsfþðq2Þ andf0ðq2Þ for bothB → πlν andBs → Klν at threemomenta that span theq2 range accessible
in our numerical simulations. Next we extrapolate these results to q2 ¼ 0 using a model-independent
z-parametrization based on analyticity and unitarity. We present our final results for fþðq2Þ and f0ðq2Þ as the
coefficients of the series in z and thematrix of correlations between them; this provides a parametrization of the
form factors validover the entire allowedkinematic range.Our results agreewithother three-flavor lattice-QCD
determinations using staggered light quarks, and have comparable precision, thereby providing important
independent cross-checks. Both B → πlν and Bs → Klν decays enable determinations of the Cabibbo-
Kobayashi-Maskawa matrix element jVubj. To illustrate this, we perform a combined z-fit of our numerical
B → πlν form-factor data with the experimental measurements of the branching fraction from BABAR and
Belle leaving the relative normalization as a free parameter; we obtain jVubj ¼ 3.61ð32Þ × 10−3, where the
error includes statistical and all systematic uncertainties. The same approach can be applied to the decay
Bs → Klν to provide an alternative determination of jVubj once the process has beenmeasured experimentally.
Finally, inanticipationoffuture experimentalmeasurements,wemakepredictions forB → πlν andBs → Klν
differential branching fractions and forward-backward asymmetries in the Standard Model.

DOI: 10.1103/PhysRevD.91.074510 PACS numbers: 11.15.Ha, 12.38.Gc, 13.20.He, 14.40.Nd

I. INTRODUCTION

Semileptonic B-meson decays play an important role in
the search for new physics in the quark-flavor sector. Tree-
level decays that occur via charged W-boson exchange are
used to obtain the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements jVubj and jVcbj, while flavor-changing
neutral-current decays provide sensitive probes for heavy
newparticles thatmay enter virtual loops.Decays involving τ
leptons are especially sensitive to charged Higgs bosons that

arise in many new-physics models (see e.g. Ref. [1] and
references therein).
The decays B → πlν and Bs → Klν probe the quark-

flavor-changing transition b → u. In the Standard Model,
the differential decay rate for these processes in the BðsÞ-
meson rest frame is given by

dΓðBðsÞ →PlνÞ
dq2

¼G2
FjVubj2

24π3
ðq2−m2

lÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
P−M2

P

p

q4M2
BðsÞ

×
"#

1þ m2
l

2q2

$
M2

BðsÞ
ðE2

P −M2
PÞjfþðq2Þj2

þ 3m2
l

8q2
ðM2

BðsÞ
−M2

PÞ2jf0ðq2Þj2
%
; ð1Þ
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KL − KS Mass Difference from Lattice QCD
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We report on the first complete calculation of the KL − KS mass difference, ΔMK , using lattice QCD.
The calculation is performed on a 2þ 1 flavor, domain wall fermion ensemble with a 330 MeV pion mass
and a 575 MeV kaon mass. We use a quenched charm quark with a 949 MeV mass to implement Glashow-
Iliopoulos-Maiani cancellation. For these heavier-than-physical particle masses, we obtain ΔMK ¼
3.19ð41Þð96Þ × 10−12 MeV, quite similar to the experimental value. Here the first error is statistical,
and the second is an estimate of the systematic discretization error. An interesting aspect of this calculation
is the importance of the disconnected diagrams, a dramatic failure of the Okubo-Zweig-Iizuka rule.

