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T
he reason for excitement surrounding

the start-up of the Large Hadron

Collider (LHC) in Geneva, Switzer-

land, has often been conveyed to the general

public as the quest for the origin of mass—

which is true but incomplete. Almost all of

the mass (or weight) of the world we live in

comes from atomic nuclei, which are com-

posed of neutrons and protons (collectively

called “nucleons”). Nucleons, in turn, are

composed of particles called quarks and glu-

ons, and physicists have long believed that

the nucleon’s mass comes from the compli-

cated way in which gluons bind the quarks to

each other, according to the laws of quantum

chromodynamics (QCD). A challenge since

the introduction of QCD (1–3) has been

to carry out an ab initio calculation of the

nucleon’s mass. On page 1224 of this issue,

Dürr et al. (4) report the first such calculation

that incorporates all of the needed physics,

controls the numerical approximations, and

presents a thorough error budget. Because

these accurate calculations agree with labora-

tory measurements, we now know, rather than

just believe, that the source of mass of every-

day matter is QCD.

The key tool enabling this advance is lat-

tice gauge theory (5), a formulation of QCD

and similar quantum field theories that

replaces space-time with a four-dimensional

lattice. To picture the lattice, think of a crystal

with cubic symmetry evolving in discrete time

steps. Lattice gauge theory has theoretical and

computational advantages. The watershed

theoretical result of QCD is the weakening at

short distances of the coupling between

quarks and gluons, called asymptotic freedom

(2, 3). The flip side is the strengthening of the

coupling at large distances, which is responsi-

ble for confining quarks and gluons inside one

of the broad class of particles called hadrons. 

Confinement emerges naturally in lattice

gauge theory at strong coupling (5). The lat-

tice also reduces everything we would want to

calculate to integrals that, in principle, can be

evaluated numerically on a computer. Thus,

30 years ago a challenge was set: Use numeri-

cal computations to connect strongly coupled

lattice gauge theory with weakly coupled

asymptotic freedom, thereby recovering the

hadron masses of our world, with continuous

space and time.

The first numerical efforts (6) showed this

approach to be sound, but as the subject

developed, two major obstacles arose, both

connected to physics and to compu-

tation. The first obstacle is describ-

ing the “vacuum.” In classical

physics, the vacuum has nothing in

it (by definition), but in quantum

field theories, such as QCD, the vac-

uum contains “virtual particles” that

flit in and out of existence. In partic-

ular, the QCD vacuum is a jumble of

gluons and quark-antiquark pairs, so

to compute accurately in lattice

QCD, many snapshots of the vac-

uum are needed. 

The second obstacle is the

extremely high amount of computa-

tion needed to incorporate the influ-

ence of the quark-antiquark pairs on

the gluon vacuum. The obstacle

heightens for small quark masses,

and the masses of the up and down

quarks are very small. An illustra-

tion of the vacuum and the quark-

antiquark pairs is shown in the fig-

ure. The fluid material is a scientifi-

cally accurate snapshot, sometimes

called the QCD lava lamp, of a typical gluon

field drawn from a lattice-QCD computation

(7). Three of the quarks (up + up + down, or

uud for short) could constitute the proton, but

a strange quark (s) and strange (s) antiquark

have popped out of the vacuum: The proton

has fluctuated into a Λ hyperon (uds) and a

kaon (su).

To make progress despite limited com-

puting power, 20 years’worth of lattice QCD

calculations were carried out omitting the

extra quark-antiquark pairs. The computa-

tion of the nucleon’s mass passed some tech-

nical milestones (8, 9) but was still unsatis-

factory. As well as demonstrating the validity

of strongly coupled QCD, we want to com-

pute properties of hadrons ab initio, to help

Ab initio calculations of the proton and

neutron masses have now been achieved, a

milestone in a 30-year effort of theoretical

and computational physics.

The Weight of the World Is
Quantum Chromodynamics
Andreas S. Kronfeld

PHYSICS

Theoretical Physics Group, Fermi National Accelerator
Laboratory, Batavia, IL 60510, USA. E-mail: ask@ fnal.gov

The busy world of the QCD vacuum. The interior of a hadron, such
as the proton or neutron, is not static. Gluons fluctuate in a collec-
tive fashion, illustrated by the red-orange-yellow-green-blue fluid.
Sometimes the gluon field produces extra quark-antiquark pairs;
here, a proton (uud) has fluctuated into a Λ hyperon (uds) and a
kaon (su). Animations of these phenomena are available at (7).
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interpret experiments in particle and in

nuclear physics. Without the quark-antiquark

pairs, it is impossible to quantify the associ-

ated uncertainty.

