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Paul's Professional Career

• Ph. D., Cornell University, 1981 

• Postdoc, Fermilab, 1981–1984 

• Postdoc, Institute for Advanced Study, Princeton, 1984–1986 

• Associate Scientist, Fermilab, 1986–1990 

• Scientist I, II, III, Fermilab, 1990–2019	 (Sci III → Distinguished Scientist) 

• Distinguished Scientist Emeritus, March 2019–present
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Cornell

• Autumn 1980 at Cornell; Newman Lab; everyone is named Paul 

• Espresso and cigarettes 

• Summer 1981: birth of Rachel; Ph. D. on Upsilon decay to gluons
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FIG. 1. Classes of diagrams whose imaginary parts
contribute to the O(o.', /Ir) correction to the gluonic width
of the &. The ultraviolet factor P is equal to & +ln4rr
—'Y@+Inp /~y, where & = 2 —n/2, n being the number2 2

of space-time dimensions and gz = 0.577. . . . In the MS
scheme with the renormalization scale p set equal to
i~&~, P is absorbed into the effective coupling constant
&~ {&&~). The numerical uncertainties quoted are two-
standard-deviation errors as estimated by vEGAs. The
coefficient for class n is for nf = 4 light-quark flavors.

hree-gluon cuts as de-
mion propagators cancel
s. The only infrared reg-
e regulated by giving the

(4)

the corrected leptonic

perturbative effects in the short-distance annihi-
lation amplitude, although they must contribute at
some level; for example, a linear potential gen-
erates relativistic corrections in region (b) of
O(v'/c') or less. If more singular nonperturba-
tive interactions existed, they would cause troub- b)

le not only here, but also in all other short-dis-
tance QCD calculations. c)

Potential models of quarkonia give (v'/c') T-0.08.' We therefore first ignore corrections d)

from region (a) and concentrate on the O(o. ,) rel-
ativistic corrections. Clearly, these involve only
short distances, as did the leading order, and so
we expect the corrected rate to again factorize f)

into i gNR(0)i' multiplying the perturbative on-
shell amplitude describing bb -3g, 4g, ggqq. g)

The necessary classes of Feynman diagrams
and our results for each class are summarized
in Fig. 1. As explained above, the contribution
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due to Coulomb exchange must be dropped from
the result of class f, to avoid double counting.

j)We performed the y-matrix algebra using the
computer program REDUCE. ' We evaluated the
integrals numerically using the adaptive multidi-
mensional integration program VEGAS; the un- ~
certainties listed in Fig. 1 are two-standard-de-
viation errors as estimated by VEGAS. Since the
calculation involves on-shell amplitudes, the re-
sult is explicitly gauge invariant; the Feynman
gauge was used. Dimensional regularization was
employed to regulate the ultraviolet divergences. Totals

The loop integrals were done by closing the P'
contour at infinity, taking the residues of the en-
closed poles, and performing the remaining three-
momentum integrals directly. The total decay
rate of a pair of massive quarks is known to be
infrared finite by the Kinoshita-Lee-Nauenberg
theorem. However, the graphs with three gluon
vertices have infrared and collinear singularities
in the separate three- and four-gluon cuts. These
singularities cancel point by point in momentum
space when the various cuts of a given forward
scattering amplitude are summed, after performing the P' integration for the t
scribed above. In most classes of graphs, the infrared divergences in the fer
by adding together permutations of the gluons attached to one of the quark line
ularization required in the entire calculation is for classes a and f, which wer
gluons a small fictitious mass A..
Adopting the MS renormalization scheme, ' the gluonic decay rate of the Y is

r, = r,'I 1+ ' -19.4(5)+ —p, 1.161(2)+ln + 0n, (M)
S p ' ~ 0

T j MS
where P, = 11—& n& and n& is the number of light quarks. Combining this with
width,

r„„=r„„'(1—+'n, (M, )/n+ ~ ~ ~ ),
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Mackenzie and Lepage, 
PRL (1981)

http://inspirehep.net/record/166351


• Famous "BLM" paper (1983)—academic grandfather, father, and son. 

• In perturbative QCD, is there a guide to choosing the scale for asqq? 

• The BLM scale, as I learned it from Paul and Peter.