DOI: 10.1103/PhysRevLett.113.112003 PACS numbers: 14.40.Be, 11.15.Ha, 12.15.-y, 12.38.Gc

Introduction.—The KL − KS mass difference ΔMK ,
with a value of 3.483ð6Þ × 10−12 MeV [1], is an important
quantity in particle physics which led to the prediction
of the energy scale of the charm quark nearly 50 years ago
[2–4] and whose small size places strong constraints on
possible new physics beyond the standard model. This
mass difference is believed to arise from K0-K̄0 mixing
caused by second-order weak interactions. However,
because ΔMK is suppressed by 14 orders of magnitude
compared to the energy scale of the strong interactions and
must involve a change in strangeness of two units, this is a
promising quantity to reveal new phenomena which lie
outside the standard model. A quantity closely related to
ΔMK is the indirect CP violation parameter ϵK, which
arises in the same mixing process. The experimental values
ofΔMK and ϵK are both known very accurately, making the
precise calculation of ΔMK and ϵK within the standard
model an important challenge.
As an example of new physics, consider a process

which occurs with unit strength but at a very high energy
scaleΛ and which changes strangeness by two units. Such a
process might be represented at low energies as the ΔS ¼ 2
four-fermion operator ð1=Λ2Þs̄ds̄d where s̄ and d are
operators creating a strange quark and destroying a down
quark, respectively. Establishing the validity of the standard
model prediction for ΔMK at the 10% level would then
provide a lower bound on Λ: Λ ≥ 104 TeV—an energy
scale 4 orders of magnitude greater than is effectively
available in present laboratory experiments.
In perturbation theory, the standard model contribution

to ΔMK is separated into short-distance and long-distance
parts. The short-distance part receives the largest contri-
bution from momenta on the order of the charm quark
mass. In the recent next-to-next-to-leading-order (NNLO)
perturbation theory calculation of Brod and Gorbahn [5],

the NNLO terms were found to be as large as 36% of
the leading-order and next-to-leading-order (NLO) terms,
raising doubts about the convergence of the perturbation
series at this energy scale. At present, the long-distance
part of ΔMK is even less certain, with no available results
with controlled errors because the long-distance contribu-
tions are nonperturbative. However, an estimate given by
Donoghue et al. [6] suggests that the long-distance con-
tributions may be sizable.
The calculation of ϵK is under much better control,

because it is CP violating and the largest contribution
involves momenta on the scale of top quark mass, where
perturbation theory should be reliable. However, the same
NNLO difficulties in predicting the charm quark contribu-
tion to ϵK enters at the 8% level [5]. In addition, the long-
distance contribution to ϵK is estimated to be 3.6% by
Buras et al. [7], again suggesting the need for a reliable
nonperturbative method. Here, long and short distances
refer to the space-time separation between the two pointlike
ΔS ¼ 1 weak operators which enter the calculation of
ΔMK or ϵK when the internal loop momenta are much less
than theW boson mass. Conventionally, separations on the
scale of 1=ΛQCD are referred to as “long distance.”

Lattice QCD provides a first-principles method to com-
pute nonperturbative QCD effects in electroweak processes,
in which all errors can be systematically controlled. We
have proposed a lattice method to compute ΔMK and ϵK
[8,9]. An exploratory calculation of ΔMK [10] has been
carried out on a 2þ 1 flavor, 163 × 32 domain wall fermion
ensemble with an unphysically large 421 MeV pion mass.
We obtained a mass difference ΔMK which ranged
from 6.58ð30Þ × 10−12 MeV to 11.89ð81Þ × 10−12 MeV
for kaon masses varying from 563 to 839 MeV. This
exploratory work was incomplete since we included only
a subset of the necessary diagrams.
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The most compelling possibility for a new law of nature beyond the four fundamental forces comprising
the standard model of high-energy physics is the discrepancy between measurements and calculations of
the muon anomalous magnetic moment. Until now a key part of the calculation, the hadronic light-by-light
contribution, has only been accessible from models of QCD, the quantum description of the strong force,
whose accuracy at the required level may be questioned. A first principles calculation with systematically
improvable errors is needed, along with the upcoming experiments, to decisively settle the matter. For the
first time, the form factor that yields the light-by-light scattering contribution to the muon anomalous
magnetic moment is computed in such a framework, lattice QCD þ QED and QED. A nonperturbative
treatment of QED is used and checked against perturbation theory. The hadronic contribution is calculated
for unphysical quark and muon masses, and only the diagram with a single quark loop is computed for
which statistically significant signals are obtained. Initial results are promising, and the prospect for a
complete calculation with physical masses and controlled errors is discussed.

