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The standard model of particle physics accounts for all known experiments and 
underlies all physical phenomena.  Most particle physicists believe that it is the “low”-
energy approximation to a more exact still higher energy theory.  The central goals of 
particle physics today are to test the limits of validity of the standard model and to 
search for evidence of new physics beyond it.  Experimentalists at the LHC in Geneva 
will spend the rest of the year investigating whether the recently discovered “Higgs-like” 
particle is in fact the Higgs in its simplest form, the last undiscovered particle of the 
standard model, or whether it has different properties and is part of some more 
complicated theory not yet discovered.

Quantum Chromodynamics, or QCD, is the theory of the strong nuclear forces.  It 
explains the properties of the proton, neutron, and the other hadrons in terms of the 
underlying theory of quarks and gluons.  In most cases, QCD cannot be solved by the 
ordinary analytic techniques of quantum field theory.  By formulating QCD on a space-
time lattice, large-scale numerical simulations can be used to make predictions 
numerically.
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Berkeley Lab Scientists to Lead, Support 14 New
SciDAC Projects
SEPTEMBER 26, 2012
Jon Bashor, Jbashor@lbl.gov, 510-486-5849

When the Department of Energy announced the series of projects under the latest Scientific Discovery through Advanced Computing
(SciDAC) program, Berkeley Lab scientists, mathematicians and computer scientists were listed as key contributors in three institutes
and 11 science application partnerships. Funding for the projects is expected to total about $6 million annually over the next three to
five years.

The SciDAC Institutes and Scientific Computation Application Partnerships are key components of the program. While the Institutes
form the foundation for efforts by applied mathematicians and computer scientists to systematically address technical challenges inherent to the scale of new architectures and
common across a wide range of science applications, the partnerships enable scientists to conduct complex scientific and engineering computations at a level of fidelity needed to
simulate real-world conditions in targeted science application projects. A critical aspect of the SciDAC program is the collaboration between domain scientists and mathematicians
and computer scientists to ensure that the applications are both scientifically accurate and computationally efficient.

Through the Institutes, Berkeley Lab researchers will help improve the accuracy and fidelity of simulations on next-generation supercomputers, develop tools so that scientists can
fully exploit the capabilities of the most powerful supercomputers, and help tackle the Big Data problem with new tools for managing, sharing and visualizing massive datasets. The
partnerships will address a wide range of scientific challenges, such as understanding climate change, designing new accelerators, investigating the 95 percent of the universe
known as dark energy and dark matter, improving our understanding of nuclear physics, chemistry and molecular dynamics, and modeling the characteristics of new materials.

The SciDAC program, first launched in 2001, brings together teams of some of the nation’s top researchers at national laboratories and universities to create the software and
infrastructure needed to help scientists effectively utilize the next generation of supercomputers for tacking the toughest scientific challenges – some of which can only be studied
through high performance computation and simulation. Berkeley Lab scientists have played key roles in projects funded under the previous two SciDAC programs, and will again
contribute expertise in applied mathematics, computer science, physics, climate science and chemistry.

“The fact that so many of the projects are either led by or rely on the expertise of Berkeley Lab scientists is a strong endorsement of our leadership in computational science,” said
David Brown, director of the Computational Research Division. “A number of our staff members are involved in multiple projects, which further underscores our capabilities.”

The SciDAC program is funded by programs in the DOE Office of Science: Advanced Scientific Computing Research, Basic Energy Sciences, Biological and Environmental
Research, Fusion Energy, High Energy Physics and Nuclear Physics.

SciDAC Institutes
FASTMath (Frameworks, Algorithms, and Scalable Tachnologies for Mathematics): As the complexity of computer architectures and the range of physical phenomena that
can be numerically simulated for important DOE applications continue to grow, application scientists have to continue to improve the quality of their simulations by increasing
accuracy and fidelity and make their software and algorithms more reliable and robust. They will also have to adapt their computations to make effective use of the high-end
computing facilities being acquired by DOE over the next five years. This challenge will necessitate million-way parallelism and implementations that are efficient on
many-/multi-core nodes. The FASTMath SciDAC Institute will help DOE application scientists address both of these challenges by focusing on the interactions among
mathematical algorithms, software design and computer architectures. FASTMath is led by Lori Diachin of Lawrence Livermore National Laboratory and CRD’s Phil Colella and
Esmond Ng are on the executive council. CRD researchers contributing to FASTMath are Ann Almgren, John Bell, Jim Demmel (joint appointment with UC Berkeley and LBNL),
Dan Graves, Sherry Li, Peter McCorquodale, Brian Van Straalen and Chao Yang. FASTMath is funded by DOE’s Advanced Scientific Computing Research Program.

SUPER (The Institute for Sustained Performance, Energy, and Resilience): The SUPER project is a broadly based SciDAC institute with expertise in compilers and other
system tools, performance engineering, energy management and resilience. The goal of the project is to ensure that DOE’s computational scientists can successfully exploit the
emerging generation of high performance computing (HPC) systems, which will increase in performance potential from tens to hundreds of petaflop/s (quadrillions of operations
per second) over the next few years, and will evolve significantly from those in use today. This goal will be met by providing application scientists with strategies and tools to
productively maximize performance, conserve energy, and attain resilience. SUPER is lead by Bob Lucas of the University of Southern California and Berkeley Lab participants are
David Bailey, Leonid Oliker and Samuel Williams. SUPER is funded by DOE’s Advanced Scientific Computing Research Program.