Fermilab as postdoc
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V scheme: bs1 = 0b(1)s = 0
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http://inspirehep.net/record/181524


Remarks

• Stan Brodsky: 

• logarithm from inserting a massless quark loop on the gluon; 

• so, if the next order is available, you can find the logarithm from the   
nf-dependent part; 

• package nf into β0, and choose q* to remove the β0 part. 

• George Sterman: 

• What makes BLM unique [among scale-setting prescriptions] is that it 
reaches out to higher order.  It knows about Feynman diagrams. 

• Also very useful in lattice perturbation theory [Lepage, Mackenzie (1993)].
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Pivot to Lattice QCD

• Early (if not first) calculation of a hadronic coupling [Gottlieb, Mackenzie, 
Thacker, Weingarten (1984)]: 	 	
	 	
	 	
	 	
Paul is always reminiscing, "back in the early days when we could get 
things right at the factor-of-two level." 

• First calculation of the H-dibaryon mass [Mackenzie, Thacker (1985)]: 

• |H = ΛΛ = udsuds: is it stable or not?  Cf. deuteron 2.2 MeV. 

• Hank and Paul found "no" in quenched (same as valence) approx. 

• Still not resolved; see, e.g., arXiv:1805.03966.
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grpp =
3.0±1.0stat
6.11±0.11

<latexit sha1_base64="22gDYNdSsNv1wa1iZG7wyM74N3I="></latexit>

lattice QCD in the valence approximation 
experimental measurement
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lattice QCD in the valence approximation 
experimental measurement

The difficulty in computing the binding energy of the H 
does not reflect a lack of care or effort. 

Like the deuteron, it is evidence that the binding of 
nucleons into nuclei is subtle.

http://inspirehep.net/record/191455
http://inspirehep.net/record/191455
http://inspirehep.net/record/217954
http://inspirehep.net/record/1672452


Anecdotes, 1983–1988



Outline

• Fermilab take two: 1986–present 

• ACPMAPS 

• Fundamental parameters of QCD: asqq and quark masses 

• Massive fermions in lattice gauge theory 

• Cabibbo-Kobayashi-Maskawa matrix	 Hashimoto, Friday, 4:00 PM 

• USQCD	 Sugar, Thursday, 4:00 PM 

• Lattice QCD works! 

• Quark masses and CKM revisited	 Gottlieb, Friday, 3:00 PM
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as(µ)
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ACPMAPS



VAX-11/780 

1 MIPS 

fridge-sized



<

500 VAX-11/780 
= 500 MIPS

Latest 
mobile phones ≤ 10k MIPS 

PC chips ≤ 300k MIPS



Lattice Gauge Theory as Computational Physics

• In the mid-80s, it became clear that the available computing (e.g., VAX-11 
780s for gρππ and MH) were not enough to meet aspirations. 

• Build your own supercomputer from inexpensive parts.  Some examples: 

• Norman Christ et al.,: "Columbia" (1985), QCDSP, QCDOC. 

• Don Weingarten et al. (IBM): GF-11. 

• N. Cabibbo et al. (APE Collaboration): APE, APE100, APEmille, .... 

• Tsukuba U.: QCDPAX, CP-PACS, PACS-CS, HA-PACS, .... 

• Influenced the transition in industry from big vector processors to parallel 
computers.
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ACPMAPS

• At Fermilab, Tom Nash was leading the Advanced Computer Program 
(ACP) to build cost-effective computing—mid-80s. 

• Tom and Estia Eichten proposed ACPMAPS (ACP multi-array processor).
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Architecture

• Floating point computations: 

• Gen 1: Floating-Point Array Processor (FPAP) used Weitek XL 

• Gen 2: D860 used (two/node) Intel i860 and a Xylinx field-programmable 
gate array—a lot fewer wires than the FPAP! 

• Communications—crossbar switch BranchBus: 

• Bus-switch backplane (BSB). 

• Bus-switch interface board (BSIB). 

• Balanced computer (similar computation and communication speeds). 

• Complete computer (programmable in C, disk system, tape system).
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Canopy

• Paul, with early input from Doug Toussaint, and then working with George 
Hockney, Mark Fischler, and Mike Uchima, laid down a gauntlet: 

• ACPMAPS should be easy for a "normal" theoretical physicist to 
program. 

