
Each time physicists probe the teeming interior of the proton, aswarm with short-lived 
particles, they seem to turn up more surprises 

Exploring the Proton Sea 
In the Dr. Seuss story "Horton Hears a 
Who!,'' Horton the elephant insists to his fel- 
low animals, all deeply skeptical, that a speck 
of dust is teeming with life. With his sensitive 
ears, Horton can hear the chatter and buzz of 
its microscopic inhabitants-whole cities of 
them. Physicists studying the humble proton 
will understand his fascination. To most re- 
searchers, the proton is a workaday particle: 
the stuff that gives every atomic nucleus its 
positive charge, and the heart of the ubiqui- 
tous hydrogen atom. But recent 
studies probing deep into the pro- 
ton are revealing a society as com- 
plex as the one on Horton's dust 
mote: a churning and bubbling sea 
of "virtual" particles that pop into 
existence for an instant. then dis- 
appear again, bathing more endur- 
ing components of the proton in a 
quantum flu. 

The ephemeral nature of the 
sea's inhabitants, mass- and 
charge-carrying particles called 
quarks and force-carrying parti- 

in Europe and the United States to measure 
the different types of quarks in the proton 
sea, compare the proportion of quarks to glu- 
ons, and identify differences in the quark sea 
of the proton and that of the proton's sister 
particle, the neutron, have delivered a string 
of surprises. As Anthony Thomas of the Uni- 
versity of Adelaide in Australia puts it, "Ev- 
ery time we have tested a prejudice about the 
sea . . . it has proven to be wrong." 

When the proton was discovered by 

cles called gluons, belies their irn- 
portance. "This virtual sea is re- 
sponsible for many of the proton's 
properties, such as its mass, its Flavor enhancers. Fermilab's NuTeV team found a short- 
structure, and its interaction with age of strange quarks in the proton. 
other particles and fields," says 
Michael Leitch of the Los Alamos National Ernest Rutherford in 1919, it was thought to 
Laboratory in New Mexico. Charting the sea be an indivisible basic building block of mat- 
is also important for future experiments: The ter. But that fundamental status did not last 
world's most powefil particle accelerator, long. Early proton-proton collision experi- 
the Large Hadron Collider now being built at ments in the 1930s revealed that the proton 
the CERN particle physics lab near Geneva, was more than an infinitesimally small 
will slam protons together at enormous ener- "point-charge": It had a finite size and pre- 
gies. One aim is to create the Higgs boson, sumably some kind of structure. Further ex- 
the particle thought to endow all others with periments revealed a bewildering array of 
mass, which has been on physicists' "most particles related to the proton, wh& Proper- 
wanted" list for 3 decades. Knowing what is ties fell into patterns that cried out for an ex- 
in the proton is essential for calculating what planation in terms of more fundamental 
will come out of those collisions. "If new . 

physics is to be discovered, we need to un- The Evolving 1919 
derstand the predictions from the old physics Proton 5.'- 

with some precision," says Arie Bodek of the 
Probl ever University of Rochester in New York. Physicists' increasing- Yet the normal theoretical apparatus used ly. ,,, view ,' 

to describe the subatomic landscape can the 
make few predictions at the energies found in 
the proton's interior. As a result, physicists a Valence quark 
f o i d  themselves in uncharted wit&-as they 0 Valence antiquark \ 

building blocks. A breakthrough came in the 
1960s, when theoreticians Murray Gell- 
Mann of the California Institute of Technolo- 
gy in Pasadena and his ex-student George 
Zweig at CERN proposed that fundamental 
particles called quarks make up protons, neu- 
trons, and the short-lived particles called 
mesons. Protons and neutrons contain three 
quarks each, and mesons a quark and an anti- 
quark In 1969, electron-proton collisions at 
the Stanford Linear Accelerator Center con- 
f i e d  the existence of pointlike nuggets in- 
side the proton, which had to be quarks. 