SDAV (The Scalable Data Management, Analysis, and Visualization Institute): As scientists around the world address some of society’s biggest challenges, they increasingly
rely on tools ranging from powerful supercomputers to one-of-a-kind experimental facilities to dedicated high-bandwidth research networks. But the scientists all face a common
problem: massive amounts of data which must be stored, shared, analyzed and understood. Building on the success of previous SciDAC projects, SDAV will provide
comprehensive expertise aimed at transferring state-of-the-art techniques in data management, analysis and visualization into operational use by application scientists, as well as
working with researchers to further improve those tools. The SDAV Director is Arie Shoshani, head of Berkeley Lab’s Scientific Data Management Group. Wes Bethel is the
principal investigator for Berkeley Lab and other LBNL participants are Hank Childs and John Wu. SDAV is funded by DOE’s Advanced Scientific Computing Research Program.

Science Application Partnerships
PISCEES (Predicting Ice Sheet and Climate Evolution at Extreme Scales): During the past decade, loss of mass from ice sheets has raised the global mean sea level by 1
millimeter per year. If recent trends continue, ice sheets will make a dominant contribution to 21-st century sea-level rise, far exceeding expert projections. Not only could this raise
sea level, but also could affect other parts of the climate system. Building on recent successes of SciDAC and the Ice Sheet Initiative for CLimate ExtremeS (ISICLES), PISCEES
will develop improved models and new tools will be implemented in the Community Ice Sheet Model (CISM) and the Community Earth System Model (CESM), providing a
coherent structure for ongoing collaboration among glaciologists, climate modelers, and computational scientists. PISCEES is funded by DOE’s Biological and Environmental
Research Program and will be led by Bill Lipscomb of Los Alamos National Laboratory (LANL). Berkeley Lab participants are Dan Martin, Esmond Ng and Sam Williams.

Multiscale Methods for Accurate, Efficient, and Scale-Aware Models of the Earth System: Some of the greatest challenges in projecting the future of the Earth’s climate
result from the significant and complex interactions among small-scale features and large-scale structures of the ocean and atmosphere. The project’s primary goal is to produce
better models for these critical processes and constituents from ocean-eddy and cloud-system to global scales through improved physical and computational implementations. An
integrated team of climate and computational scientists will accelerate the development and integration of multiscale atmospheric and oceanic parameterizations into the
Community Earth System Model (CESM). Funded by DOE’s Biological and Environmental Research Program, the project is led by Bill Collins, co-leader of LBNL’s Climate and
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July 4, 2012:  LHC discovers a “Higgs-like” particle
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Is it the hypothesized  
“Higgs”particle?
We knew that the 
standard model needed 
at least one additional 
ingredient to make it 
mathematically 
consistent.
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July 4, 2012:  LHC discovers a “Higgs-like” particle
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In 2012, I told you I 
hoped it was something 
more interesting!

Why?

Is it the hypothesized  
“Higgs”particle?
We knew that the 
standard model needed 
at least one additional 
ingredient to make it 
mathematically 
consistent.
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• Three forces (strong, weak, and electromagnetic), with coupling 
strengths:

• Six quark and six lepton masses

• Mixings among the quarks, the Cabibbo-Kobayashi-Maskawa matrix 
(2008 Nobel Prize), and (as of the last few years) among the leptons:
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The Standard Model
consists of numerous bells and whistles and 20 or 30 random 
numbers.
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• Why is there more than one generation of quark?

• What is the relation between the three forces?

• No gravity.

• No explanation for dark matter.

• ...

The Standard Model is maddeningly successful.  It accounts for 
every particle physics experiment performed so far, sometimes to 
great precision (one part in a billion for the electron anomalous magnetic 
moment).
Why maddeningly?  It contains obvious gaps and puzzles!

Where do these parameters come from?
Can we predict them with a more fundamental theory?
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July 4, 2012 - July 31, 2014
• Q: Does the observed new particle have  spin 0 like the 

predicted Higgs, or does it have some other spin?

• Q:  Are the quantum amplitudes of its decays the same as 
their mirror images like the Higgs (“positive parity”), or are 
they different?

• Are the probabilities for it to decay in various ways as 
predicted for the Higgs, or are they different?

5

Higgs width and couplings
(Dobrescu, Lykken: 1210.3342)

Higgs couplings to WW/ZZ (!V ), b̄b (!b), gg (!g), "" (!"), ## (!#).

Extraction of Higgs couplings from measured rates (given that !h is

not known) requires some theoretical assumption.

Well-motivated assumption: !V !
< 1 " upper limit on !h.
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Dobrescu and Lykken, arxiv:1210.3342
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A: Like the Higgs.

The new particle looks 
exactly like the expected 
Higgs to the accuracy we 
can measure.

