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New state of matter created at CERN

Rajiv V. Gavai

At a recently held special seminar, webcast
live on the internet all over the world,
scientists from CERN, the European Labo-
ratory for Particle Physics in Geneva, an-
nounced' that their experiments colliding
lead ions on lead target at high energy
have produced a compelling evidence for
the existence of a new state of matter 20
times denser than normal nuclear matter,
i.e. with a density of about 5 x 10'° grams
per cubic centimeter, at temperatures over
100,000 times as hot as the centre of the
sun, i.e. at about 2 trillion degrees Kelvin.
The existence of such a state, called
Quark-Gluon Plasma (QGP), is a key pre-
diction of the current theory of strong inter-
actions, quantum chromodynamics (QCD),
and it can have interesting consequences
for the evolution of our universe in the Big
Bang theory, possibly affecting in particu-
lar the synthesis of light nuclear elements
in our universe.

According to our present understan-
ding, the basic building blocks of matter
around us are leptons, which includes
electrons, muons and their associated
neutrinos, and quarks. Familiar particles
such as protons or neutrons are made up
of three quarks while mesons like the 7-
meson are made up of a quark and an
antiquark. Nuclei are made up of protons,
neutrons and pions while atoms have
electrons going around the nuclei located
at their centres. Electromagnetic forces
bind nuclei and electrons together while
strong interaction forces bind the quarks
into protons as well as neutrons and
pions (collectively called hadrons) which
in turn are bound together in a nucleus.
Everyday matter is made of atoms and
molecules, but by heating it up to a few
tens of thousand degrees Kelvin, one
obtains a (electromagnetic) plasma of
positively charged nuclei and electrons
by overcoming the corresponding bind-
ing forces. Similarly, one can imagine
strongly interacting nuclear matter of
protons and ncutrons at very high tem-
peratures {and/or densilies), which turns
out to have different characteristics, and
is the Quark-Gluon Plasma, discovered at
CERN recently.

Quarks have a fractional (2/3 or - 1/3)
electric charge. In addition, they have a

new charge-like attribute, called colour,
which the leptons do not have. The three
possible colours of quarks may be label-
led as red, green and blue and the total
colour is specified by the amounts of
each of these basic colours. Just as
charge can be positive or negative, every
colour has its anti-colour. The strong
interactions, not exhibited by leptons, are
due to the exchange of colour charge
through vector bosons, called gluons.
QCD describes? the theory of interactions
of quarks and gluons. Quarks also have
additional properties (quantum numbers),
called flavours. The six known flavours
of quarks are vp, down, strange, charm,
bottom and top, in an increasing order of
the mass of the quark. Proton is made
of two up and one down type quark.
Changing these usual quarks of a proton
one by one by strange quarks leads to
heavier strange proton-like particles, A,
=, and Q, respectively with increasing
negative strangeness.