• Specify, document, and implement a library based on lattice concepts: 

• sites and links; grids (of sites and links); fields (on a grid); 

• lower levels of the software connected the physics to the machine; 

• independent RNG per site: same results for any number of nodes. 

• When we needed a name, Hockney suggested ydsfa.
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George Hockney, 
	 Don Husby, Tom Nash, Estia Eichten 

Bob Atac, 	 	 	 I 
Irwin Gaines, Mark Fischler, ASK 

(missing Paul, Joe Biel, 
Bill Haynes, Mike Uchima, others)



no, not 1018 bytesExabyte Anecdotes



no, not 1018 bytesExabyte Anecdotes



QCD



ACPMAPS Computing

• With ACPMAPS computations, we had two overarching aims: 

• learn how to study all sources of systematic uncertainties; 

• be relevant to experiment and phenomenology. 

• We generated ensembles at three lattice spacings, approximately 

• 0.17 fm, 0.11 fm, 0.08 fm, 

• at a time when most lattice-QCD work used only one lattice spacing. 

• The first is arguably very coarse, but it was computationally cheap:	
Could it be useful, and how?
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αs (1992)

• Aida El-Khadra joined us as a postdoc, and we 
(Paul, Aida, George Hockney, and I) computed 
the charmonium spectrum. 

• We didn't publish a paper on the charmonium 
spectrum per se. 

• Instead, we published a determination of αs. 

• Paul devised a way to correct for the quenched 
approximation, inspired by potential models: 

• Still gets good ratings from FLAG.
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[10].
The lattice spacing for each value of P was obtained by

calculating in lattice units the diff'erence of the spin aver-
aged mass of the 15 states (the J/y and the rl, ) and the
mass of the recently discovered spin singlet 1P state (the
h, ) [11], and then comparing with the experimentally
measured splitting, Ml, —(3M„+M„)/4 =458.6 ~ 0.4
MeV. Coulomb gauge wave functions were used to
create and destroy the meson states to reduce errors from
excited states. Since quarks in the charmonium system
are nonrelativistic, it is not surprising that these waves
give a very good approximation to the full states. No in-
dications of contamination of the two point functions
from excited states were seen after a separation in Eu-
clidean time of one lattice spacing for the 5 states and
two lattice spacings for the P states. The analysis was
based on separations of at least three lattice spacings.
For more details, see Ref. [10].
From the lattice spacing a and the bare lattice coupling

constant go, the MS (modified minimal subtraction) cou-
pling at scale z/a may be obtained using the one-loop
perturbative formula gMs(z/a) =gII (I ——,

'
g )+0.025

[3,4]. The background field calculation of this correction
[4] shows that it is dominated by the term in parentheses,
which is the perturbative expectation value of the pla-
quette (TrUp). We have therefore substituted the known
nonperturbative value of the plaquette at each P to
correct for higher-order eff'ects in the relation between
the bare and MS coupling constants [12], using

2 (TrUp) Mc+ 0.025 .
1 1

gMs(~/~)

(The values for (TrUp)Mc are 0.549, 0.582, and 0.605 at
P=5.7, 5.9, and 6.1, respectively. ) This yields an addi-
tional correction to the MS coupling constant (11%of the
final value) which is much smaller than the one-loop
correction (about 44%) but not negligible.

Figure 1 shows the Coulomb gauge wave function of
the y meson calculated on the 24, P=6. 1 lattices. It is
probably not controversial that finite volume errors are
negligible for the lattice sizes used. To check this, a low
statistics calculation was done at P =6.1 on a volume of
16 which yielded a value of the IP 15-splitting (10-
20)% larger than that on the 24 lattices. Figure I shows
that the wave function of the y is about a factor of 5
smaller at a distance of twelve lattice spacings (halfway
across the 24 lattice) than it is at eight lattice spacings
(halfway across the 16 lattice). Assuming that finite
volume errors fall roughly as the square of the wave func-
tion halfway across the lattice leads to the conclusion that
the errors on the 24 lattice are under a percent in the
spin splitting and therefore in AMs. This implies errors in
a of a fraction of a percent.
We have already noted that the spin averaged IP IS-

