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

_Exploring the Proton Sea

In the Dr. Scuss story “Horton Hears a
Who!,” Horton the clephant insists to his fel-
low animals, all deeply skeptical, that a speck
of dust is teerning wth life. With his sensitive
B_.u.monaaﬂagaﬁn_ﬁ.ﬁ.uagﬂg
its vhole cities of
them. E_v.m_n_ua 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 =v_nE
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-
uuuSn again, bathing more endur-
ing components of the proton in a
quantum flux.

The ephemeral nature of Ea N
sea’s inhabitants, mass- and .
charge-carrying particles called *
quarks and force-carrying parti-
cles called gluons, belies their im-
portance. “This virtual sea is re-
sponsible for many of the proton's
properties, such as its mass, its
structure, and its interaction with
other particles and fields,” says
Michael Leitch of the Los Alamos National
Laboratory in New Mexico. Charting the sea
is also important for future experiments: The
world’s most powerful particle accelerator,
the Large Hadron Collider now being built at
the CERN particle physics lab near Geneva,
will slam protons together at enormous ener-
gies. One aim is to create the Higgs boson,
the particle thought to endow all others with
mass, which has been on physicists’ “most
wanted" list for 3 decades. 55_53 what is
in the proton is ial for g what

in Europe and the United States to
the different types of quarks in the proton
sea, compare the proportion of quarks to gh-
ons, and dentify differences in the quark sea
of the protoo 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 2 vﬁ.:ﬁ.nn about En
sea ... it has proven to be wrong.”
ﬁ:.n: the protort was discovered by

Flavor enhancers. Fermilab’s NuTeV team found a short-
age of strange quarks in the proton.

Emest Rutherford in 1919, it was thought to
be an indivisible basic building block of mat-
ter. But that fundamental status did not last
long. Early proton-proton collision experi-
ments in the 1930s revealed that the proton
was more than an infinitesimally smail
“point-charge™ It had a finite size and pre-
bly some kind of Further ex-
periments revealed a bewildering array of
particles related to the proton, whose proper-
an ?:n_.ou!n:ugg&oi for an ex-
ion in terms of more fundamental

will come out of those collisions. “If new

P

physics is to be discovered, we need to un- The Evolving
derstand the _u..a&nmo.ﬁ from the old phrysics Proton
with some precision,” says Aric Bodek of the
University of Rochester in Zni York. ﬁ“mﬂﬁnﬂ“ﬂ““ﬂ.
Yet the normal th used ty complex view af
to describe the subatomic _u-aunuvo can the proton.

make few predictions at the energics found in
the proton's interior. As a result, physicists
found themselves in uncharted waters as they
began exploring the interior of the proton by
probing it with beams of other particles.
Lately, a series of experiments at accelerators

@ Valence quark
Q Valence antiquark

@ Seaquark fio e Lo
O Sea antiquark  Elementary
EEE Gluons particle

building blocks. A breakthrough came
1960s, when theoreticians Murray
Mann of the California Institute of Tec!

* gy in.Pasadena and his ex-student C

Zweig at CERN proposed that fundar
particles called quarks make vp proton:
trons, and the shon-lived particles -
mesons. Protons and neutrons contain
quarks each, and mesons a quark and a
quark. In 1969, electron-proton collisi
the Stanford Linear Accelerator Cente
finned the existence of pointlike nugg
side the proton, which had to be quarks

The new picture painted by Gell-
and Zweig was simple: The proton is m
two so-called “up” quarks and a :
“down” quark—its “valence” quarks
quark has a fractional electric charge, 2
combination in the proton adds up to ¢
its single positive charge. In the neutr
pumbers of ups and downs are reverse
ing ‘a one-up, two-down combinatic
makes the neutron electrically neutr:
g later found to govern these quar

ions was dubbed q

=5&Eu==nm (QCD), now _uE.. of the
dard Model by which physicists unde
the subnuclear world. QCD predic
quarks carry a “color charge,” mimick
familiar electrical charge, which is the
of the force binding them together and
ried by gluons, force particles analog
the photons of electromagnetism.