The new picture painted by Gell-Mann 
and Zweig was simple: The proton is made of 
two so-called "up" quarks and a single 
"down" quark-its "valence" quarks. Each 
quark has a hctional electric charge, and the 
combination in the proton adds up to provide 
its single positive charge. In the neutron the 
numbers of ups and downs are reversed, giv- 
ing a one-up, two-down combination that 
makes the neutron electrically neutral. The 
theory later found to govern these quarks and 
their interactions was dubbed quantum chro- 
modynamics (QCD), now part of the Stan- 
dard Model by which physicists understand 
the subnuclear world. QCD predicts that 
quarks carry a "color charge,'' mimicking the 
familiar electrical charge, which is the source 
of the force binding them together and is car- 
ried by gluons, force particles analogous to 
the photons of electromagnetism. 

But even this tidy model of three valence 
quarks and a buzz of gluons holding them 
together proved to be far from the whole 
story. Experiments at CERN in the early 
1970s probing protons with ghostly particles 
called neutrinos revealed the presence of an- 
tiquarks along with the three valence quarks, : 
and soon researchers' image of the proton 
began to change. A proton "is not a rigid i 
thing with three balls in it all hooked up with 9 

began exploring the interior of the proton by 9 Sea quark 
probing it with beams of other particles. 0 Seaantiquark 
Lately, a series of experiments at accelerators '666 Gluons 
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springs or something," says James Stirling of 
Britain's University of Durham. Instead, the 
gluons exchanged by the valence quarks 
have a tendency to split spontaneously into 
more gluons or quark-antiquark pairs, creat- 
ing a lively "soup" made up of a seemingly 
infinite number of particles. "The valence 
quarks excite from the neighboring vacuum 
a dynamic 'sea' of short-lived gluons and 
quark-antiquark pairs," says Leitch. 

Physicists soon realized that to under- 
stand the proton they would have to under- 
stand the quark sea. "Past experiments have 
shown that a major part of the proton's mo- 
mentum is carried by sea quarks and glu- 
ons," says Dietrich Harrach of CERN. "[The 
sea] is going to tell us a lot of interesting de- 
tail about how QCD works on the scale of 
proton," says Stirling. "We can't claim to un- 
derstand QCD without understanding this." 

Getting an inside Look 
A window on the interior of the proton 
opened in 1992 with the inauguration of 
H E M ,  an electron-proton collider at Ger- 
many's DESY accelerator center that was es- 
pecially designed to probe the proton's struc- 
ture. Whereas earlier experiments explored 
the proton by firing electrons at a fixed pro- 
ton target and examining the debris, HERA 
can accelerate both a beam of protons and a 
beam of electrons (or electrons' antimatter 
counterparts, positrons) and smash them to- 
gether head-on. In such a collision, the probe 
electrons throw out photons that scatter off 
proton constituents, creating a freeze-frame 
image of the seething mass of quarks, anti- 
quarks, and gluons in the proton. 

Over the past 7 years, researchers have 
used HERA to take a census of the sea's in- 
habitants. One way to classify them is by the 
fraction of the whole proton's momentum 
they carry, revealed through the scattering 
angles and energies of the probe particles 
leaving the collision. Many measurements 
have confirmed that valence quarks carry a 
lot of momentum, while the number of virtu- 
al quarks and gluons mushrooms at smaller 
momentum fractions. That has come as no 5 2 surprise. "The pileup of the gluons and . . . 

g sea quarks at small momentum fractions is 
5 expected," says Stirling. QCD predicts such 

a distribution because valence quarks natu- 
rally throw off gluons having a smaller mo- 
mentum than themselves, and these gluons 
in turn spark quark-antiquark pairs having 
still smaller momenta, and so on down the 
line, explains John Dainton, a member of the 
team operating HERA's H1 detector. 