DOI: 10.1103/PhysRevLett.114.012001 PACS numbers: 12.38.Gc, 12.20.-m, 12.38.-t, 13.40.Em

Introduction.—The muon anomalous magnetic moment,
or anomaly aμ ¼ ðgμ − 2Þ=2, provides one of the most
stringent tests of the standard model because it has been
measured to great accuracy (0.54 ppm) [1] and calculated to
even better precision [2–4]. At present, the difference
observed between the experimentally measured value and
the standard model prediction ranges between 249ð87Þ ×
10−11 and 287ð80Þ × 10−11, or about 2.9 to 3.6 standard
deviations [2–4]. In order to confirm such a difference,
which then ought to be accounted for by new physics, new
experiments are under preparation at Fermilab (E989) and
J-PARC (E34), aiming for an accuracy of 0.14 ppm. This
improvement in the experiments, however, will not be useful
unless the uncertainty in the theory is also reduced.
Table I summarizes the contributions to aμ fromQED [2],

electroweak (EW) [5], and QCD sectors of the standard
model. The uncertainty in the QCD contribution saturates
the theory error. The precision of the leading-order (LO)
hadronic vacuum polarization (HVP) contribution requires
subpercent precision on QCD dynamics, reached using a
dispersion relation and either the experimental production
cross section for hadrons (þγ) in eþe− collisions at low
energy or the experimental hadronic decay rate of the τ
leptonwith isospin breaking taken into account.Meanwhile,
lattice QCD calculations of this quantity are improving
rapidly [8] and will provide an important cross-check.
Unlike the case for the HVP, it is difficult, if not

impossible, to determine the hadronic light-by-light

scattering (HLbL) contribution (Fig. 1), aμðHLbLÞ, from
experimental data and a dispersion relation [9,10]. So far,
only model calculations have been done. The uncertainty
quoted in Table I was estimated by the “Glasgow con-
sensus” [7]. Note that the size of aμðHLbLÞ is the same
order as the current discrepancy between theory and experi-
ment. Thus, a first principles calculation, which is system-
atically improvable, is strongly desired for aμðHLbLÞ. In
this Letter we present the first result for the magnetic form
factor yielding aμðHLbLÞ using lattice QCD.
Nonperturbative QED method.—We start by observing

the difficulty computing aμðHLbLÞ using lattice QCD and
then explain our strategy to overcome it. Figure 1 shows
two (of seven) types of diagrams, classified according to
how photons are attached to the quark loop(s). In the lattice

TABLE I. The standard model contributions to the muon
gμ − 2, scaled by 1010. For the LO HVP, three results obtained
without (first two) and with (last) τ → hadrons are shown.

QED up to Oðα5Þ 116 584 71.8 951 (9)(19)(7)(77) [2]
EW Oðα2Þ 15.4 (2) [5]
QCD LO HVP Oðα2Þ 692.3 (4.2) [3]

694.91 (3.72) (2.10) [4]
701.5 (4.7) [3]

NLO HVP Oðα3Þ −9.84 (6)(4) [4,6]
HLbL Oðα3Þ 10.5 (2.6) [7]

NNLO HVP Oðα4Þ 1.24 (1) [6]
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moment of the muon
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We describe a new technique to determine the contribution to the anomalous magnetic moment of the
muon coming from the hadronic vacuum polarization using lattice QCD. Our method reconstructs the
Adler function, using Padé approximants, from its derivatives at q2 ¼ 0 obtained simply and accurately
from time-moments of the vector current-current correlator at zero spatial momentum. We test the method
using strange quark correlators on large-volume gluon field configurations that include the effect of up and
down (at physical masses), strange and charm quarks in the sea at multiple values of the lattice spacing and
multiple volumes and show that 1% accuracy is achievable. For the charm quark contributions we use our
previously determined moments with up, down and strange quarks in the sea on very fine lattices. We find
the (connected) contribution to the anomalous moment from the strange quark vacuum polarization to be
asμ ¼ 53.41ð59Þ × 10−10, and from charm to be acμ ¼ 14.42ð39Þ × 10−10. These are in good agreement with
flavor-separated results from nonlattice methods, given caveats about the comparison. The extension of
our method to the light quark contribution and to that from the quark-line disconnected diagram is
straightforward.

