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Abstra
t.

Sele
ted re
ent data from 
ollider experiments pertaining to the understanding of

QCD at low Bjorken-x are reviewed. The status of QCD and Regge fa
torisation in

hard di�ra
tive intera
tions is dis
ussed in terms of data from HERA and the Tevatron.

The possibility of anomalous behaviour in the 

 total 
ross se
tion is 
onfronted with

the most re
ent measurements from LEP. Data from all three 
olliders that are sensitive

to possible BFKL e�e
ts are presented and di�erent interpretations are dis
ussed.

PACS numbers: 00.00, 20.00, 42.10

1. Introdu
tion

Sin
e the HERA and Tevatron 
olliders have been operational, abundant data have

be
ome available that are sensitive to proton stru
ture at low parton-x. Data on photon

stru
ture from HERA and LEP have been similarly impressive. This latest generation

of 
olliders has pushed ba
k the limits of our understanding of QCD 
onsiderably. There

is not spa
e here to do justi
e to all low x data. Instead, three parti
ularly topi
al areas

that were dis
ussed at the 1999 Durham Phenomenology Workshop are singled out.

2. Fa
torisation in Hard Di�ra
tion

The HERA and Tevatron experiments have now produ
ed abundant high quality data

on the `single di�ra
tive' pro
esses 


�

p ! Xp and �pp ! X

(�)

p

at low momentum

transfer. Hard s
ales, provided for example by a highly virtual photon (in the 


�

p 
ase)

or �nal state jets or heavy quarks, en
ourage the use of perturbative QCD as a tool

with whi
h to understand the parton level dynami
s. The development of te
hniques

whi
h simultaneously des
ribe the 


�

p and �pp single disso
iation pro
esses is a major


urrent issue in hadron phenomenology.

The generi
 di�ra
tive pro
ess at HERA of the type ep ! eXp is illustrated in

�gure 1a. A photon of virtuality Q

2

intera
ts with a proton at a 


�

p invariant mass W

and squared four momentum transfer t to produ
e a disso
iating photon system X of

invariant masses M

X

, the proton remaining inta
t. In the 
orresponding pro
ess at the

z Supported by the UK Parti
le Physi
s and Astronomy Resear
h Coun
il (PPARC).
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Tevatron, the photon is repla
ed by an anti-proton, with either of the beam parti
les

disso
iating.Two further variables are usually introdu
ed; the fra
tion of the proton

momentum that is ex
hanged to the system X is denoted �x, whilst � = x=� is the

fra
tion of the ex
hanged momentum 
arried by the quark 
oupling to the photon.
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Figure 1. (a) The generi
 photon disso
iation pro
ess at HERA. (b) Diagram

of the dominating leading order QCD pro
ess in models involving a pomeron with

partoni
 sub-stru
ture. A q�q pair is produ
ed via photon-gluon-fusion (


�

g ! q�q). (
)

Illustration of the low x parton ladder in DIS.

A QCD fa
torisation theorem has re
ently been proved for a general 
lass of semi-

in
lusive pro
esses in deep-inelasti
 s
attering (DIS), whi
h in
lude the single di�ra
tive

pro
ess [1℄. This implies that a 
on
ept of `di�ra
tive parton distributions' 
an be

introdu
ed [2℄, expressing proton parton probability distributions under the 
onstraint

of an inta
t �nal state proton with parti
ular values of � and t. The 
ross se
tion for

di�ra
tive DIS 
an then be expressed as

�




�

p!Xp

(�; t; x; Q

2

) �

X

i

f

i=p

(�; t; x; Q

2

)
 �̂




�

i

(x;Q

2

) ;

where f

i=p

(�; t; x; Q

2

) are the di�ra
tive parton distributions, evolving with x and

Q

2

a

ording to the DGLAP equations at �xed � and t, and �̂




�

i

(x;Q

2

) are parton

intera
tion 
ross se
tions.