Ongoing measurements at H1 and its sis- 
ter detector ZEUS are also confirming an- 

higher mass, should be a bit less numerous. 
HERA's electron beam has trouble map- 

ping out these flavor distributions, however, 
because electrons are "flavor blind." Hence a 
team at the Fermi National Accelerator Lab- 
oratory in Illinois is probing the nucleus us- 
ing neutrinos, in an experiment called 
NuTeV These wispy particles interact with 
quarks via a particle called the W boson, 

rather than a photon, in such a 
way that the debris of the colli- 
sion reveals what kind of quark 
was involved. "What we have 
found," says Michael Shaevitz of 
Columbia University in New 
York City, a member of the 
NuTeV team, "is that [the 
strange content] is much smaller 
than expected, about one-half the 
amount of the up or down quark 
sea." He expects the result to be 
confirmed by further NuTeV 
measurements later this year. 

Theorists have trouble ex- 
plaining this because their trick 
for deriving predictions from 
QCD, called perturbation theory, 

Severing symmetry. DESY's Hermes team found an imbal- cannot handle particles with a 
ance of up and down antiquarks. mass as small as the strange 

quark's. The more massive charm 
other prediction of QCD: that at the smallest quark does, however, fall within the scope of 
momentum fractions, virtual gluons greatly 
outnumber virtual quarks and antiquarks. 
"[Gluons] just prefer to split into each other," 
says Stirling. With each split sharing the par- 
ent's momentum between the daughters, the 
result, according to QCD, is a burgeoning 
population of low-momen- gluons. 

So far so good. But researchers got a sur- 
prise when they began to look at the types, 
or flavors, of quarks that inhabit the sea. 
"The obvious first guess would be that there 
is no flavor structure of the sea, it's just 
democratic," says Stirling. The complication 
is that the different quarks have different 
masses, and heavier quarks will have a hard- 
er time popping into existence. This should 
mean that the three heaviest of the six quark 
flavors-charm, bottom, and top-should 
be rare within the proton. The lightest, up 
and down, should be present in equal 
amounts, and strange quarks, with a slightly 

perturbation theory, and estimates of the 
charm quark population inside protons com- 
pare favorably with recent measurements 
made by H1 and ZEUS at HERA, which have 
looked for charm quark-containing particles 
dislodged from the proton by collisions. 

More depth to the sea 
Leitch and his colleagues on another Fermilab 
experiment, nicknamed NuSea, last year un- 
covered an even more startling inconsistency: 
The number of antiup quarks &I the proton sea 
is not the same as the number of antidowns. 
Physicists had always assumed that up and 
down quarks-and their antimatter partners- 
populate the sea equally. The NuSea team 
compared populations of these two antiquarks 
by f i g  a proton beam at two targets: a flask 
of hydrogen, which essentially contains noth- 
ing but protons, and a flask of deuterium, an 
isotope of hydrogen that contains equal num- 
bers of neutrons and protons. Collisions be- 
tween quarks in the proton beam and anti- 
quarks in the target nuclei yield muons- 
heavy cousins of the electron-paired with 
antimuons, which a detector picks up. The ra- 
tio of the yields from the two different targets 
translates into the ratio of antidown to antiu~ 
quarks in the proton sea. The result, report& 
last year in the 27 April issue of Physical Re- 

'"view Letters, "establishes totally unambigu- 
ously that there are more antidown than anti- 

rruposeu rr~eSOn up quarks in the proton," says Thomas. 
cloud model The case strengthened recently when ex- 
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peiime~lters at Hei~nes, HERSl's third detec- If true, this \I-ould send shock Ivaves beautiful theory. inost of its consequeilces 
tor. collided positroils \vith both protons and 
deuteriuin and compared the lluinbers of 
positively and negatively charged pions that 
emerged. The experilllent "is based on the 
fact that scatteriilg [a positron] on an up 
antiquark illost likely results in a aegatix-e 
pion. \vhile hitting a do\vn antiquarl< \vould 
lead to a positive pion." says Xntje B~iill  of 
the Herilles team. The pioil coullts revealed 
an excess of donn antiq~iarl<s. 