DOI: 10.1103/PhysRevD.89.114501 PACS numbers: 12.38.Gc

I. INTRODUCTION

The magnetic moment of the muon can be determined
extremely accurately in experiment. Its anomaly, defined as
the fractional difference of its gyromagnetic ratio from the
naive value of 2 ðaμ ¼ ðg − 2Þ=2Þ is known to 0.5 ppm [1].
The anomaly arises from muon interactions with a cloud of
virtual particles. However, the theoretical calculation of aμ
in the Standard Model shows a discrepancy with the
experimental result of about 25ð9Þ × 10−10 [2–4] which
could be an exciting indication of the existence of new
virtual particles. Improvements of a factor of 4 in the
experimental uncertainty are expected and improvements in
the theoretical determination would make the discrepancy
(if it remains) really compelling [5].
The current theoretical uncertainty is dominated by that

from the hadronic vacuum polarization (HVP) contribution,
depicted in Fig. 1. This contribution is currently determined
most accurately from experimental results on eþe− →
hadrons or from τ decay to be of size 700 × 10−10 with

a 1% error [3,4]. Higher order contributions from QCD
processes, such as the hadronic light-by-light diagram, have
larger percentage uncertainty but make an order of magni-
tude smaller contribution, so do not contribute as much to
the overall theoretical uncertainty.
In 2002 Blum [6] showed how to express the HVP

contribution in terms of the vacuum polarization function
evaluated at Euclidean q2, which greatly facilitates its
calculation from lattice QCD. He reviews the status of

FIG. 1 (color online). The hadronic vacuum polarization con-
tribution to the muon anomalous magnetic moment is represented
as a shaded blob inserted into the photon propagator (represented
by a wavy line) that corrects the point-like photon-muon coupling
at the top of the diagram.

*christine.davies@glasgow.ac.uk
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⇤b ! p `� ⌫̄` and ⇤b ! ⇤c `� ⌫̄` form factors from lattice QCD

with relativistic heavy quarks
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Measurements of the ⇤b ! p `�⌫̄` and ⇤b ! ⇤c `�⌫̄` decay rates can be used to determine
the magnitudes of the CKM matrix elements Vub and Vcb, provided that the relevant hadronic form
factors are known. Here we present a precise calculation of these form factors using lattice QCD with
2+1 flavors of dynamical domain-wall fermions. The b and c quarks are implemented with relativistic
heavy-quark actions, allowing us to work directly at the physical heavy-quark masses. The lattice
computation is performed for six di↵erent pion masses and two di↵erent lattice spacings, using
gauge-field configurations generated by the RBC and UKQCD collaborations. The b ! u and b ! c
currents are renormalized with a mostly nonperturbative method. We extrapolate the form factor
results to the physical pion mass and the continuum limit, parametrizing the q2-dependence using
z-expansions. The form factors are presented in such a way as to enable the correlated propagation
of both statistical and systematic uncertainties into derived quantities such as di↵erential decay
rates and asymmetries. Using these form factors, we present predictions for the ⇤b ! p `�⌫̄` and
⇤b ! ⇤c `�⌫̄` di↵erential and integrated decay rates. Combined with experimental data, our results
enable determinations of |Vub|, |Vcb|, and |Vub/Vcb| with theory uncertainties of 5.0%, 2.2%, and
5.3%, respectively.