A breakthrough came 5 years ago, with the

first wide-ranging calculations incorporating

the back-reaction of up, down, and strange

quark pairs (10, 11). This work used a mathe-

matical representation of quarks that is rela-

tively fast to implement computationally (12),

and these methods enjoyed several notewor-

thy successes, such as predicting some then-

unmeasured hadron properties (13). This for-

mulation is, however, not well suited to the

nucleon, and so a principal task for lattice

QCD remained unfinished.

Dürr et al. use a more transparent formula-

tion of quarks that is well suited to the nucleon

and other baryons (hadrons composed of three

quarks). They compute the masses of eight

baryons and four mesons (hadrons composed

of one quark and one antiquark). Three of

these masses are used to fix the three free

parameters of QCD. The other nine agree

extremely well with measured values, in most

cases with total uncertainty below 4%.

For example, the nucleon mass is com-

puted to be 936 ± 25 ± 22 MeV/c2 compared

with 939 MeV/c2 for the neutron, where c is

the speed of light and the reported errors are

the statistical and systematic uncertainties,

respectively. The final result comes after care-

ful extrapolation to zero lattice spacing and to

quark masses as small as those of up and down

(the two lightest quarks, with masses below 6

MeV/c2). The latter extrapolation may not be

needed in the future. Last July, a Japanese col-

laboration announced a set of lattice-QCD

calculations (14) of the nucleon and other

hadron masses with quark masses as small as

those of up and down. 

These developments are serendipitously

connected to the work honored by this year’s

Nobel Prize in physics. The lightest hadron—

the pion—has a mass much smaller than the

others. Before QCD, Nambu (15) proposed

that this feature could be understood as a con-

sequence of the spontaneous breaking of chiral

symmetry (16). In QCD, it has been believed,

the spontaneous breaking of this symmetry by

the vacuum predominates over an explicit

breaking that is small, because the up and

down quarks’ masses are so small. Lattice

QCD (4, 10, 11, 13, 14) simulates and, we see

now, validates these dynamical ideas in the

computer. Moreover, this success puts us in a

position to aid and abet the understanding of

the role of quark flavor (17), including asym-

metries in the laws of matter and antimatter

(18), for which Kobayashi and Maskawa

received their share of the Nobel Prize.

Dürr et al. start with QCD’s defining equa-

tions and present a persuasive, complete, and

direct demonstration that QCD generates the

mass of the nucleon and of several other

hadrons. These calculations teach us that even

if the quark masses vanished, the nucleon

mass would not change much, a phenomenon

sometimes called “mass without mass” (19,

20). It then raises the question of the origin of

the tiny up and down quark masses. The way

nature generates these masses, and the even

tinier electron mass, is the subject of the LHC,

where physicists will explore whether the

responsible mechanism is the Higgs boson or

something more spectacular.
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Insects use a variety of strategies to fight

pathogens at different stages of infection,

which may guide antimicrobial development

for human use.
Rogue Insect Immunity
David S. Schneider and Moria C. Chambers

MICROBIOLOGY

T
wo recent studies have quietly and sub-

versively broken the models we’ve

used to describe insect immunity.

Impressively, they’ve accomplished this by

using gross observational studies rather than

mechanistic approaches. On page 1257 in this

issue, Haine et al. (1) suggest that what we’ve

considered the central pillar of insect immu-

nity—antimicrobial peptides—may perform

a “mopping up” role in clearing pathogens.

Hedges et al. (2) show that heritable epige-

netic properties can have as large an impact on

insect immunity as any genetically encoded

pathway yet tested. Both studies teach us

important lessons about the way a host organ-

ism interacts with microbes and may have

immediate practical applications.

We often study host-pathogen interactions

in insects to model human infections. A good

illustration of this approach was the discovery

that the immune-activated signaling pathway

mediated by the Toll receptor in the fly

Drosophila melanogaster is partially con-

served by a family of Toll-like receptors in

humans (3, 4). This is now a cornerstone of the

field, and much of the recent work in insects

has involved further dissection of the molecu-

lar details of the Toll pathway and the related

Immune deficiency (Imd) pathway (5). When

activated by microbes, these two pathways

induce the massive production of antimicro-

bial peptides by host cells, and the loss of sig-

naling that is caused by mutations in pathway

components deeply compromises the fly’s

immune response (6).

Haine et al. show that the vast majority of

bacteria are cleared from an insect before

antimicrobial peptides are produced. In the

mealworm beetle, Tenebrio molitor, imme-

diate-acting immune responses, such as

engulfment of bacteria by phagocytes (spe-

cialized immune cells) and melanization (in

which bacteria are killed by reactive oxy-

gen) likely do most of the heavy lifting when

it comes to clearing microbes; more than

99.5% of injected bacteria are cleared from

beetles, in the first hour of infection, before

Department of Microbiology and Immunology, Stanford
University, CA 94305–5124, USA. E-mail: dschneider@
stanford.edu
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