Dobrescu and Lykken, arxiv:1210.3342
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 The agreement with the standard model is awesome and 
terrible.  Terrible because we don’t get any hints about 

beyond-the-standard-model physics without new 
experimental clues.

Dobrescu and Lykken, arxiv:1210.3342



SciDAC-3 PI Meeting; Washington DC, July 30-Aug. 1, 2014 /22Paul Mackenzie

Two complementary approaches:
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• The Energy Frontier: direct search for new particles and forces.

• The LHC at CERN collides protons at 
the highest possible energies to push 
the search for direct evidences of new 
physics to the highest possible 
energies.  --A new run starts in 2015 at 
double the energy.

 

ATLAS Science

About ATLAS

Mapping the Secrets of the Universe

ATLAS is a particle physics experiment at the
Large Hadron Collider at CERN. The ATLAS
detector is searching for new discoveries in the
head-on collisions of protons of extraordinarily
high energy. ATLAS will learn about the basic
forces that have shaped our Universe since the
beginning of time and that will determine its fate.
Among the possible unknowns are the origin of
mass, extra dimensions of space, unification of
fundamental forces, and evidence for dark matter
candidates in the Universe.

What is the schedule of ATLAS?
Who are the 3000 physicists in ATLAS?
What is the LHC?
How big is ATLAS?
How much data will be recorded?
Why is there so much excitement?
Are students involved?

Wired_

Luminosity 2010-12
Max. = 7.73 · 1033

Total = 18.05 fb-1

ATLAS Store

 Press Student/TeachersHome Info Multimedia Store Blogs Links Visit ATLAS Contact Collaboration Site

The ATLAS Experiment © 2012 CERN

Like 1.4k

General News 

When music and physics collide - the CMS guitar
2012-08-29, by Piotr Traczyk

A memorable week with CMS
2012-08-27, by David Barney

New milestone - 10/fb recorded by CMS in 2012
2012-08-10, Lucas Taylor

Visit of the French Prime Minister Mr. Jean-Marc Ayrault
2012-08-04, Yves Sirois

July 4th seminar on new CMS Higgs search results
2012-07-02, Achintya Rao

CMS 2012 data already exceed 2011 sample
2012-06-18, Achintya Rao

New CMS detectors under construction at CERN
2012-05-29, Marzena Lapka

CMS public data activity scoops prize in Nairobi
2012-04-20, Lucas Taylor

Royal Society makes Jim Virdee a fellow
2012-04-20, Lucas Taylor

Physics News 

New CMS heavy ion results for Quark Matter 2012
conference
2012-08-13, by Lucas Taylor

Paper submitted: Observation of a new boson at a mass of
125 GeV
2012-08-07, by Lucas Taylor

Jets at CMS and the determination of their energy scale
2012-07-09, Henning Kirschenmann

The search for microscopic black holes, as of March 2012
2012-05-07, Alexey Ferapontov

Measurement of the underlying event in the Drell-Yan
process in proton-proton collisions at sqrt(s) = 7 TeV
2012-05-02, Achintya Rao

Observation of a new Xi_b^*0 beauty particle
2012-04-27, Lucas Taylor

Search for anomalous ttbar production in the highly-boosted
all-hadronic final state
2012-04-11, Achintya Rao

In the Media 

Higgs and the holy grail of physics
2012-07-06, CNN

Physicists Find Elusive Particle Seen as
Key to Universe
2012-07-05, New York Times

Higgs boson-like particle discovery
claimed at LHC
2012-07-04, BBC World News

LHC gets first glimpse of excited
baryon
2012-05-01, NewScientist

Large Hadron Collider Discovers
Beautiful New Particle
2012-04-30, Forbes Magazine

New "beauty baryon" particle
discovered at world's largest atom
smasher
2012-04-30, CBS News

CERN discovers new particle
2012-04-30, TG Daily

CERN Particle Accelerator Reveals
Previously Unknown Particle
2012-04-29, RedOrbit

New Particle Discovered with 'Higgs
Boson' Machine
2012-04-29, The Atlantic Wire

CMS Discovers New Xi Baryon !
2012-04-27, Tommaso Dorigo, Science 2.0

see more

CERN › CMS Experiment

CMS Physics
Results

Physicists analyze LHC
collision data recorded by
the CMS detector and
make all the research
results freely available

Introducing CMS
Observation of a New Particle
with a Mass of 125 GeV

About the Higgs Boson

Observation of a new beauty
particle

CMS Physics Results

CMS Particle Detector

About CMS

• The Intensity Frontier: search for small, indirect effects of new 
physics in interactions of known particles.

• Since the early 2000s, heavy flavor factories at 
CERN, KEK, Fermilab, and elsewhere have been 
pouring out huge amounts of high precision data 
to pin down the CKM matrix elements.

The New Muon g-2 Experiment at
Fermilab

Home  |  g-2 Collaboration  |  Internal  |  Contact   

The convolution of the magnetic field with the muon distribution must be known to
0.1 ppm. An NMR trolley maps the field in the storage region without breaking
vacuum.

