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Sele
ted topi
s of mutual interest . . .

� Di�ra
tive Fa
torisation and Parton Densities.

� Total Cross Se
tions.

� The sear
h for BFKL

. . . fo
using on Open Questions



Hard Di�ra
tive S
attering

Lots of data on single di�ra
tive hard pro
esses
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Fa
torisation properties are very interesting!



Fa
torisation in Hard Di�ra
tion

QCD Fa
torisation:-

QCD hard s
attering fa
torisation theorem for di�ra
tive

DIS (Trentadue, Veneziano, Berera, Soper, Collins):

Di�ra
tive parton distributions f(x

IP

; t; x; �

2

) 
an be

de�ned, expressing proton parton probability distributions

with inta
t �nal state proton at parti
ular x

IP

; t.

Then �(


�

p! Xp) � f(x

IP

; t; x;Q

2

)
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At �xed x

IP

, t, di�ra
tive partons evolve in x, Q

2

a

ording to DGLAP equations.

QCD fa
torisation not proved for hadron-hadron

di�ra
tion . . . non-fa
torisable 
ontributions identi�ed.

Regge Fa
torisation:-

Soft hadron phenomenology suggests that a universal

pomeron (IP) ex
hange 
an be introdu
ed, with 
ux

dependent only on x

IP

, t (Ingelman, S
hlein).
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Kinemati
 Coverage of Di�ra
tive Data

Copious F

D

2

(3)(x

IP

�;Q

2

)

data spanning

10

�4

< x

IP

< 0:05

10

�2

< � < 0:9

0:8 < Q

2

< 800

Complementary HERA

and Tevatron

data provide ex
ellent

testing ground for

fa
torisation theorems /

di�ra
tive partons et
.



Pomeron Parton Distributions

F

D

2

data 
onsistent with universal x

IP

dependen
e.

Regge fa
torisation hypothesis approximately valid.

Pomeron parton distributions extra
ted from F2D.

H1 1994

(a)  Q2=4.5 GeV2 Gluon, fit 3

Light Quarks, fit 3

zf
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)

(b)  Q2=12 GeV2

(c)  Q2=75 GeV2
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All su
h �ts suggest

heavy gluon dominan
e

with signi�
ant high

x 
ontributions.

Shape at high x

v. poorly determined.

Best �t gluon

Best �t light quarks
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Compli
ations . . .

� x

IP

dependen
e stronger

than soft hadroni
 di�ra
tion

� Sub-leading ex
hanges are

also present (interferen
e?)

� Fits te
hni
ally diÆ
ult

(high x gluon dominan
e.)

� Higher twist 
ontributions

likely to be present.



Su

ess for Di�ra
tive Parton Distributions

If QCD & Regge fa
torisation holds, IP partons extra
ted

from F

D

2


an be applied to all di�ra
tive hard s
attering.

Many hadroni
 �nal state observables at HERA well

des
ribed by models based on pomeron partons (event

shapes, E-
ow, 
harged parti
le spe
tra, multipli
ity . . . ).

Most stringent tests 
ome in dijet and open 
harm

produ
tion rates and distributions.

g

pp

qγ

q

IP (1-z)
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Compli
ations:-

Resolved 


�

?

Intrinsi
 k

t

?

Interferen
e?

MC Modelling?



Su

ess for Di�ra
tive Parton Distributions?

H1 / ZEUS 
on
lusions di�er on di�ra
tive 
harm . . .

ZEUS D

�

! K��

& D

�

! K4�

Rates and

distributions well

modelled by IP

partons (ACTW)

H1 D

�

! K��

Shapes well

des
ribed, but

normalisation

di�eren
e of

fa
tor � 3!

Di�erent

kinemati


regions?

Poor

statisti
s?
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Disaster for Di�ra
tive Parton Distributions!

CDF Roman Pot di�ra
tive dijet data . . . .

From di�ra
tive = in
lusive ratio, extra
t
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Comparison with IP

partons from F

D

2

(standard IP 
ux

fa
tor folded in)

shows large �

dependent

dis
repan
y.

In
onsistent in

both shape and

normalisation.



Disaster for Di�ra
tive Parton Distributions!

CDF measure di�ra
tive b produ
tion (x

IP

<

�

0:06).
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(a,
) Fit to relative p

T

in e+ jet events.

(b,d) Fit to impa
t

parameter distribution in

sili
on mi
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tor.
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GLUON FRACTION IN POMERON
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Clear breaking of

fa
torisation between

HERA and Tevatron

data.

From 
ombined �ts

to jet, W and b

data, large gluon

fra
tion in IP

is obtained.