But even this tidy mode! of three +
quarks and a buzz of gluons holding

“together proved (o be far from the

story. Experiments at CERN in the

1970s v:&..:m protons with ghostly p:
called led the p

tiquarks along with the three <w_n=on ‘
and soon rescarchers’ image of the
began to change. A proton “is not
thing with three balls in it all hooked 1




— nothing unusual at high Q°...
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pnrysics in action

DESY double offers high %%
hopes for new physics

Particle physicists are eagerly awaiting new data from the HERA collider in Germany

to confirm if they have detected a new particle known as a leptoquark, evidence for
substructure in quarks, both leptoquarks and quark substructure or, possibly, none of these

From James Stirling in the Departments of
Mathematical Sciences and Physics, University of
DOurham, UK

ASK any particle physicist to bet on which
new particle will be discovered next and
the most popular answer, at least until
recently, would have been the Higgs
boson. A less well known particle - the
lepioquark — would have been well down
most people’s list. However, dramatic
new results from HERA, the high-energy
collider at the DESY Laboratory in
Hamburg, could be the first evidence for
these unusual new partcles. Alternadively,

experiment was first performed, using
clecron beams at much lower collision
energies, at the Stanford Linear Accel-
erator Center (SLAC) more than 23 years
ago. The SLAC experiment showed for the
first ime that the proton was made up of
quark consticuents. Quarks are believed to
be the fundamenral building blocks of
suongly interacting or “hadronic” matter,
particles such as protons, neuuwons and
pions. In the 1970s theorists developed a
quantum field theory for the saong inter-
actions of quarks called quantum chromo-
dynamics (QCD), which nowadays is part
of the Standard Model.

energy loss of the scattered positron anc
the angle through which it is scattered
These two measured quantities determine
two variables that are uscful for making
the connection with theory - the square o
the momentum transfer, Q°, and the frac
tion of the proton’s momentum, x, that i
carried by the quark stwruck by the virta
photon. The dependence of the event rau
on x provides important information ot
how the quarks share the momentum o
the proton.

On the other hand, the dependence o1
@ is precisely predicted by the theory
under two important assumptons: tha
the interactions of the quarks an(

the dara might indicate that quarks,
previously thought to be elementary
particies, have substructure.

If the results are confirmed by
further data from HERA, the cher-
ished Standard Model of el
xary particles and their interactions
will have been stood on its head.
The holy grail of late 20th century
particle physics — experimental evid-
ence for new physics beyond the

positrons are exactly as specified i
the Srandard Model; and that th
quarks are “point-like” — that is the
have no discernible size on the scal
of the resolution #/Q. If both thes
assumptions are satsfied, the even
rate is predicted to fall like 1/Q (fo
fixed x), subject to small calculabt
corrections. One such correcto
comes from the possibility of th

Standard Model — will finally have 1
been found.

The excitement at HERA cenires
20 a handful of unusul events seen

ments. two teazss involvad sub-

nman diagrams iltustrate how particles interact. In most
collisions /3) a positron scatters off a quark inside the proton
by exchanging a “virtuai® pnoton or a neutral Z bosan, as
predicted by the Standard Modet. In (), a new type of

- - - . interaction between leptons and quarks, perhaps indicating
by boi: the I and ZEUS experi- further substructure, gives an additional contribution to the
ia (¢), the positron and

ing. tn the

mirted their results o Zaizschnift fiir quark annihitate to make a new heavy particle, X, which
Physik in late February and their subsequently decays back to a positron-quark pair.

papers, plus a wealth of information

on the HERA collider and the two experi-
ments, are available on the DESY World
Wide Web site at hetp/info.desy.de/. Both
experiments are run by large international
collaborations: H1 by 400 physicists from
12 countries; and ZEUS by 430 physicists
from 12 countries.

The two experiments were studying
what happens when a 27.5 GeV positron
beam collides with a 820 GeV proton
beam. (HERA can also collide electron
beams with proton beams.) Such high-

According to the Standard Model, a
high-energy positron scatters off a proton
by exchanging a virtual (i.e. short-lived)
photon. This photon has a wavelength
M Q, where #1 is Planck’s constant divided
by 2% and Q is the momentum transferred
from the positron, and the proton’s sub-
structure can be resolved on this scale. In
the HERA experiments this wavelength
can be several orders of magnitude smaller
than the overal! size of the proton (which
is about 107'*m). The virtual photon

energy collisions have tradi lly pro-
vided an enormous amount of information
on fundamental particles and their inter-
actions. In particular, when a positon
scatters off a proton at a large angle, the
energy transferred to the proton causes it
to break up, revealing deuails of its inner-
mOst structure.