The goal of the E-989 muon g-2 experiment is:

To measure the muon anomalous magnetic moment to 0.14 ppm, a fourfold
improvement over the previous Brookhaven E821 experiment. The muon anomaly is a
fundamental quantity, which can be precisely measured and accurately computed
within the Standard Model and a comparison of experiment to theory is a sensitive test
of the completeness of the theory. The current comparison to the accepted theory
shows a deviation of more than 3 standard deviations, which might be an indication of
New Physics beyond the Standard Model. We will use the Fermilab beam complex to
prepare a custom muon beam that will be injected into the relocated muon storage
ring. Our goal is a factor of 20 increase in statistics and a significant reduction in
systematic uncertainties compared to the BNL experiment. 

Latest News

Jan 2010:

Muon g-2 has Stage I
Approval!

May 2010: The final proposal submitted to
DOE

Nov 2009: Full cost review performed and
submitted to the PAC and their response .

March 2009: The initial proposal for a new
muon g-2 experiment was submitted to the
March 2009 PAC, and was met with a very
positive response.

Related Sites

Muon g-2 Twiki

Muon g-2 at BNL

Fermilab

Legal Notices

Belle II Internal

KEK

SuperKEKB

 

 

 

 

 

 

 

Navigation bar Home Activities How to Join Detector

AdministrationCollaboration

日本語一般向けページ

Hot topics

KEK Flavor Factory Workshop 2013 (Mar. 12-14, 2013, KEK, Japan)
the 7th Belle PAC (Mar. 10-11, 2013, KEK, Japan)
the 61th Belle General Meeting (Mar. 8-9, 2013, KEK, Japan)
the 14th Open Meeting of the Belle II Collaboration (Mar. 4-7, 2013, KEK,
Japan)
the 60th Belle General Meeting (Nov. 16-17, 2012, KEK, Japan)
the 13th Open Meeting of the Belle II Collaboration (Nov. 12-15, 2012, KEK,
Japan)
Belle II Pacific Network and Computing Requirements (Oct. 17-18, 2012,
PNNL, USA) New !
Belle II Focused Review (Oct. 1-2, 2012, KEK, Japan)
2nd Joint Belle II PXD and SVD Workshop (Sep. 24-26, 2012, Göttingen,
Germany) New !
the 59th Belle General Meeting (Jul. 27-28, Bad Aibling, Germany)
the 12th Open Meeting of the Belle II Collaboration (Jul. 22-25, 2012, Bad
Aibling, Germany)
PXD DAQ and Belle II Trigger Workshop (Jul. 17-20, 2012, Bayrischzell,
Germany)
6th Belle II Computing/Software Workshop (June 26-28, 2012, Prague, Czech
Republic)
10th International Workshop on DEPFET Detectors and Applications (June 17-
20, 2012, Kloster Seeon, Germany)
BAS (Belle Analysis School) (May 9-11, 2012, KEK, Japan)
Questions and Answers on Super B Factory

Past hot topics JFY2009, JFY2010, JFY2011

Conference Calendar 2012

The search for a more fundamental theory underlying the 
Standard Model is the central task of particle physics today.
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The theory of the strong interactions is quantum 
chromodynamics (QCD), the theory of quarks and gluons.  
Quarks and gluons cannot be directly observed because 
the forces of QCD are strongly interacting.
    Quarks are permanently confined inside hadrons, even 
though they behave as almost free particles at 
asymptotically high energies.
“Asymptotic freedom”, Gross, Politzer, and Wilczek, Nobel Prize, 2004.

March 17, 2005 CKM 2005 - Workshop on the Unitarity Triangle

b

4

“Most” of the time,  details of b quark wavefunction 
are unimportant - only averaged properties (i.e.       ) 
matter “Fermi motion”

Theorists love inclusive decays ...
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Decay:  short distance (calculable)
Hadronization:  long distance 
(nonperturbative) - but at leading order, 
long and short distances are cleanly 
separated and probability to hadronize is 
unity

... the basic theoretical tools are more than a decade old 

Lattice QCD is used to 
determine the properties of 
quarks and gluons from the 
observed properties of 
hadrons.

B→πlν 
semileptonic 
decay

= {π, K, ...}

Determine Vub from B➞πlν.

Lattice gauge theory in the SciDAC-1, -2 eras
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Physics achievements of 2014.
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Kaon semileptonic decay:  
K→πlν.

Calculations at the physical light quark mass 
only became possible with Mira and Titan.
Eliminates one of the largest uncertainties.

Bazavov et al. PRL 112 (2014) 112001
PRL editor’s suggestion.

Uncertainty quantification in good shape.
Theoretically understood functional forms 
of lattice spacing dependence, volume, ...
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Physics achievements of 2014.
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PRL editor’s suggestion.

Kaon semileptonic decay:  
K→πlν.

|Vud|2 + |Vus|2 + |Vub|2 -1 = -0.00115(40)Vus(43)Vud.

Increased precision makes 
visible a 2 sigma deviation 
from unitarity in the first row of 
the CKM matrix.
Will likely go away with further 
improved experiment and 
theory.
If it instead increased, might 
be signal of new physics.