The phenomenology of soft hadroni
 intera
tions suggests that it is possible to

introdu
e a universal fa
torisable pomeron ex
hange with a 
ux fa
tor dependent only

on � and t. With this additional assumption of `Regge fa
torisation', the framework

of di�ra
tive parton distributions 
an be used to de�ne parton distributions for the

pomeron [3℄, whi
h should des
ribe all hard di�ra
tive s
attering pro
esses. The

di�ra
tive DIS 
ross se
tion 
an then be written as

�




�

p!Xp

(�; t; �; Q

2

) � f

IP=p

(�; t)


X

i

f

i=IP

(�;Q

2

)
 �̂




�

i

(�;Q

2

) :

The validity of this se
ond hypothesis for di�ra
tive DIS, in
orporating both QCD

and Regge fa
torisation, has been extensively tested at HERA. Measurements of the

x At HERA, � is usually referred to as x

IP

. Here � is used to make expli
it the 
orresponden
e with

the equivalent variable at the Tevatron.
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total 
ross se
tion for di�ra
tive deep-inelasti
 s
attering, usually presented in the form

of a t-integrated di�ra
tive stru
ture fun
tion F

D(3)

2

(�;Q

2

; �) [4{6℄ have shown that, to

the present level of a

ura
y, the fa
torisation between the � and the (�,Q

2

) dependen
e

is obeyed.k Parton distributions for the pomeron have been extra
ted [4, 7℄ from QCD

analyses of the � and Q

2

dependen
e of F

D

2

using the DGLAP evolution equations. All

su
h extra
tions yield parton distributions whi
h are heavily dominated by gluons at low

s
ales, the gluon density remaining large even at high fra
tional momentum. Figure 1b

then represents the dominant pro
ess at leading order of QCD. A gluon 
arrying a

fra
tion z of the pomeron momentum undergoes boson-gluon fusion (


�

g ! q�q) with

the virtual photon.

Monte Carlo models based on the parton distributions extra
ted from F

D

2

des
ribe

HERA di�ra
tive �nal state data well [8, 9℄. The most stringent tests 
ome from

di�ra
tive dijet and open 
harm 
ross se
tions, as both are sensitive to the magnitude

as well as the shape of the gluon distribution. Re
ent data from H1 on di�ra
tive dijet

ele
troprodu
tion [10℄ are shown in �gure 2a. The fa
torisable partoni
 pomeron model

(labelled \res IP") gives a reasonable des
ription of the measurement. Similarly good

agreement is found with ZEUS data on di�ra
tive 
harm ele
troprodu
tion [11℄, though

a di�ra
tive D

�

measurement from H1 in a slightly di�erent kinemati
 region suggests

deviations from fa
torisation [12℄. With this single ex
eption, HERA data support the

hypothesis that both QCD and Regge fa
torisation 
an be applied to all hard di�ra
tive

pro
esses in DIS.

There are good reasons to believe that the QCD fa
torisation theorem for di�ra
tive

DIS [1℄ 
annot be extended to hard di�ra
tion in hadron-hadron intera
tions [14℄. The

fa
torisation hypothesis for p�p s
attering has now been tested in some detail by taking

parton distributions extra
ted from F

D

2

data at HERA and using them to predi
t 
ross

se
tions for hard di�ra
tive pro
esses at the Tevatron. By now it is 
lear that this

approa
h universally predi
ts 
ross se
tions well in ex
ess of those measured.

One example [15℄ is a measurement of the fra
tion N

di�

=N

in
l

of all dijet events that

arise from the single disso
iation pro
ess �pp ! Xp, where the inta
t �nal state proton

has 0:035 < � < 0:095 and is s
attered at jtj < 1 GeV

2

. From this ratio, the quantity

F

D

JJ

=

N

di�

N

in
l

(x

�p

)

�

x

�p

g(x

�p

) +

4

9

[q(x

�p

) + �q(x

�p

)℄

�

�p

is formed, where x

�p

is the Bjorken s
aling variable for the antiproton and x

�p

g(x

�p

) +

4

9

[q(x

�p

) + �q(x

�p

)℄ represent the (known) e�e
tive parton densities in the anti-proton after

allowing for the leading order 
olour fa
tor of 4=9. Assuming fa
torisation is valid, the

resulting quantity should 
orrespond to the e�e
tive parton densities of the pomeron;

F

D

JJ

=

�

�g(�) +

4

9

[q(�) + �q(�)℄

�

IP


 f

IP=p

(�) :

The quantity F

D

JJ

is shown as a fun
tion of � in �gure 2b and is 
ompared with predi
tions

based on parton densities extra
ted from F

D

2

by H1 [4℄. The predi
tions are s
aled down

k The deviations from this fa
torisation shown to be present in [4℄ 
an be explained in full when a

sub-leading ex
hange (f , !, � and / or a traje
tory) is introdu
ed.
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Figure 2. (a) Q