splitting is very insensitive to the O(a) errors of the Wil-
son quark action. Further, we have used a corrected ac-
tion which minimizes these errors. It is therefore to be
expected that the most important finite-lattice-spacing er-
rors remaining will be of order a . To test for the size
of these, the calculation was performed at three lattice
spacings. From the 1P-1S splitting, we obtained a
=1.15(8), 1.78(9), and 2.43(15) GeV at P =5.7, 5.9, and
6.1, respectively. The errors in parentheses are statistical
only. Using Eq. (I) and the parametrization for a, of the
Particle Data Group, values for AMs were obtained for
each lattice spacing. In Fig. 2 the results are plotted as a
function of a . The value of AMs =234 MeV after
extrapolation to a =0 is about 4% larger than its value
at P =6.1. The statistical errors are not small enough to
distinguish between possible functional forms for the
finite a errors (e.g. , a, a, or a ), and we rely on theoreti-
cal prejudice in making the extrapolation in a . We
therefore take the 4% difference between the extrapolated
value and the value at P =6.1 as a contribution to the sys-

I I I I I I I I I 300
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0.01 200—
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FIG. 1. The wave function of the y meson.

o
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FIG. 2. AMs as a function of a .
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• Aida was now a professor.  Brian Gough 
and Jim Simone were postdocs, and 
Tetsuya Onogi was visiting. 

• My edits of the last PRL draft. 

• The result was low compared to the 
conventional wisdom: 

• Controversial then, but nowadays

Light Quark Masses (1996)
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ms,MS(2 GeV) = 95(16) MeV
<latexit sha1_base64="zU1KM6A4TnO13iAX7Yrc8WQ6MQU="></latexit>



The Fermilab Method



Massive Fermions in Lattice Gauge Theory

• At Lattice 1987 in Seillac, Claude Bernard, Eichten, Guido Martinelli, and 
Lepage all (separately) emphasized the importance of heavy quarks. 

• Eichten and Lepage pursued (slightly different) effective field theories: 

• HQET vs. NRQCD power counting, for heavy-light vs. quarkonium. 

• Bernard and Martinelli pursued light-quark methods (Wilson fermions). 

• Results for simple quantities (e.g., B-meson decay constants), which 
came out 1987–1991 did not agree—not even as well as they should in 
the primitive calculations of the day. 

• Paul wanted to understand why, and started looking a variants of Wilson 
fermions.

24



The Fermilab Method

• Three key ideas: 

• let the heavy quark 
hop differently in 
space & time;* 

• reinterpret the pole 
mass of the quark 
(the kinetic mass); 

• normalize the field 
correctly. 

• Often (then) erroneously 
called KLM.
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*keeping charge conjugation

El-Khadra, ASK, Paul [hep-lat/9604004] 

http://inspirehep.net/record/417388


CKM Matrix in the Late 1990s



Full Error Budgets

• Jim Simone now a staff member in Fermilab's Computing Division. 

• Postdocs Shoji Hashimoto and Sinéad Ryan. 

• B and D meson decay constants in lattice QCD [hep-ph/9711426]. 

• Lattice QCD calculation of B → Dlν decay form-factors at zero recoil 	
[hep-ph/9906376]. 

• Semileptonic decays B → πlν and D → πlν from lattice QCD 	 	
[hep-ph/0101023]. 

• Lattice calculation of the zero-recoil form factor of B → D*lν: Toward a 
model-independent determination of |Vcb| [hep-ph/0110253].

27
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These four papers advanced the standard for 
estimating uncertainties in lattice QCD more than any 

comparable set of paper.
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http://inspirehep.net/record/564589


Error Budgets for Pedagogy
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TABLE IV. Budget of statistical and systematic uncertainties for hA1(1) and 1 − hA1(1). The

row labeled “total systematic” does not include uncertainty from fitting, which is lumped with the
statistical error. The statistical error is that after chiral extrapolation.