This calculation was made possible by SciDAC work making structural improvements 
in the MILC code that made it easy to generate the large variety of three-point and 
two-point functions and interpolating operators required by the project.



SciDAC-3 PI Meeting; Washington DC, July 30-Aug. 1, 2014 /22Paul Mackenzie 10

Lattice QCD Paul Mackenzie

configurations in this ensemble, including those created on Mira and elsewhere. We also used Mira to
generate 33 configurations in the a ⇡ 0.06 fm physical mass ensemble, and to measure pseudoscalar decay
constants on 107 configurations and semileptonic form factors on 122 configurations in this ensemble.

The work on Mira and other computers has recently led to determinations of the leptonic decay
constants fD+ , fDs , and their ratio with errors which are two to four times smaller than those of the most
precise previous lattice calculations [3]. This advance is illustrated in Fig. 1. It has also yielded the most
precise lattice calculations of the decay constant and quark mass ratios fK+/ f⇡+ , ms/ml, and mc/ms [3].
When combined with experimental measurements of decay rates, our results for the decay constants lead to
precise determinations of the CKM matrix elements |Vus|, |Vcd | and |Vcs|. |Vus| can also be obtained from the
kaon semileptonic form factor at zero momentum f+(0), and we have used the physical quark mass
configurations and measurements performed on Mira to obtain the most precise determination of f+(0) to
date [4].

200 250 300

ALPHA Lat’13

ETM 09
ETM 11
ETM 13

FNAL/MILC 05
HPQCD 07
HPQCD 10
FNAL/MILC 11
HPQCD 12
χQCD Lat’13

FNAL/MILC Lat’12
ETM Lat’13

This work

MeV

fD fDs

N
f =

 2
N

f =
 2

+
1

N
f =

 2
+

1+
1

Figure 1. Lattice QCD results for the leptonic decay constants fD and fDs Results are grouped by
the number of flavors from top to bottom: nf = 2 (green diamonds), nf = 2 + 1 (blue circles), and
nf = 2+ 1+ 1 (purple squares). Within each grouping, the results are in chronological order. Our new
results, labeled This work, are denoted by magenta crosses and displayed at the bottom of the figure.

In addition to the work with the HISQ ensembles by the Fermilab Lattice and MILC Collaborations
cited above, the HPQCD Collaboration has made extensive use of these ensembles in their studies of
b-physics [5, 6, 7] and of the the pion electromagnetic form factor [8]. Most recently, they have used the
HISQ ensembles to develop an interesting new approach to the calculate of contributions to the anomalous
magnetic moment of the muon from hadronic vacuum polarization [9]. The new experimental
measurement of the anomalous magnetic moment planned at Fermilab, coupled with accurate lattice
calculations of the hadronic contributions to it, have the potential for making a high precision test of the
standard model. Finally, the PNDME Collaboration is using the HISQ ensembles in its studies of nucleon
charges and form factors [10, 11].

The Mira machine also remains the largest computational resource that is available for the study of the
predictions of the standard model using the domain wall or Mobius domain wall fermion (DWF)
formulation of chiral fermions. The main research focus of the 42-person RBC and UKQCD collaborations
has been to obtain physics results from the two ensembles with a spatial extent of 5.6 fm and physical light

2

D and Ds meson pure leptonic decay:  D→lν and Ds→lν.

Bazavov et al., arXiv:1407.3772, submitted to PRD.

Decreased the uncertainty in 
the form factors for D and Ds 
lepton decay, producing a 
corresponding improvement 
of our knowledge of the CKM 
matrix elements Vcs and Vcd.

http://arxiv.org/abs/arXiv:1407.3772
http://arxiv.org/abs/arXiv:1407.3772
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Lattice QCD CKM determinations

11
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CKM matrix elements and phase are fundamental parameters of the Standard Model 
that enter as parametric inputs to Standard Model predictions for many flavor-
changing processes such as neutral kaon mixing and K → πνν decays

Simple matrix elements involving single particles allow the determination of almost all 
CKM matrix elements

USQCD leading the world in quark-flavor physics: single most precise calculation 
for all of quantities listed by USQCD (except for BK, where we are still closely competitive)

�*<<2,.�!���,76;<:*26<;�76�<1.�����5*<:2@

�

�

⇧⇧⇧⇧⇧⇧⇧⇧⇧⇧⇤

Vud Vus Vub

⇥ � ⌃� K � ⌃� B � ⌃�
K � ⇥⌃� B � ⇥⌃�

Vcd Vcs Vcb

D � ⌃� Ds � ⌃� B � D⌃�
D � ⇥⌃� D � K⌃� B � D�⌃�

Vtd Vts Vtb

⇥Bd|B̄d⇤ ⇥Bs|B̄s⇤

⇥

⌃⌃⌃⌃⌃⌃⌃⌃⌃⌃⌅

*Neutral kaon mixing 
(BK) also gold-plated 
and can be used to 
obtain the CKM phase 
(ρ, η)

Those were the three most recent examples of the 13 quantities 
on this table of lattice determinations of CKM matrix elements.