Nobody has succeeded in isolating a
quark or gluon, leading to a postulate of
quark (or colour) confinement: quarks are
so tightly bound within hadrons that it is
impossibie for them to break free and
exist independently. Since the energy
cost of pulling apart a quark grows rap-
idly with distance, creation of a quark—
antiquark pair costs less energy than sepa-
rating them by-a large distance. This leads
to two colourless clusters of quarks at
such distances, i.e. crdinary hadrons like
proton or pion, instead of free quarks.
Even if one could imagine somehow
switching off the guark-antiquark pair
creation, no free quarks can still be
pulled apart as doing so requires infinite
energy. In principle, this property of
permanent quark confinement has to
emerge from a theoretical analysis of
QCD. In practice, however, it has turned
out to be so hard that one has so [ar
succeeded in gelting this verified only
numerically. This is because the conven-
tional theoretical tool of perturbation
thcory can justifiably be used lor only
small coupling, In case of QCD, its use i$
possible only for distances much shorter
than the radius of the proton, or at encrgy
scales much larger thun the prolon mass,
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where the quark-gluon coupling is suffi-
ciently small. Consequently, reliable theo-
retical predictions of QCD have been
obtained, and tested successfully against
experimental data, only for short distance
physics. Indeed, weak coupling perturba-
tion theory has been used for all similar
tests of the electromagnetic and weak
interactions which together form the
widely known standard model of particle
interactions. However, it is only for QCD
that the coupling becomes strong in the
physics accessible to current experiments.
One uses quantum field theory to des-
cribe all interactions of the standard
mode]. A totally new calculational tool is
required for the strong coupling region in
the quantum field theory. Wilson pro-
posed® in 1974 to define the theory on a
discrete lattice of space—time towards this
end. In the limit of the lattice spacing
going to zero, the usual quantum field
theoty is recovered. The main advantage
of the lattice quantum chromodynamics is
that quark confinement in QCD can be
demonstrated analytically. All that one
then has to show is that it survives in the
limit of vanishing lattice spacing, which
was shown by Creutz® in 1980 using
numerical Monte Carlo techniques. A lot
of progress has now been made in lattice
QCD and as a result one has now confi-
dence that QCD does provide correct
answers for the physics of long distances
such as confinement or hadron mass
spectrum. The same lattice technique
indicates® that at sufficiently high tem-
peratures of about two trillion degrees
Kelvin the composite protons and neu-
trons should melt down to quarks and
gluons in a plasma. This new state of
matter will be characterized by the fact
that quarks could freely roam over longer
distances (about several femtorneters)
than they can in the usual nuclear matter
and should have a hundred times sma-
Her interaction-generated effective mass
than that inside nucicar matter (hadrons).
The theory also tells us that this state
should be reached at energy densitics of
1-3 GeV/fm® (or equivalently at 20 times
the nuclear density). As explained above,
a free quark has not been seen, and can
never be seen, in any experiment. Since
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QCD explains this mystical confinement
and predicts a deconfincment at very high
temperatures, it would be a unique test of
QCD to see the deconfined QGP in labo-
ratory experiments, and thereby achieve
an indirect experimentat test of the pro-
perty of quark confinement itself.

While such temperatures could have
existed in our universe a few micro-
seconds after the Big Bang in a region
few kilometers across. one hopes to reach
them in a laboratory by smashing heavy
ions® head-on at high energies in a region
few femtometers across, ie. a factor
~10™"* smaller in size. The CERN ex-
periments use lead ion beam at 33 TeV
(i.e. at 0.99998 times the speed of light)
on a stationary lead target to pump huge
amount of energy in a tiny region of few
femtometer radius. Their measured’ energy
density is close to the theoretical value
needed for QGP formation. The hot fire-
ball of QGP is expected to cool rapidly
by expanding and turn into usual hadrons
like protons and pions. Further expansion
of the hadronic fireball results in a cessa-
tion of interactions amongst its constito-
ents, as their density becomes very small.
From then on they fly away as free-
streaming particles and reach the experi-
mental detectors. In their momentum
distributions, these hadrons carry the
information of the temperature when they
became free. Since there are a variety of
charged particles the experimentalists can
detect, like the pions, kaons or protons,
observation of a common temperature for
all of them is a strong hint for the exis-
tence of the fireball. Furthermore, since
the expanding fireball comes towards us,
as opposed to the expanding universe in
which galaxies recede from us, the ob-
served temperature is blueshifted. A com-
mon velocity of about half the speed of
light has been estimated from these
blueshifts in the CERN experiments. The
common temperature of freeze-out, at which
the hadrons became free-streaming, or the
interactions were frozen out, was found to
be about a trillion degrees Kelvin.

A technique similar to the famous
Hanbury Brown and Twiss technique
from astronomy is used to deduce the
size of the fireball at the time of freeze-
out from the measured momentum cor-
relations of a pair of particles. Using
further the knowledge of how rapidly the
system expands, one can extrapolate
backwards and work out the original
energy density from the measured energy
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of produced particles. [t works out to
be two to four times the theoretically
predicted value of the critical enecrgy
density for quark liberation, suggesting
that quark- gluon plasma formation could
have occurred in lead-lead collision in
CERN.