I. INTRODUCTION

To date, all direct determinations of the CKM matrix element magnitudes |Vub| and |Vcb| were performed using
measurements of B meson semileptonic or leptonic decays at e+e� colliders. For both |Vub| and |Vcb|, there are
tensions between the most precise extractions from exclusive and inclusive semileptonic B decays. The 2014 Review
of Particle Physics lists [1]

|Vub|excl. = (3.28 ± 0.29) ⇥ 10�3, |Vcb|excl. = (39.5 ± 0.8) ⇥ 10�3,

|Vub|incl. = (4.41 ± 0.15+0.15
�0.17) ⇥ 10�3, |Vcb|incl. = (42.2 ± 0.7) ⇥ 10�3.

(1)

The exclusive results in Eq. (1) are from the decays B ! ⇡`⌫̄ and B ! D⇤`⌫̄ (where ` = e, µ) and use hadronic form
factors from lattice QCD [2, 3]. The discrepancy between the exclusive and inclusive results is a long-standing puzzle
in flavor physics [4–6], and right-handed currents beyond the Standard Model have been considered as a possible
explanation [7–10]. New lattice QCD calculations of the B ! ⇡ form factors published recently yield somewhat
higher values of |Vub|excl. = (3.72±0.14)⇥10�3 [11] and |Vub|excl. = (3.61±0.32)⇥10�3 [12], but the latest analysis of
B ! D⇤`⌫̄ using lattice QCD gives |Vcb|excl. = (39.04±0.75) [13] and slightly increases the exclusive-inclusive tension.
Moreover, the current experimental results for the ratios of the B ! D(⇤)⌧ ⌫̄ and B ! D(⇤)`⌫̄ (` = e, µ) branching
fractions di↵er from the Standard-Model expectation with a combined significance of 3.4� [14].

On the experimental front, new results are expected from the future Belle II detector at the SuperKEKB e+e�

collider, and in the near future also from LHCb at the Large Hadron Collider. The LHCb Collaboration is currently
analyzing the ratio of branching fractions of the baryonic b ! u and b ! c decays ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ,
with the aim of determining |Vub/Vcb| for the first time at a hadron collider. These decays were chosen over the
more conventional B ! ⇡µ⌫̄ and B ! Dµ⌫̄ decays because, with the LHCb detector, final states containing protons
are easier to identify than final states with pions [15]. Note that the production rate of ⇤b baryons at the LHC is
remarkably high, equal to approximately 1/2 times the production rate of B̄0 mesons [16].

The extraction of |Vub| and |Vcb| (or their ratio) from the measured ⇤b ! p µ�⌫̄µ and ⇤b ! ⇤c µ�⌫̄µ branching
fractions requires knowledge of the form factors describing the ⇤b ! p and ⇤b ! ⇤c matrix elements of the relevant
b ! u and b ! c currents in the weak e↵ective Hamiltonian. These form factors have been studied using sum rules

⇤
smeinel@email.arizona.edu
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B → πlν and Bs → Klν form factors and jVubj from 2þ 1-flavor lattice
QCD with domain-wall light quarks and relativistic heavy quarks
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We calculate the form factors for B → πlν and Bs → Klν decay in dynamical lattice quantum
chromodynamics (QCD) using domain-wall light quarks and relativistic b-quarks. We use the (2þ 1)-flavor
gauge-field ensembles generated by theRBCandUKQCDcollaborationswith the domain-wall fermion action
and Iwasaki gauge action. For the b-quarkswe use the anisotropic clover action with a relativistic heavy-quark
interpretation.We analyzedata at two lattice spacings ofa ≈ 0.11, 0.086 fmwith unitary pionmasses as light as
Mπ ≈ 290 MeV.We simultaneously extrapolate our numerical results to the physical light-quarkmasses and to
the continuum and interpolate in the pion/kaon energy using SU(2) “hard-pion” chiral perturbation theory for
heavy-light meson form factors. We provide complete systematic error budgets for the vector and scalar form
factorsfþðq2Þ andf0ðq2Þ for bothB → πlν andBs → Klν at threemomenta that span theq2 range accessible
in our numerical simulations. Next we extrapolate these results to q2 ¼ 0 using a model-independent
z-parametrization based on analyticity and unitarity. We present our final results for fþðq2Þ and f0ðq2Þ as the
coefficients of the series in z and thematrix of correlations between them; this provides a parametrization of the
form factors validover the entire allowedkinematic range.Our results agreewithother three-flavor lattice-QCD
determinations using staggered light quarks, and have comparable precision, thereby providing important
independent cross-checks. Both B → πlν and Bs → Klν decays enable determinations of the Cabibbo-
Kobayashi-Maskawa matrix element jVubj. To illustrate this, we perform a combined z-fit of our numerical
B → πlν form-factor data with the experimental measurements of the branching fraction from BABAR and
Belle leaving the relative normalization as a free parameter; we obtain jVubj ¼ 3.61ð32Þ × 10−3, where the
error includes statistical and all systematic uncertainties. The same approach can be applied to the decay
Bs → Klν to provide an alternative determination of jVubj once the process has beenmeasured experimentally.
Finally, inanticipationoffuture experimentalmeasurements,wemakepredictions forB → πlν andBs → Klν
differential branching fractions and forward-backward asymmetries in the Standard Model.