Lattice calculation determine or contribute to the determine of 8 
out of the nine CKM matrix elements.

For all of these quantities, 
the best and most precise 
calculations were done by 
US groups benefited by 
SciDAC software.
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Whither for particle physics?

12

In 2014, a long-term planning exercise by US particle physicists:
The Particle Physics Project Prioritization Panel (P5)., and a year-
long community-wide planning exercise, the Snowmass Process.

Report of the Particle Physics Project Prioritization Panel 3

Science Questions and Science Drivers
The eleven groups of physics questions from Snowmass are 
shown in Appendix D, along with a reference to all the 
Snowmass documents. Based on this comprehensive work by 
the broad community, we have identified five compelling lines 
of inquiry that show great promise for discovery over the next 
10 to 20 years. These are the science Drivers:

 Use the Higgs boson as a new tool for discovery

 Pursue the physics associated with neutrino mass 

 Identify the new physics of dark matter

 Understand cosmic acceleration: dark energy and inflation

  Explore the unknown: new particles, interactions,  
and physical principles

The Drivers are deliberately not prioritized because they are 
intertwined, probably more deeply than is currently understood. 
For example, some of the new physics models designed to 
address theoretical limitations of the Standard Model1 also pre-
dict particles that could compose the dark matter; furthermore, 
the Higgs boson and neutrinos may interact with the dark matter. 
Other connections are possible, and although the specifics are 
not known, there are good reasons to suspect that these deeper 
connections exist. A selected set of different experimental 
approaches that reinforce each other is therefore required. These 
experiments sometimes address several Drivers. For example, 
collider experiments address the Higgs, Dark Matter, and 
Exploration Drivers. Furthermore, cosmic surveys designed to 
address dark energy and inflation also provide unique and timely 
information about neutrino properties. The vision for addressing 
each of the Drivers using a selected set of experiments—their 
approximate timescales and how they fit together—is given in 
the following subsection and in more detail in Section 3. What 
is learned at each step will inform the next steps.

1.2: Brief Summary of the Science Drivers  
and Main Opportunities
The five science Drivers, and their associated opportunities, 
are summarized here. As individual projects can address multiple 

Drivers, recommendations about the projects are given in 
Section 2.

Use the Higgs boson as a new tool for discovery
The recently discovered Higgs boson is a form of matter never 
before observed, and it is mysterious. What principles determine 
its effects on other particles? How does it interact with neutrinos 
or with dark matter? Is there one Higgs particle or many? Is the 
new particle really fundamental, or is it composed of others? The 
Higgs boson offers a unique portal into the laws of nature, and 
it connects several areas of particle physics. Any small deviation 
in its expected properties would be a major breakthrough.

The full discovery potential of the Higgs will be unleashed by 
percent-level precision studies of the Higgs properties. The 
measurement of these properties is a top priority in the physics 
program of high-energy colliders. The Large Hadron Collider 
(LHC) will be the first laboratory to use the Higgs boson as a 
tool for discovery, initially with substantial higher energy run-
ning at 14 TeV, and then with ten times more data at the High-
Luminosity LHC (HL-LHC). The HL-LHC has a compelling and 
comprehensive program that includes essential measurements 
of the Higgs properties. An e+e– collider can provide the next 
outstanding opportunity to investigate the properties of the 
Higgs in detail. The International Linear Collider (ILC) is the 
most mature in its design and readiness for construction. The 
ILC would greatly increase the sensitivity to the Higgs boson 
interactions with the Standard Model particles, with particles 
in the dark sector, and with other new physics. The ILC will 
reach the percent or sub-percent level in sensitivity. Longer-
term future-generation accelerators, such as a very high-energy 
hadron collider, bring prospects for even better precision mea-
surements of Higgs properties and discovery potential.

Pursue the physics associated with neutrino mass 
Propelled by surprising discoveries from a series of pioneering 
experiments, neutrino physics has progressed dramatically 
over the past two decades. A diverse research program exploit-
ing particle astrophysics, accelerator and reactor experiments 
has uncovered a new landscape in neutrino physics, with a 
promising future for continued discovery. Recent results indi-
cate that answers to some of the most significant questions 
about neutrinos lie within reach of the next generation of 

 1 The Standard Model describes the elementary particles, which come in three distinct types: (i) the matter particles, quarks and leptons, (ii) the photon, gluons and 
massive W and Z, which mediate the electromagnetic, strong, and weak forces, respectively, and (iii) the Higgs boson, which gives mass to the elementary particles. 
The Standard Model provides a quantitative, quantum mechanical description of the interactions of these particles that has been remarkably successful.
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P5 HEP priorities in terms of projects

1. The LHC experiments

• The US is the largest participating state in the LHC experiments CMS and 
Atlas.

• One of the two LHC PIs announcing the Higgs discovery was an 
American.

2. Neutrino experiments

• Large Baseline Neutrino Facility at Fermilab

3. Cosmic surveys and dark matter

4. Muon experiments

• g-2, mu2e

5. ...

13
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Where will lattice gauge theory calculations 
be needed in the new program?

• This initially surprised us during the Snowmass planning 
process in 2013.