2

and jet transverse momentum (p

jet

T

) distributions for di�ra
tive

dijet ele
troprodu
tion data, 
ompared with the predi
tions of the RAPGAP Monte

Carlo model in
orporating a set of pomeron parton distributions extra
ted from F

D

2

data. (b) � dependen
e of the quantity F

D

JJ

(see text), related to the fra
tion of p�p

dijet events that are produ
ed di�ra
tively. The data are 
ompared with predi
tions

based on two slightly di�erent sets of di�ra
tive parton densities extra
ted from F

D

2

(top and bottom plots), the predi
tions being redu
ed by a fa
tor of 20 for the plots.

by a fa
tor of 20, illustrating the size of the fa
torisation breaking e�e
ts. At least for

�

<

�

0:3, the data and predi
tion are also rather di�erent in shape.

Another re
ent measurement from CDF is the fra
tion of visible beauty produ
tion

that is attributable to di�ra
tion, whi
h yields the result [16℄

�

di�

�

bb

�

in
l

�

bb

= 0:62 � 0:19 (stat:) � 0:16 (syst:) ;

whereas the predi
tions on the basis of di�ra
tive parton densities extra
ted from ep

data are at the level of 10%.

In a 
omplementary analysis, Alvero et al [7℄ have extra
ted di�ra
tive parton

distributions from F

D

2

and photoprodu
tion dijet data from HERA and made predi
tions

for various Tevatron measurements. Similarly large dis
repan
ies are found when

predi
ting the rate of W and dijet produ
tion as 
omponents of the system X in the

pro
ess �pp! X

(�)

p

[17,18℄, with even larger di�eren
es for dijet produ
tion in the double

pomeron ex
hange pro
ess p�p! pX �p.

Something beyond the simplest Regge and QCD fa
torisation assumptions is 
learly

required to des
ribe simultaneously di�ra
tive data from HERA and the Tevatron. The

pertinent question now is whether it is possible to build a phenomenologi
al model

of this breakdown of fa
torisation. One possibility is that where beam remnants are

present on both sides of a rapidity gap, res
attering takes pla
e, tending to destroy the

gap. A very interesting pla
e to study this possibility is in photoprodu
tion, where both

fa
torisable (dire
t photon) and non-fa
torisable (resolved photon) intera
tions may be
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expe
ted to be present. A �rst study 
an be found in [20℄.

3. Total Cross Se
tions

Total hadron-hadron 
ross se
tions are well des
ribed over a very wide energy range by

two 
omponent Regge �ts [21℄, 
orresponding (via the opti
al theorem) to the ex
hange

of the pomeron and a sub-leading (�, !, f , a) traje
tory in the elasti
 amplitude. The

inter
ept of the leading pomeron traje
tory is most a

urately determined from the high

energy rise in the �pp 
ross se
tion. Other total 
ross se
tions su
h as �

�

p mat
h this

s
heme well, though no data exist at 
entre of mass energies

>

�

30 GeV.

In the 
ase where one or both of the intera
ting hadrons is repla
ed by a photon,

arguments have been made that the presen
e of a bare photon 
oupling in addition to the

ve
tor meson dominan
e hadroni
 
omponent may lead to a faster rise of the total 
ross

se
tion with energy than is the 
ase for pure hadron-hadron s
attering. Eikonalised

minijet models [22℄, in
orporating semi-hard QCD intera
tions whilst avoiding the

eventual violation of unitarity asso
iated with simple Regge pole models, 
an be made

to �t the available data [23℄. HERA data on the total 
p 
ross se
tion at 
entre of mass

energyW


p

� 200 GeV [24℄ are 
onsistent with the simple Regge pole model, though the

systemati
 errors are large and no strong 
on
lusion is yet possible. The in
reasingly

pre
ise data from LEP on the total 

 
ross se
tion, whi
h may be expe
ted to rise

faster even than the 
p 
ross se
tion, may shed some light on this issue.

Both L3 [25℄ and OPAL [26℄ have measured the total 

 
ross se
tion in the region

10

<

�

W





< 100 GeV. For the data used, both ele
trons and many �nal state hadrons

are lost down the beam-pipe, making the kinemati
s diÆ
ult to 
onstrain. The data are

shown, together with lower energy �xed target data, in �gure 3a. The LEP data 
learly

show the high energy rise withW observed in the �pp, pp and 
p 
ross se
tions. A simple

fa
torisation law of the type �





= �

2


p

=�

pp

des
ribes the data remarkably well.