Since what gets finally detected in the
experiments are not quarks or gluons,
which are confined, but ordinary particles
after the condensation of the quark-gluon
plasma, as described above, it is a great
challenge to reconstruct what may have
happened. The question is which of the
distinguishing properties of QGP will
definitely leave its imprint on the left-
over hadrons after condensation, i.e. what
is the signature of QGP formation. While
99.9% of the produced particles are
hadrons, some produced particles, like
photons, can escape even during the ex-
pansion and their detection could provide
a direct glimpse of the QGP phase itself.
There are heavy particles like J/y, which
are mesonic bound states of a charm
quark—antiquark pair, and are formed in
very early stages of the collisions. A
QGP phase would suppress their forma-
tion. Since they cannot be formed during
condensation due to the lack of enough
energy, a reduction in the observed num-
ber of J/y would be a signature of QGP.
The strange proton-like particles men-
tioned above are easily formed from QGP
since it has a substantial number of
strange quark and antiquarks. In fact,
then the relative probability of forming
them with respect to, say, proton—proton
collisions, should increase as number of
strange quarks in a hadron is increased:
Ng > Nz > N,, where N is the ratio of
particles produced in lead-lead collisions
to proton—proton collisions. If no QGP
were to be formed, on the other hand,
then these strange particles have to be
produced in pairs of particle-antiparticle.
As a result, the increasing energy thre-
shold as the number of strange quarks
increases leads to an opposite pattern for
these relative abundances.

In fact, a large number of such QGP
signatures have been proposed and many
experiments at CERN designed their appa-
ratus to look for as many of them as
possible. The experiments therefore became
huge in size and were possible only as an
international collaborative efforts of sci-
entists from many countries like the
Czech Republic, France, India, Italy,
Germany, Sweden and Switzerland. Seven

large experiments were involved in
measuring different aspects of lead-lead
and also lead-gold collisions. Analysis of
the data of most of them suggested a
thermal freeze-out temperature of about
100 MeV or a trillion degrees Kelvin.
From the ratios of abundances of various
types of hadrons with different flavours,
one was able to go further backwards in
time, or higher in temperature, like the
nucleosynthesis in the early universe. At
a temperature of about 170 MeV, the
strangeness changing reactions were found’
to drop out of equilibrium, leading to a
chemical freeze-out of flavours of quarks.
This is very close to what lattice QCD
predicts as a transition temperature for
QGP. Counting the number of strange
hadrons, a factor of two enhancement in
fead—lead collisions was found compared
to proton—proton or electron—positron
collisions. These extra strange quarks,
probably due to QGP formation, are also
reflected® in an increased production of
the very rare particles that contain two or
three strange quarks. Thus number of 2’s
shot up by about 15 times, while those of
Z by about 7-8 times, confirming the
expected specific enhancement pattern
due to QGP. Finally, the number of J/y
was indeed seen to decrease’ in lead-lead
collisions by factors of 5~10 compared to
expectations without assuming QGP. A
variety of indications thus point towards
the formation of quark-gluon plasma in
the lead-lead collisions.