• All physical processes have higher-order corrections 
involving quark loops.

• All experiments are constructed out of materials 
containing protons and neutrons.

• It’s likely you’ll need lattice calculations for most future 
experiments

14

Almost everywhere!
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Muon anomalous magnetic moment, g-2

15

The electron anomalous magnetic moment has been predicted 
and observed to a part in a billion, most accurate quantity there is.
The muon magnetic moment would be too, except that its larger 
mass allows higher energy processes to cause corrections.

R. Van de Water Lattice-QCD progress in hadronic contributions to muon g-2

Muon g-2 in the Standard Model

3

[1] Davier, Hoecker, Malaescu,

     Zhang, Eur.Phys.J. C71

     (2011) 1515

[2] Prades, de Rafael,

     Vainshtein, 0901.0306

Contribution Result (�1011) Error
QED (leptons) 116 584 718 ± 0.14 ± 0.04� 0.00 ppm
HVP(lo) [1] 6 923 ± 42 0.36 ppm
HVP(ho) -98 ± 0.9exp ± 0.3rad 0.01 ppm
HLbL [2] 105 ± 26 0.22 ppm
EW 154 ± 2 ± 1 0.02 ppm
Total SM 116 591 802 ± 49 0.42 ppm
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+ +
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µ µ
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Loops of quarks and leptons are 
included, but loops of 

supersymmetric particles, etc., 
could also cause corrections.

BNL experiment observed 3 σ deviation from SM.
New Fermilab exp. will reduce error by X4.
Theory error must also be reduced by X4.

Theory error includes this diagram,
requires lattice QCD if the loop is a quark loop.
This calculation is harder than any done so far in lattice QCD.
The experiment will fail if we can’t figure it out.



2014 DOE review Lattice gauge theory at Fermilab

Neutrino physics
Measurement of ν-oscillation parameters & 

possible discovery of new ν states limited by 

understanding of charged-current quasielastic 

scattering on bound neutron.

Obtain CCQE X-section from nucleon axial-
vector form-factor FA(q2) + nuclear models.

FA(q2) usually treated in dipole 

approximation, but dipole fits over different q2 
ranges & by different experiments inconsistent.

Kronfeld co-supervising U. Chicago student on 
first-principles calculation of FA(q2) merging 
analyticity constraints with lattice QCD

16

Completing work with Minerνa experimentalists implementing z-parameterization & 
external QCD input into standard GENIE Monte Carlo

Will soon begin lattice calculation on MILC (2+1+1)-flavor HISQ ensembles with 
physical pions to avoid steep chiral extrapolations.
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The LHC and beyond

17

Higgs width and couplings
(Dobrescu, Lykken: 1210.3342)

Higgs couplings to WW/ZZ (!V ), b̄b (!b), gg (!g), "" (!"), ## (!#).

Extraction of Higgs couplings from measured rates (given that !h is

not known) requires some theoretical assumption.

Well-motivated assumption: !V !
< 1 " upper limit on !h.

!1 0 1 2 3 4 5

!"V !

!"b!

!"g!

!"#!

!"$!

%h"%h
SM

68.3& CL
95& CL

Strong focus of current BSM physics: composite theories 
approximately consistent with the observed Higgs: spin 0 particles 
with the same properties as those observed (even parity, about the 
same decay properties,.. ).  In such theories (Ex:  SU(2) gauge 
theory with 2 massless fermions), we expect to be able to compute 
additional new particles at higher mass, small deviations in decay 
strengths from standard model expectations.

The high-luminosity LHC will measure these 
branching fractions to a few % in a few years.
A high-luminosity International e+e- Collider (ILC) 
may measure them to a few tenths % in 10-20 
years.
The standard model expectation of the Higgs total 
decay strength is dominated by its main decay 
channel, the b-quark channel, whose strength is 
governed by the b quark mass.
mb is known to ~1% now from lattice QCD, but will 
easily known in ten years to the required 0.25%.

Lepage, Mackenzie, and Peskin, arXiv:1404.0319.

http://arxiv.org/abs/arXiv:1404.0319
http://arxiv.org/abs/arXiv:1404.0319
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• USQCD software community ~20-30 people.

• Achievements include 

• community libraries for QCD programming, called the QCD API, 

• optimized high-level QCD codes and software packages, 

• porting to new platforms, 

• work with SciDAC centers and institutes and with computer 
scientists and applied mathematicians.

• Such sharing is not universal in HEP.  The 2013 Topical 
Panel on Computing and Simulations:

• recommended that an HEP Center for Computational Excellence be 
set up to facilitate more HEP-wide solutions to common problems 
and interactions with external entities (ASCR, NSF).

