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Where Are the Nuclear Pions? 
George F. Bertsch, Leonid Frankfurt, 

Mark Strikman 

Unexpected results in a number of experi- 
ments in high-energy and medium-energy 
nuclear physics are chipping away one of the 
cornerstones of nuclear physics, namely the 
pi meson (or pion) as a dominant carrier of 
the nuclear force. In the 1930s, H. Yukawa 
suggested that nuclear forces would have par- 
ticles associated with them, and the discov- 
erv of the  ions in 1947 was a beautiful con- 
firmation ofhis prediction. Since then, many 
more mesons have been found and our un- 
derstanding of the nuclear force has been 
refined and modified to include contribu- 
tions from all the meson exchanges that could 
occur. Nevertheless, the pion has special 
importance because it is the lightest of the 
mesons. According to the Yukawa theory, 
the smaller the mass of the particle, the larger 
the distance over which the force acts. The 
 ion force should therefore dominate at dis- 
tances as large as the average spacing be- 
tween nucleons in a nucleus. This large dis- 
tance behavior has been well establishved ex- 
perimentally; for example, the forward-angle 
scattering between nucleons verifies the pres- 
ence of the pion field and even specifies its 
maenitude. However. at short distances the " 
pion field is greatly suppressed, which only 
became evident with recent experiments. 

In the Yukawa theory the field is pre- 
dicted to grow stronger the closer one comes 
to the center of the nucleon, and this leads to 
both physical and mathematical contradic- 
tions. These are avoided by mathematically 
smoothing out the field near the center (by 
the application of what are called "form fac- 
tors"), but the quantitative limit of validity 
at short distances has never really been settled. 
The naive idea that the field should behave 
as aYukawa function to quite small distances, 
say to 0.2 fermi ( 1 fermi = l@15 m) from the 
center of the nucleon, led to blatantly false 
physical consequences. At those small dis- 
tances the pion field would be strong enough 
to produce a phase transition. This transi- 
tion, called "pion condensation" ( I  ), would 
cause nuclear matter to behave quite differ- 
ently from what is seen with actual nuclei. 
For example, large nuclei would have crystal- 
line rather than liquid behavior. The addi- 
tional mesons present in more refined theory 
moderate the pion field, but it could still be 
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Fig. 1. The relative number of quarks in a heavy 
nucleus compared to those in an equal mass of 
deuterium. The upper curve shows the trend of 
the old muon scattering data, which found an 
enhancement of 15 to 20%. In the newer data, 
the enhancement has almost completely disap- 
peared. 

Fig. 2. An electron (or muon) scattering experi- 
ment to measure nuclear pions. In the upper 
picture, a scattering event occurs when the 
electron hits a quark, in the nucleon (each 
nucleon having 3 quarks). The pion field around 
a nucleon has quarks of its own which can also 
scatter electrons, as shown in the lower picture. 

strong at intermediate distances. In these 
multimeson models, the pion field does not 
condense, but it can be greatly enhanced by 
the collective influence of the many nucle- 
ons in a nucleus. The field would show UD in 
the excitations of the nucleus, particularly 
those induced bv external   ion fields. 

In 1983 high-energy p'hysics seemed to 
provide some confirmation of a strong pion 
picture. This was the experiment by a group 
working at CERN, the European Muon 
Collaboration (EMC), that measured muon 
scattering from nuclear targets (2). At high 

energies, the muons scatter from the quarks 
in the target. More quarks were found than 
could be accounted for bv the number of 
nucleons in the nucleus. The interpretation 
(3) was that the extra quarks came from the 
pion field. As expected from the nuclear 
physics, the pion field would be enhanced by 
the interactions of the nucleons, giving in 
effect more virtual pions in a nucleus than for 
the same number of isolated nucleons. This 
experiment also showed the quarks to be de- 
pleted at higher momentum. According to 
the explanation by pions, this effect would be 
a consequence of the observed enhancement 
at lower momentum. 

The nuclear  ions should also affect the 
scattering of nucleons from a nuclear target 
(4). The most sensitive method for probing 
the pion field with nuclear scattering is to 
use polarized beams and to measure the po- 
larization transfer. The pions' interaction de- 
pends on the nucleon spin orientation with 
respect to the momentum transfer direction, 
giving a characteristic signature to the spin 
transfer cross section. An ex~eriment ( 5 )  . , 
measuring the spin behavior of scattered pro- 
tons in 1986 produced the surprising result 
that the scattering was independent of 
whether the spin was along or perpendicular 
to the direction of the nucleon's recoil. The 
expected effects of the virtual nuclear pions 
were simply not there. 