It is not yet 
lear whether the rise with W is faster than that observed for total

hadron-hadron 
ross se
tions; the OPAL data are 
onsistent with the pomeron inter
ept

des
ribing soft hadroni
 intera
tions whereas the L3 result is signi�
antly larger. The

results are rather sensitive to the assumptions on �

IR

(0). As 
an be seen from �gure 3a,

a model based on minijets [23℄ also gives a reasonable des
ription of the data, as do the

S
huler and Sj�ostrand [27℄ and PHOJET [28℄ models, whi
h attempt to make smooth

transitions between the photon in its hadroni
 and point-like manifestations.

Improved data are required before a �rm 
on
lusion 
an be rea
hed 
on
erning the

possible anomalous behaviour of �

tot





. The main sour
e of error in the measurements

arises from the model dependen
e of the a

eptan
e 
orre
tions, with results di�erent at

the level of � 20% obtained when PHOJET or PYTHIA [29℄ is used for the 
orre
tions.

The prin
ipal reason for this is the di�erent treatments of the di�ra
tive 
hannels in

the two models. Any 
onstraints that 
an be pla
ed on the di�ra
tive pro
esses in



 s
attering will improve the total 
ross se
tion measurement 
onsiderably. Pro
esses

involving the quasi-elasti
 produ
tion of ve
tor mesons are likely to be the easiest to
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Figure 3. (a) A 
ompilation of total 

 
ross se
tion data. The L3 data are 
orre
ted

using the PHOJET Monte Carlo model. The OPAL data are the average of the values

obtained when 
orre
ting with PHOJET or PYTHIA, with a systemati
 error re
e
ting

the di�eren
e between the two 
ases. (b) Distribution in p

2

T

(�) ' jtj for the `single

disso
iative' pro
ess 

 ! �

0

X .

measure, due to the well known de
ay angular distributions. L3 have taken the �rst

steps towards measurements of the `quasi-elasti
' (

 ! �

0

�

0

) and `single disso
iation'

(

 ! �

0

X) pro
esses. A measurement of the t distribution of the single disso
iation

pro
ess is shown in �gure 3b. Fitting the data to the usual exponential parameterisation

d�=dt / e

bt

yields a slope parameter in the region b � 2. Information of this sort

provides very useful input to soft physi
s models and should ultimately redu
e the

model dependen
e un
ertainties on the total 
ross se
tion.

4. Sear
hes for BFKL Dynami
s

The BFKL evolution equation, whi
h resums terms where large logarithms of the

form ln 1=x multiply the 
oupling 
onstant, must represent a valid approximation to

parton dynami
s in some region of low x phase spa
e. The sear
h for eviden
e for

BFKL behaviour is one of the prin
iple 
urrent experimental a
tivities in low x physi
s.

Although it has been shown that introdu
ing BFKL e�e
ts 
an improve the des
ription

of F

2

at low x [30℄, it is not yet a

epted that anything more than standard DGLAP

evolution is required to des
ribe 
urrent in
lusive DIS data. Ex
lusive �nal state

measurements may ultimately produ
e the 
learest BFKL signatures. Some of the more

promising areas of study are dis
ussed below.

BFKL and DGLAP evolution have rather di�erent impli
ations for the details of

the parton ladder governing low x DIS pro
esses (�gure 1
). In the DGLAP 
ase, one

expe
ts an ordering in virtuality (k

t

) of the partons in the ladder, leading to rapidity

ordering of the transverse momenta of outgoing partons. The BFKL s
heme has no su
h
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strong ordering and therefore results in anomalously large high p

T

hadron yields away

from the photon vertex, for example at 
entral rapidity. The 
entral region of the 


�

p

frame 
orresponds to the forward region of laboratory rapidity.