In summary, physicists at CERN have
recreated matter in a state never seen
before, at energy densities twenty times
higher than that inside the atomic
nucleus. The same conditions have only
existed in the first few microseconds after
the Big Bang. Our understanding about
how the universe was created needs ex-
perimentally tested ideas from theoretical
physics. Up to now we had been suc-
cessful at about three minutes after the
Big Bang when the light nuclei were
created in the amounts we observe today.
Now the physics needed at a few micro-
seconds seems to be experimentally tested
and the corresponding theory verified.
Whether it allows us to extend the ob-
served domain of the early universe to
that time scale will perhaps be explored
once we know the properties of the de-
confined state in much more detail.
Indeed, even the case based on circum-
stantial evidences mentioned above will
have to be made more direct or concrete
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by ruling out alternative explanations of
these results and/or observing photons at
the relevant temperature. Going further
will luckily be possible in perhaps theo-
retically even better but experimentally
more demanding conditions at the Rela-
tivistic Heavy lon Collider (RHIC) in
Brookhaven National Laboratory, New
York, where experiments at 10 times
more colliding energy will begin this year
itself. An increase by a further factor of
25 will be possible in the planned Large
Hadron Coliider at CERN in 2005. Indian
physicists will take part in both the theo-
retical and experimental efforts for both
of these and are looking forward eagerly

to the exciting days of the condensed
matter of quark physics.
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Climate changes: Projections and prospects

V. M. Mcher-Homji

Models predicting climate changes in the
new century in the wake of emission of
greenhouse gases and consequent global
warming and shifts in precipitation
patterns, CFCs and ozone holes-UV
radiation press panic buttons. Our planet
has witnessed at least three glacial-inter-
glacial phases during the Quaternary
which did affect the flora and fauna,
resulting in their migration as revealed by
fossil and palynological evidence. Inter-
glacials corresponded to pluvials and
glacials to interpluvials with lesser rains
though the noted geologist D. N. Wadia
was of the opinion that the turbulence
over the glaciers in higher latitudes was
responsible for higher rains in lower
latitudes., Animals which seek niches
with special microclimates were probably
less subject to the vagaries of weather
and climate than the plants. North-south
oriented mountain chains like the West-
ern Ghats and the Andes provided more
convenient corridors for migration than
the east-west oriented ranges like the
Himalayas and the Pyrenees, which
proved mighty barriers to cross from
north to south and vice-versa. Hill ranges
with higher elevation provided a passage
of convenience for ascension than the

mountains of lesser altitude. Though the
international literature on climate change
is very vast'™, in the present work focus
is only on India.

Legris® plotted the existing forest types
of Peninsular India within a framework
bearing mean temperature of the coldest
month on one axis and a precipitation
index (hydric balance) on the other. On
this graph he demonstrated how the vege-
tation types would shift with a drop of 6°C
or with a rise in precipitation by 500 mm,
scenarios quite likely during glacial and
interglacial phases, respectively.

There are models that predict sensiti-
vity of temperature to grcenhouse gases
within a range of 1.5 to 4.5°C and the
rise in sea-level by about 20 cm within
the next 5 to 10 decades. These figures of
projected higher temperature probably
pertain 1o mean annual temperature.
Higher temperatures, contrary to the
popular belicf, promote the growth of
tropical species, though the direct impact
of a climate change of the projected mag-
nitude may be of greater consequence for
the borcal forests of higher latitudes than
for the tropical forests. However, as high
temperalutes are gencrally associated with
hot deserts, the misconception prevails, It
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is the mean temperature of the coldest
month that decides the distribution of
forest types in India in many cases, the
critical level of temperature being most
important. Many miscellaneous tree spe-
cies of deciduous forests are common in
the zones with the mean temperature of
the coldest month above or below 15°C,
the sal tolerating somewhat lower tem-
peratures than the teak. It would be inter-
esting to compare the floristic composition
of a deciduous forest near Warangal
{(Andhra Pradesh) with the one in the
vicinity of Varanasi with a difference in
mean temperature of around 3 to 4°C
between the two stations.

However, these are not just tempera-
ture and rainfall measures that are the
factors determining the vegetation types
as supposed by Champion®, The length of
the dry period and the seasons of occu-~
rrence of rain play an equally important
role®, For example, the distribution of sal
iree Shorea robusta is linked to tinely
arrivil of rains when ripe seeds are availas
ble. The tropical dry evergreen forest is
confined to the Coromandel coast where
the rainfall regime is dissymetric® with
the bulk of rains during the north-east
mensoon (Qctoher-December).
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