18

Current physics achievements have been built 
on foundation of previous SciDAC software
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The QCD-API

19

The basics

Optimization

Data parallel

Main structure was  in 
SciDAC-1.
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The QCD-API

19

Linear algebra: e.g., multiplying 
SU(3) matrices together

The basics

Optimization

Data parallel

Main structure was  in 
SciDAC-1.
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The QCD-API

19

Linear algebra: e.g., multiplying 
SU(3) matrices together

I/O for lattice data types 
(added in SciDAC-2)

The basics

Optimization

Data parallel

Main structure was  in 
SciDAC-1.
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The QCD-API

19

Linear algebra: e.g., multiplying 
SU(3) matrices together

I/O for lattice data types 
(added in SciDAC-2)

multicore interface (active 
area of development now)

The basics

Optimization

Data parallel

Main structure was  in 
SciDAC-1.
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Beyond-the-standard-model software

20

Low-level modules of the 
QCD API must be 
generalized for non-QCD 
gauge theories with groups 
other than SU(3).

This year, code for arbitrary SU(N) gauge theory has been 
inserted into the QOP and QDP libraries in anticipation of its use 
in current projects using SU(2) and SU(4) Wilson fermions.

Code for N = 4 supersymmetric Yang-Mills theory was released.
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Improving software and algorithms

• Lattice calculations consist of two major parts:

• Creating ensembles of O(1,000) gauge configurations (4D lattices with 
SU(3) matrices on links).  A Monte Carlo process.  A single large job that 
usually must be done on leadership-class resources.

• Creating many quark propagators on each configuration for physics 
analysis. A sparse matrix problem. Requires more flops that configuration 
generation, but can be done in parallel in 1,000 smaller jobs.  Often done 
efficiently on capacity resources.

• In the late ‘90s and early ‘00s, huge progress in 
configuration generation algorithms.

• Critical need now:  improvement in quark propagators 
calculations.

• g-2 and other physics challenges have essential needs here.

21
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Quark propagator sparse matrix methods

• Intense work going on in multigrid methods.

• Good methods have been developed and deployed.  

• Code for Wilson fermions has been deployed and is in production.  
(More commonly used in NP lattice QCD than in HEP.)

• Method is being ported to staggered fermions and domain-wall 
fermions.

• Working with Rob Falgout of FASTMath;  Hypre code has been extended 
to N-dimensions and made complex, and an arbitrary Dirac operator has 
been implemented. Beginning go study how multigrid methods could be 
implemented.

• Active work going on with other approaches:  domain 
decomposition, eigenvalue deflation, all mode 
averaging, ...

22
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Machines

• Ken Wilson, inventor of lattice gauge theory, was an 
early proponent of supercomputing.
• In the 70s, he was programming array processors in assembly language 

to attack critical phenomena problems for which he won the Nobel Prize. 
This work was in condensed matter problems like the Kondo problem.  
Wilson invented lattice QCD precisely in order to be able to attack particle 
physics problems with the methods of condensed matter.

• Interactions have continued since, up to the recent particle physics/
condensed matter workshop in May, 2014 organized by Eduardo Fradkin 
and Rich Brower.

• After the introduction of Monte Carlo methods to lattice 
QCD in the early 80s, lattice gauge theorists worked to 
design machines aimed at lattice QCD
• in academic efforts at Caltech (Cosmic Cube), Columbia, IBM (GF11, not 

a commercial project), Fermilab, ...

23

Lattice gauge theorists have been involved with the development of 
supercomputing from the beginning;  our ability to program the largest 
current machines is enhanced by close relationships with vendors.
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The Blue Gene line
• The Columbia University group, led by Norman Christ, 

won the Gordon Bell prize for price/performance in 1998 
for the QCDSP, a machine purpose-built for lattice QCD.

• A team led by Al Gara that had been part of these 
projects went to IBM and designed the closely related 
(and commercial product!) BG/L, which won the Gordon 
Bell prize for performance in 2005.

• The system-on-a-chip design, tightly coupled standard processor and FP 
unit, torus network, and style of mechanical design (small easily replaced 
node cards) were modeled on the Columbia machines.
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• The Columbia group continued to work 
with the Blue Gene team throughout 
the Blue Gene years.

• They designed and implemented: the interface 
between the processor core and the level-2 cache, 
and the look-ahead algorithms used to prefetch 
data from level-2 cache and main memory, 
anticipating misses in the level-1 cache.
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GPUs
• Important resources at Titan, Blue Waters, 

dedicated QCD clusters at Fermilab and JLab.

• NVIDIA has hired two of USQCD’s top GPU experts.

• They work with academic collaborators to attain best performance,

• Mike Clark, former BU postdoc, evaluates potential future architectures in terms of 
QCD (cache sizes, memory bandwidths, network bandwidth, latency sensitivity).
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Intel PHIs
• Another possible path to exascale? Several USQCD groups 

have NDAs and very active.  Cori will be a good place to 
learn.

• RBC/UKQCD has begun to plan for a new generation QCD software environment 
that will both support high performance kernels on KNX chips and also allow more 
generic code to run at high performance on such many core chips.  

• Part of Fermilab/MILC effort is to investigate how useful PHIs may be in 
experimental HEP.

• Our sister NP software project has active PHI project at JLab.
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Summary

• US high energy physics is planning an ambitious 
program of new experiments over the next ten years.

• Lattice gauge theory calculations will be needed almost 
everywhere in this program.

• New software and algorithms will be just as critical to the 
success of the program of the next ten years as they 
have been in the last ten.
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