The agreement bet\teen the Herines re- 
sults. reported ill the 21 Deceinber 1998 
Pli~~sictrl RelYcni' Letteis. and the results from 
NuSea is "good." says Briill. The hvo experi- 
ments fou~ld that donv aatiquarl<s out~l~iin- 
ber up alaiquarl<s by as much as three to hvo, 
i~nplyi~lg that the up and d o n  quarl< popula- 
tions of the sea are siinilarly unbalanced. 
T11is "relati\-sly huge" difference is not really 
u~lderstood says Stirling. "It is a fundamen- 
tal property of perturbative QCD that the sea 
x~rould hax-e to be 'flavor synmletlic,' " saJrs 
Thomas. The antido\vn-antiup inlbalallce "is 
telling us soinethiag vitally important about 
the . . . structure of the [proton]" beyond the 
range of perturbation theoi-y, he says. 

Thomas has proposed an explanation for 
this imbalance. called the ~~lesol l  cloud mod- 
el, in \vhich the proton fluct~lates between 
being a pure protoil and a ~nixture of a aeu- 
troll plus a positively charged pi meson, and 
several other 01 erlapping particle cornbina- 
tions alloned by quantum theoi-y. Because a 
positix e pi inesoil co~lsists of an up quark 
and down antiquark. an experiment that 
"sees" the proton as a neutron plus a pi011 
\\.ill record more doxn antiquarks than up 
antiquarl<s, according to Biiill. Both Heilnes 
and the NuSea data "clearly favor the so- 
called ineson cloud models." she thi~d<s. 

Not ex eiToile is so enthusiastic. honex er 
"There are many high-e~lergy people \vho 
refuse even to imagine that pions could con- 
tribute" n-ithin a proton or in such a si~nplis- 
tic Ivay. says Thomas. Stirling feels that. be- 
cause pl~ysicists cannot count quarks direct- 
ly but ~llust rely on the debris of collisions. 
there may be s o ~ n e  bias in the way debris 
from certaiil collisions rearranges into ob- 
serx able particles. 

,4nd the protoll keeps turning up nexv sur- 
prises. T\vo inoilths ago, Thomas published a 
new analysis of Fernlilab neutrino-nuclei data 
and a CERN experiment that scattered 
~nuons f?om protons and found \\.hat might 
be another anomaly of the quark sea. In the 9 
Novelnber 1998 issue of Plg..ricrrl R e ~ , i e ~ i ,  
Letters. Thomas and his collaborators. Csaba 
Boros, also in Adelaide. and Tiin Londergan 
at Indiana University, Bloomington, claim 
that for lnolnentuin fractions of less than 
about 10%. the number of up antiquarks in 
the proton does not equal the lluillber of 
do\w ailtiquarl<s in the neutron. 

tlxough the pal-ticle pl!-sics coiiununi~. as re- selllaill illaccessible to [theorists]." says 
searchers have allxays assuined that protons Sarada Raj  sex o f  the Unix ersity o f  
and ileutroils are related by a simple inter- Rochester. But the clues that experiilleilters 
change of up and down quarks and anti- have been able to tease out of the proton 
quarl<s. "The effect. if it holds up experimen- have put some of the ans\vers ~vithin reach. 
tall>: is Il~ige," says Thomas. "We kno~i- of no 
theoretical mecha~lism ~ h i c h  could explaia 
these data." According to Shaevitz. hoxvex-er. 
fol-thcoining data from hlr, Feilnilab expeii- 
merits may contest Thomas's ideas. 

The challenge ahead will be to fit this 
sxvath of unexpected results into the fraine- 
work of QCD. "ITbile QCD is an amazingly 

Forthcoming experiments may serve up 
inore clues. and perhaps lnore surprises. Dr. 
Seuss's Hortoil finally gets the dust speclc's 
inhabitants to shout loudly enough to be 
heard. coi~vincing all the doubters. Perhaps 
diviners of the proton's sea could use some 
similar inside help. -ANDREW WATSON 

Andrew Watson is  a writer in Norwich, U.K. 