DOI: 10.1103/PhysRevD.91.074510 PACS numbers: 11.15.Ha, 12.38.Gc, 13.20.He, 14.40.Nd

I. INTRODUCTION

Semileptonic B-meson decays play an important role in
the search for new physics in the quark-flavor sector. Tree-
level decays that occur via charged W-boson exchange are
used to obtain the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements jVubj and jVcbj, while flavor-changing
neutral-current decays provide sensitive probes for heavy
newparticles thatmay enter virtual loops.Decays involving τ
leptons are especially sensitive to charged Higgs bosons that

arise in many new-physics models (see e.g. Ref. [1] and
references therein).
The decays B → πlν and Bs → Klν probe the quark-

flavor-changing transition b → u. In the Standard Model,
the differential decay rate for these processes in the BðsÞ-
meson rest frame is given by

dΓðBðsÞ →PlνÞ
dq2

¼G2
FjVubj2

24π3
ðq2−m2

lÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
P−M2

P

p

q4M2
BðsÞ

×
"#

1þ m2
l

2q2

$
M2

BðsÞ
ðE2

P −M2
PÞjfþðq2Þj2

þ 3m2
l

8q2
ðM2
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−M2

PÞ2jf0ðq2Þj2
%
; ð1Þ
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R. Van de Water Lattice QCD for the intensity frontier

Strong points of 2015 IF proposals
USQCD work on muon g-2 exciting!

Theoretical methods for HVP contribution in place → now have first proposals for large-
scale calculations with physical pions and fine lattice spacings

USQCD leading world in strategies for HLbL

New USQCD effort on heavy-quark masses & strong coupling

Entire program benefitting greatly from DWF & HISQ ensembles with physical pion masses 

Enabling (sub)-percent precision for quark-flavor calculations needed to obtain CKM 
matrix elements and constrain the CKM unitarity triangle

Essential for g-2, nucleon matrix elements, for which chiral perturbation theory is 
unreliable / unavailable

Planned DWF & HISQ ensembles over next 5 years will include dynamical QED and 
isospin-breaking (HISQ)

Isospin-breaking needed to go below ~1% level for HVP

QED essential for complete calculation of HLbL contribution to muon g-2

15



R. Van de Water Lattice QCD for the intensity frontier

Considerations & provocations

SPC recommends to EC allocations to deliver science objectives outlined in white 
papers

Proposal-driven process

➡ Highly constrained by submitted proposals & available resources

1. How to balance configuration generation & analysis?  Are configuration-generation 
projects sufficiently far ahead that they can be temporarily slowed-down to make room 
for analysis?

2. How to balance supporting mature “high-priority” projects and exploratory work that 
will drive our future program?

3. How equally should we “spread the pain”?  May be better for USQCD long term to 
prioritize some projects (i.e. close to fully fund) and de-prioritize others.  How to do this 
without alienating USQCD members and undermining sense of community?

4. How much duplication is needed?  (Independent checks needed, but can’t afford “too 
much” redundancy.)
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Questions? Comments