The next developments were in the high- 
energy domain. In later data on electron and 
muon scattering, the low-momentum quark 
enhancement in the nuclear EMC effect all 
but disappeared (6). This led to a completely 
different ex~eriment that could show effects 
from the pions, an experiment measuring spe- 
cifically the antiquarks in a nuclear target. 
The previous experiments were only sensi- 
tive to the combined charges of quarks and 
antiauarks. If there were a  ionic enhance- 
ment, it should also show up in the antiquark 
distribution. since a   ion contains eaual num- 
bers of quarks and antiquarks. The actual 
experiment measured the muon pairs pro- 
duced in high-energy proton-nucleus colli- 
sions, with conditions set so the pairs would 
be produced by the annihilation of quarks 
from the proton with antiquarks from the 
nucleus. This is the so-called Drell-Yan Dro- 
cess. The experimenters found no enhance- 
ment (7), making a rather persuasive case 
that virtual pions with momenta greater than 
about 400 MeV/c (where c is the speed of 
light) are not very important in the nucleus. 
In fact, other experiments using a proton 
target instead of a nucleus also showed a very 
small probability for antiquarks (8). 

A last clinching piece of evidence was a 
new experiment measuring 500-MeV polar- 
ized-proton scattering from nuclei, published 
this past summer (9). In this experiment, a 
Droton is scattered from a nuclear target and - 
is turned into a neutron in the process. The 
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charge excl-iange is easily hrougl-it about by 
ahsorhing or emitting a cllargeci pion, so this 
reaction sl~ould he especially sensitive to tlle 
pion field. Aqain, tlle measureinent of the spin 
denendence a t  medium moinetltum transfers 
found no  cl-iange with respect to nucleon- 
nucleon scattering. This experiment was sen- 
sitive to the  same range of pion inoinetlta 
(greater than 400 MeV/c) as was prohed with 
tlle antiquark ciistrihution in  nuclei. 

Tlle cotlclusion is tl-iat tlle  ion fielei is 
gxat ly  suppresseci a t  shorter distances. As 
allucieci to  earlier, there are compelling math- 
ematical reasons why the  pion field cannot 
gro\\ too large. A strong pion field a t  sl-iort 
distances leads to singularities \\hen renorm- 
aliied in field tl-ieory, contradicting the  full- 
ciamental tenets of causality and analyticity 
(10). Tllis problem is avoided in tlle most 
fundamental theory of strong interactions, 
quatltum cl-iromodynamics ( I  1 ) or Q C D ,  hy 
itltrociucing g l ~ ~ o t l  forces as more f ~ u d a i n e n -  
tal tl-ian inesonic forces. Ho\\ever, tlle severe 
mathematical difficulties in making calcula- 
tions in Q C D  leaves open the  question of 
wl-iere the  gluon fielei shoulci hegin to reveal 
itself in tlle internucleon forces. 

Many theorists tl-iougl~t that tlle core of the 

nucleon was rather small, of tl-ie order of a few 
tenths of a fermi. But in fact tl-ie pion does not 
seem to show itself inside of ahout 112 fel-ini. 
From anotl-ier modern point of view, this is 
pe rhapmot  so surl,rising. Today the pion is 
not  vie\\eci as a filtldainental particle, but as 
a n  excitation of tl-ie \~acuum. T h e  low Inass is 
seenas a cotlsequetlce of a hasic symmetry of 
Q C D ,  called chiral symmetry. Tllis symmetry 
is respected only for very low energy plletloi~l- 
ena, so from that point of view it is not likely to 
he ~lseful inside the core of tlle n~lcleon. A t  
short distances, tlle QCL3 ciegrees of freedoin 
should hecome i m ~ o r t a n t  and it is natural to 
ask ahout the  role of tlle g l ~ ~ o t l  fields. 

T h e  corrected electron scatteritle exaeri- 
L ,  

ment froin nuclei l-iad sl-io\\n tlle quarks to he 
ciepleted a t  higher momentum, hut not en-  
llatlced a t  l o \ ~ e r  m o m e n t ~ ~ m ,  leaving a net  
denletion. Tl-iere is a inomentum sum rule for 
the  quarks and gluons together, so the  quark 
ciepletion requires a gluon enhancement.  
T h e  gluotl fields of nucleons certainly over- 
lap at ciistances characteribtic for the  inter- 
medi,ite range nuclear forces. There is n o  
reason why these shoulci not he modified in 
n~lclear matter or dense lladrotlic matter. ,411 
interesting area for f ~ ~ t u r e  research would be 

to stuciy tl-ie glnon distribution,> more closely. 
Another idea that has heen :rdvanced is 

that illasses of the tllesolis might chailge in the 
environment of tl-ie nucleus, dne to q~lark and 
gluoneffects (1  2 ) .  Tl-iib could alter the halance 
of forces, reducing the  i i l f l~~ence of the  pion 
field. Tl-ie mass shifts might give measurable 
effects in the production of electron pliirs in 
nuclear collisions, and this \\ill he a subject 
of future study at heavy ion accelerators. 
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Genetic Models for Studying 
Cancer Susceptibility 