Both H1 and ZEUS have studied the produ
tion of jets in this diÆ
ult forward

region [31℄. H1 have also measured the 
ross se
tion for high p

T

forward �

0

produ
tion

[32℄. Similar 
on
lusions are rea
hed in ea
h 
ase. The ZEUS forward jet data are

shown in �gure 4a. The data 
annot be des
ribed by standard DGLAP models (labelled

LEPTO and HERWIG). Only models that do not impose strong transverse momentum

ordering are able to des
ribe the data. One example is the ARIADNE model [33℄, based

on the 
olour dipole model and simulating BFKL ordering. However, the la
k of strong

k

T

ordering 
an also be modelled through the introdu
tion of partoni
 stru
ture to the

virtual photon. This 
an be implemented in the RAPGAP [34℄ Monte Carlo model,

giving a su

essful des
ription of all forward region data produ
ed at HERA to date.

Thus the �nal state data from the forward region at HERA demonstrate that something

more than the simplest DGLAP model of the low-x parton ladder is required. However,

resolved virtual photons provide an alternative me
hanism to BFKL to restore a good

des
ription of the data. Work on events with large rapidity separations between pairs

of jets, just beginning at the Tevatron, may help to resolve some of these ambiguities.

ZEUS 1995
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Figure 4. (a). Cross se
tion for the produ
tion of jets with E

T

> 5 GeV,

0:5 < E

2

T

=Q

2

< 2 and p

jet

z

=E

p

> 0:036 in the Breit frame. (b). Data on the

fra
tion f

(2D)

s

of Tevatron dijet events where a rapidity gap separates the jets at

p

s = 1800 GeV.

In appropriate kinemati
 regions, total, elasti
 and di�ra
tive 
ross se
tions may

all be des
ribable in terms of the amplitude for elasti
 parton-parton s
attering via the

ex
hange of gluon ladders, evolving a

ording to BFKL dynami
s. BFKL 
al
ulations

are most reliable where large s
ales are present at both verti
es [35℄. One example is
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the total 


�




�


ross se
tion [36℄. Where both photons have suÆ
iently high virtuality,

measurement 
onditions at LEP are favourable and �rst data have appeared [37℄. The

data suggest a relatively strong energy dependen
e, whi
h may be 
onsistent with BFKL

predi
tions. However the present data 
an be des
ribed equally well by non-BFKL QCD

models, for example those involving virtual photon stru
ture [38℄.

Another pro
ess where large s
ales are present at both verti
es is di�ra
tive

s
attering at large jtj, where pre
ision data are starting to appear from HERA and

the Tevatron. The quasi elasti
 pro
ess 
p! V Y where V denotes a ve
tor meson and

Y is a proton or low mass proton ex
itation has been measured for V = J= , � and

� [39℄. The results in the relatively low jtj regions a

essed to date are mixed, only the

J= fully 
onforming to the BFKL predi
tions.

The 
lassi
 high jtj di�ra
tive pro
ess is the produ
tion of dijets separated by a

rapidity gap, implying a net 
olour singlet ex
hange. Here, the magnitude of t is 
lose

to the jet E

2

T

and is thus very large. The size of the 
ross se
tion is usually quanti�ed as

the fra
tion of all dijet events that have a rapidity gap between the jets. Clear signals

have been observed at large jet pseudorapidity separation �� both in photoprodu
tion

at HERA [40℄ and in p�p intera
tions at the Tevatron [41,42℄. The gap fra
tion at large

�� de
reases with 
entre of mass energy, being around 0.1 at

p

s ' 200 GeV at HERA,

0.025 at

p

s = 630 GeV at the Tevatron and 0.01 at

p

s = 1800 GeV at the Tevatron.

This trend is opposite to that naively expe
ted from BFKL 
al
ulations. However, it

seems likely that rapidity gap destru
tion due to reintera
tions of beam remnants plays

an important role. Two very di�erent models of these e�e
ts [43, 44℄ both predi
t a

rapidity gap survival probability that falls with 
entre of mass energy in a manner that

qualitatively resembles that in the data.

The Tevatron gap fra
tions have been measured as a fun
tion of jet E

T

as well as

�� (see �gure 4b). The gap fra
tion is found to be 
at or slowly rising with E

jet

T

, whi
h

mat
hes predi
tions based on the 
reation of rapidity gaps by soft 
olour intera
tions

in otherwise standard dijet events [45℄. It has been demonstrated that if rapidity gap

destru
tion e�e
ts are in
luded, BFKL dynami
s 
an also des
ribe these data [44℄.

All of the measurements dis
ussed above 
an be interpreted in terms of BFKL

e�e
ts, yet none 
on
lusively demonstrates the need for BFKL at present 
olliders.

Data from the upgraded Tevatron and HERA may allow us to resolve this question.
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