uncertainty hA1 1 − hA1

(%)

statistics and fitting +0.0238 −0.0173 +27 −20

adjusting mc and mb +0.0066 −0.0068 + 8 − 8
α2

s ±0.0082 ± 9

αs(Λ̄/2mQ)2 ±0.0114 ±13
(Λ̄)3/(2mQ)3 ±0.0017 ± 2
a dependence +0.0032 −0.0141 + 4 −16

chiral +0.0000 −0.0163 + 0 −19
quenching +0.0061 −0.0143 + 7 −16

total systematic +0.0171 −0.0302 +20 −35
total (stat ⊕ syst) +0.0293 −0.0349 +34 −40

heavy quark mass dependence (Sec. VIB); matching lattice gauge theory to HQET and
QCD (Sec. VIC); lattice spacing dependence (Sec. VID); light (spectator) quark mass
dependence (Sec. VIE); and the quenched approximation (Sec. VIF). In Table IV the
statistical uncertainty is added in quadrature to that from fitting, as discussed in Sec. VIA.
As outlined in Sec. III, statistical uncertainties are computed with the bootstrap method
and full covariance matrices.

A. Fitting and excited states

We define χ2 in our fits with the full covariance matrix. For the plateau fits to R(t)

χ2 =
∑

t1,t2

[R(t1) − Rfit] σ
−2(t1, t2) [R(t2) − Rfit] . (6.1)

Because the numerical data are so highly correlated, some components of the (inverse)
matrix σ−2(t1, t2) cannot be determined well. These components are discarded, according
to singular value decomposition (SVD), by eliminating eigenvectors of σ2 whose eigenvalue
λ < rSVDλmax, with rSVD small. We find we have to set rSVD ∼ 10−2 to remove the noisy
eigenvectors from χ2 in Eq. (6.1).

A potential drawback of the double ratio technique is that an early plateau could be
induced. We cope with this issue by trying many fit ranges for the time ts of the current. In
general, fits to a constant have good χ2 and agree for fit ranges within the plateaus clearly
seen in Fig. 1. For each ensemble of lattice gauge fields we choose a single range for ts for
all three ratios and all heavy quark mass combinations. In each case, the range is chosen to
give small statistical error on Rfit, while maintaining a central value close to that from short
intervals centered on T/4.

The expressions in Eqs. (2.19)–(2.21), relating three-point correlation functions to matrix
elements, suppress terms from radial excitations of the desired, lowest-lying states. Because
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And they fared quite well, despite quenching
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USQCD



USQCD Collaboration

• A federation of science collaborations engaged in lattice gauge theory. 

• Formation spurred by Jeff Mandula and Vicky White at (on loan to) DOE. 

• Bob Sugar will give details. 

• Here, how Paul's career evolved. 

• Phase 1 (EC member): work with Don Holmgren on developing the PC-
cluster model of lattice-QCD computing. 

• Phase 2 (EC Chair and collaboration spokesman): physics at the 
bureaucracy frontier.
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CPU cluster with Infiniband communication link



Amitoj Singh Don HolmgrenGPU for lattice QCD

http://www.fnal.gov/pub/today/archive/archive_2012/today12-01-20.html


“Could you prepare half a dozen slides? 
Because John needs to give them to Mike, 

so Jim can show them to Pat.”
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High-Precision Lattice QCD Meets Experiment



Lattice QCD Works!!!

• MILC generated several 
ensembles with many good 
properties, esp. 2+1 sea quarks. 

• Generously let others groups 
use them: 

• HPQCD 

• Fermilab Lattice 

• Paul diplomatically brought us 
together for a landmark paper 
[hep-lat/0304004].
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Make Predictions

• Use the same ingredients to compute quantities 
that hadn't been (well) measured. 

• Form factor in semileptonic D-meson decay 	
[hep-ph/0408306]. 

• Leptonic decay constants of Ds- & D-mesons 
[hep-lat/0506030]. 

• Mass of the Bc meson [hep-lat/0411027].
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CKM and Quark Masses Revisited



Fuller Error Budgets
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http://inspirehep.net/record/1267512
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Closing Remarks



The Real Lessons

• Paul saw computation clearly albeit in a (sometimes) heterodox way. 

• Some Mackenzian aphorisms: 

• "If an approximation breaks down somewhere, push it until it does 
break down, and see what the breakdown teaches you." 

• "Analyze all sources of uncertainty, including unimportant ones [they 
might matter next time] and impossible ones [otherwise your work is 
not so relevant]." 

• "The error bars have error bars!" 

• Elements of the Fermilab "school", which Aida, Jim, and I also teach 
postdocs and students.
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xkcd

https://xkcd.com/2110/




Thank you, Paul, for 30+ years of 

collaboration and friendship!