Stephen H. Friend 

It  IS hecoming well recogniieci that the  de- 
velopment of cancer is not simply a result of 
random events and en\~ironmental hazards 
but can depetlci o n  a n  ~ndividual's genetic 
composition as \\ell. .4pproxiinately 10% of 
inciividuals who develop melanomas, for ex- 
ample, carry a n  inborn susceptihility for tl-iat 
cancer. identification of tlle specific genes 
involveci llas obvious iinplications hot11 for 
cictection of s~~scept ihle  inciividuals ami for 
tlle development of new treatments. Recent 
well-organized effc~rts by many groups have 
begun to icientify several candidate melanom,i 
susceptibility loci o n  tlle short arms of chro- 
mosornes 1 and 9. Unfortunately, as one inight 
predict, melanomaform,ition involves a corn- 
plex web of interncting factors n~hose overnll 
Liesign remains obscure. 

Two fisll of the genus Xiphophor~ts, the  
platyfisl-i (X.  ,naculatns) and the sn~orcitail 
( X ,  hel1eri)-both indigenous to tlle jungle 
stre,ims of Central America-provicie a11 ex- 
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tensive genetic mociel for identifying mela- 
noma susceptihility genes. Tllese f1sl-i l-iave a 
grey-srlver color that  is due to  ,i uniforin 
patch\\ork of small black pigment cells 
(micromelanopl-iores). Tllese cells origil~ate 
as melanohlasts and differentiate throng11 
a melanocyte stage as cio tl-ieir h ~ ~ l l ~ a n  coutl- 
terparts. Some platyfish 11,ive mnch larger 
clusters of pigment cells (macromelano- 
pl~ores) that result in visible spots. It l-ias 
been k n o n ~ n  since the  1920s that n~l-ien spot- 
teci platyfish inate with nonspotteci sword- 
tails, sorne of tl-ieir progeny will develop be- 
nign melanomas ami some nlll develop ma- 
ligmant me1,inoinas. 

Forty years ago Brelder hypothesiicil that 
me1,inoina formation In Xiphopi~orns resnlteci 
from the  loss of "inhibitory" genes that sup- 
presseci species-specific macrome1,inophore 
genes ( I  ). Tl-iis proposal represents one of the  
first references to  tlle concept of interacting 
turnor suppressor genes ,ind oncogenes. 111 ,in 
elaboration of the ide,i, Anders ( 2 )  showed 
that  the  dominant tumor formation gene 
(TLL)  present in tlle platyfisl~ is under tlle 
control of ,i repressor gene (R).  T h e  malig- 

nant  melailoinas only form in the  Ilyhrid 
crosses of the  F, with the  X. heiieri if the  R 
gene is abaeilt (see figure). 

Tllree years ago Scllartl anci 11ib co-n ork- 
ers clotled the  gene a t  the  Ttt locus by a 
reverse genetics approach-that is, hy deter- 
mining cl-iromosome loc,ition, fiildillg near- 
hy genetic markers, and isolating the  correct 
canciidate gene (3). Tl-ie gene encodes a lllelll- 
brane receptor tyrosine kinase, c,illeci "Xnirk" 
(for Xiphophortts melanoma receptor kinase), 
t ha t  is similar hut   lot identic,il t o  t h e  
Xiphophorlis epicierrl~al growt1-i f,rctor rccep- 
tor. .4ll Xiphophorzis exprebs n 5.8-bh Xmric 
proto-oncogene tranbcript. A separate 4.7- 
kb transcript is only expresseJ in rhe me1,ino- 
mas of the  fish with tl-ie TLI gene. Tllis '4.7-kb 
trailscript ih expressed at  low lc\~els 111 heiligil 
inclatloi~las ;lnci at lligll l e v e l  rn maligilant 
mclanomab. A n  esscn t i~ l  mi~s ing  piece in 
the  D~liile has heen a n  uncierstanditlir of ho\\ 
R controls tl-ie Xmrk gene. 

Important clues to tlle origin of the  inter- 
,iction hetn.een tl-ie I? and Xmrk gellea have 
come from comparative sequence analysls of 
the  oncogenic anti proto-oncc>genic forms of 
Xnak, reported hy ALIam and his co-\\orkers 
in this issue of Science (4) .  Tllc tr,inscripts 
from tlle two genes differ in lenqth hv 1 kh 
hut show colinearity iii~wnstream of coilon 
10. Tl-ie GC-rich sequenceb present in tlie 5' 
enci of tlle Xlnrit oncogeile are lllissing from 
tl-ie oncogene nild are replaced by TAT.4-  
,ind CAXT- l ike  sequences from nni)tl-ier 
gene. Using reporter gene (-< n.:tructi, A tlams 
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