Element 114 Lumbers Into View 
The race to capture oils of the biggest prizes ill nuclear physics-an exceptioilally long- 
lix ed superheaxy eleme~lt-appears to be over. 111 a cautiously ~vorded e-mail to a close- 
lulit group vying for the trophg. scientists at the Joint Institute for Nuclear Research in 
Dubna, near hIoscor?: this month unx-eiled evidence for the creation of a llucleus nit11 114 
protons-the heaviest elelnellt yet forged. 

If confirmed. the sighting ~vould lneall far lnore than just another enti? in the peiiodic 
table. Elenlent 114 appears to last for 30 seconds before decaying. a longex-ity that ~vould 
veiifi~ predictions of an "isla~ld of stability" beyond the lighter. less stable nuclei gliinpsed 
earlier. "This is the most exciting ex-ent in our li\-es." says Albert Ghiorso of La\vrence Berlce- 
ley National Laboratorq- (LBKL) ill Califo~nia. ~ v h o  has spent 35 years hoping his group 
\I-ould plant the flag 011 the fabled terrain. The finding. adds Sigurd Hofinala1111 of the I~lstitute 

for Heal-); 1011 Research (GSI) in Dannstadt, Geimaily, 
n.hose team many observers expected to get there first. 
"opens up a \viado~v to a quite new field of research." 

For a half-ceiltury physicists have used il~iclear reac- 
tors and particle accelerators to forge new elements, be- 
yond the 94 kno\\v to exist in aature. Like clilnhing taller 
a ~ l d  taller peals. each successix-e effort has required vast- 
ly lnore energy and greater technological legerdemain. 
And for ever-more fleeting results: Although solne 
transuranic isotopes last for years. ail isotope of the last 

I element cleated-numbel 112-1s so u~lstable it sticl<s 
aiound a inere 280 inlcroseconds Theol~sts hax e oredict- 
ed: ho~vex-er. that this tread tonard instability \vould be re- 
versed as additional protons and neutrons filled out nu- 

clear shells. LI'it11 a full shell of protons, element 114 should lie \yell ~vithin the stable island. 
To make the elerneat, the main contenders-GSI. LBNL. and Dubrla in collaboration \vith 

Laxvrence Livennore National Laboratoi-y (LLNL) in Califor~~ia-plotted varying strategies 
(Sciei7ce. 24 October 1997. p. 571). GSI ~ v e ~ l t  with cold filsion, a technique in \vhich two 
medium-sized isotopes are fused in an accelerator-an approach that already secured their 
claim to boluium (element 107). hassium ( 108): nleitneriu~n (109). and the unna~ned elements 
1 11 and 112. Last spring Hohlann's GSI team tried to create eleinent 1 13 but failed. 

The Dubna-LLNL group took a different tack. heading straight for 111. Their hot- 
fusion approach imolves sn~ashiilg light elements into a heax-y one like plutonium. For 
sex-era1 \veeks late last year. a teal11 led by Dubna's Yuri Oganessian and Vladiinir Uty- 
onl<ov pounded a plutonium-244 target prox ided by LLNL \\it11 some 5 x 10" atoms of a 
rare calciu~n isotope, calcium-48. Sifting the data from their detector. the team spotted 
what appears to be the unique signature of a decay chain starting \\.it11 ""1 11. \vhich hung 
around for 30 seconds before hiccuping an alpha particle to forin an isotope of 112. 

More \vorl< is needed to collfirln the find, says Ghiorso, \\hose group \\.ill do follow-up 
studies. Says Dubna's Alexander Yeremin: "If at least 011s Inore ex ent [is] fouild \vith similar 
characteiistics. it \\ill be good proof." In a sad footaote, isotope pioneer Glenn Seaborg. 86. 
suffered a crippling strol<e a fen- months ago and may not comprehe~ld the ne\vs, says Ghior- 
so. Seaborg. ~vhose name graces elelnellt 106. \vould be thrilled by a discovery that. if x-eti- 
f ie4 \vould open a terra iilcognita for nuclear science. -RICHARD STONE 
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