This cype of “deep inelastic scartering”

herefore travels deep inside the proton
and scatters off a quark (figure 1a). The
quark is knocked out of the proton,
emerging not as a free pacticle (the strong
force always confines quarks in hadrons)
but rather as a “jet” of pions, kaons and
other hadrons.

The number of deep inelastic scattering
events seen in the detectors varies with the

positron and the quark exchanging
heavy neurtral Z boson rather thaa
photon (figure la).

Over the last two years the H
and ZEUS experiment: have cc!
fected a large number of dee
inelastic scattering events over
wide range in ¢ and x. The numbe
of small and medium Q° cvent
agrees beautifully with the Standar
Model predictions. However, at high ¢
there is an apparent excess of events
instead of falling off rapidly as predicte
by theory, the event rate seems to level of.
The H1 experiment observes 12 events fc
©?>15000 GeV? where 4.7120.76 ar
expected in the Standard Model, while th
ZEUS experiment observes 2 events fc
0?>35000 GeV? where 0.143%0.01
events are expected.

The high Q? events have a very distinc
tive signature, cach containing a ver
energetic positron and jet of hadrons (se
figure 2). Because the number of exces
events is not partcularly large, the effec
could be a statistical fluctuation. Howeve:
the experi i the probabi
ities of such a fluctuation to be very sma
- 1% for H1 and 6% for ZEUS. Take
together, this is about as likely as gettin




other non-perturbative models

pdfs from npQCD (lattice)

. Lattice calculations glve dimenstonal counting (x—41)
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scaling violatons — summary_
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= preciston gluon measurement
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FIG. 1. The F) and zF) data (statistical errors) and the best QCD fit (solid line). Cuts of Q* >3 GeV?, W7 > 10 Get'?,
and r < 0.7 were applied for the NLO-QCD fit which include target mass corrections. The dashed line extrapolates the QCD fir
into the data regions ded by the cuts. Devi of the data from the extrapolated fit are partly due to non-perturbative
effecta.
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— NBte that if @ » 10*GeV®
~(e.g. at HERA) we must "
also nclude W and Z° exchange
in DIS ep scattering . |

J ,
neutral current Mp_w wn.w Mmamm_

... whtch generalizes the result

mo., nmmlm..e» ~[F,R] obtained with

photon exchange only 2 fy.
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singlet evolution Vogl, van Neerves
E “NNLO” presentation at
@ NNL LHC Workshop, Oct."44
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— however ...

e Strong correlations bebtween different
£ and different T regwons

e influence of parametric forms:
Crossover points , end pounts

e many dato. uncertactnties are
not " true statlstrcal”

o much of the theoretical, (npuL
(s largely (edwcaked.) @mewio%

— scale chotces

— heavy target , deu'teon binding
correctlonNs
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_prag matic approach
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to 6~  then traceboack to global

€k constraint
eg. Oy ”MRem_m , Q~My, wd ¢a\m.rw
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+ DGLAP evolubwen
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simple , no new technology, avowls
parametfizabion depenclence, expos
Fheoreticall uncertainty (i any)
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_ Statistical ™ approaches
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Glele Keller Kosower
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ensemble of pdf sets labelled. by
parameter set {2} |, each with
probability P {31) |, then

™ observable il

(n practice , unweighted set of Ny pdfs
Noa§

- 1 Al
Ho= o 2. O()
can tncorporate full information abovt
measurements and theilr errors
correlations and distributions (n
calculatlon of P21

still in relatively primttive “mnpn@ a
Wimited data sets avolding difficult
;Domqﬁo,.r:nw (ssues 2
[ problem = ofs Comes out too low,

Decause ds| _%359%.& by CcFR wN ]
Dis w

M _Bﬁ_ﬁ.

*0-1% T.:u IS

Current fit

1. Draconian measures needed to restart from scratch

and re-evaluate each issue
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3. Data affected by nuclear binding effects are
excluded.

4. Use a MRS-style parametrisation

(9]

Evolution by Mellin transform method
6. Massless quarks
7

. Positivity constraint on F2

At the moment we are using H1 and BCDMS(proton)
for our core set. With their full correlation matrix and
assuming Gaussian distribution we can calculate the

x*({A}) and P({A\}) = exp(~x?/2).

— generate 50000 unweighted PDF's according to the

probability function (an overnight project on a pc).

(note: 532 data points, minimum x? = 530 for 23
parameters)
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