Extent of Fa
torisation Breaking

Alvero, Collins, Terron, Whitmore �t ZEUS, H1 F

D

2

and

ZEUS 
p dijets to obtain di�ra
tive parton distributions.

Predi
t di�ra
tive / in
lusive ratios at Tevatron using best

�t (gluon dominated) partons . . .

Pro
ess Data (%) Model (%) Model/Data

pp! jjX-gap-p 0:109� 0:016 3:7 � 34

CDF E

t

> 10 GeV

pp! jjX-gap-p 0:75� 0:10 16:4 � 22

CDF E

t

> 20 GeV

pp! jjX-gap-p 0:67� 0:05 11:8 � 18

D0 E

t

> 12 GeV

pp! WX-gap-p 1:15� 0:55 6:9 � 6

CDF

pp! p-jj-p 13:6� 3:4 nb 3713 nb � 275

CDF DPE

Clear fa
torisation breaking, srongest for DPE (two IP's)



Questions in Di�ra
tive Fa
torisation

Lots of HERA and Tevatron data.

Hard s
attering & Regge fa
torisation work well at HERA

Clear breakdown when 
omparing HERA with Tevatron.

� How 
an we improve the QCD �tting pro
edure for

HERA DIS data?

� Can we build a phenomenologi
al model of the

fa
torisation breaking e�e
ts?

� What 
an be learned from photoprodu
tion data

(fa
torising dire
t photon 
ontributions and

non-fa
torising resolved photon 
ontributions?)

� What is the status of Regge fa
torisation? - Goulianos


ux fa
tor renormalisation?

1000010001001 0
1

1 0

1 0 0

√s (GeV)

T
ot

al
 S

in
gl

e 
D

iff
ra

ct
io

n 
C

ro
ss

 S
ec

tio
n 

(m
b)

ξ <  0.05
Albrow et al.

Armitage et al.

UA4

CDF

E710

Renormalized

Standard 

GLM

f lux
Cool et al.

pp

f l ux



Total Cross Se
tions

Total 
ross se
tions in hadron-hadron physi
s well

des
ribed by 2-
omponent (IP + IR) Regge models.

H1 , this analysis

ZEUS

low-energy data

W
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�
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s
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+B

IR

s

�

IR

(0)�1

�

IP

(0) � 1:1

Some models predi
t 
 indu
ed total 
ross se
tions rise

faster than in hadron-hadron physi
s (dire
t 
ouplings).

HERA data in
on
lusive. - Model dependen
e (
orre
t

with PHOJET or PYTHIA?) among largest systemati
s.

Main problem is poorly 
onstrained di�ra
tive 
hannels.



Total Photon-Photon Cross Se
tions

LEP data with both �nal state ele
trons and many

hadrons lost down beampipe. - Kinemati
s poorly


onstrained.
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Engel and Ranft (PHOJET)eikon. mini-jet model

L3 report sharper rise of �

tot





than hadron-hadron �

tot

.

�

IP

(0) � 1:21� 0:03

Highly 
orrelated with �

IR

(0)

Not yet 
lear whether

OPAL 
an 
on�rm this.

�





=

�

2


p

�

pp

works well.

Soft + hard IP models

(Donna
hie, Landsho�) work.
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σ 
γγ
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PHOJET
 PYTHIA

Regge fit

Model dependen
e of

a

eptan
e 
orre
tions large.

Large e�e
t on 
ross se
tion.

W dependen
e is more robust.

To improve measurements, need

to 
onstrain models better!



Measurements of Di�ra
tive Channels

Soft di�ra
tive disso
iation �nal states display limited p

T

fragmentation.

A

eptan
es often better in `elasti
' ve
tor meson 
hannels

- well known de
ay angular distributions.

L3 measure `elasti
' (

 ! �

0

�

0

) and `single disso
iation'

(

 ! �

0

X) 
hannels.

Good tests of size of di�ra
tive 
hannels in MC.
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Pythia VV
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X) well

modelled in PYTHIA

� absent in PHOJET.

jtj distribution measured

Slope parameter b � 2.

. . . useful input to

all soft physi
s models.

4� mass 
ombinations

not well des
ribed

by either model

(un
orre
ted data).

PYTHIA has too mu
h ��.

PHOJET m

��

dependen
e

too steep.



Questions in Total Cross Se
tions

p

s dependen
e of �

tot

p�p

fairly well established. Lower

pre
ision in other total 
ross se
tions.

First hints of di�erent behaviour of �

tot





.

� How 
an we improve our understanding of a

eptan
e


orre
tions?

� Can more di�ra
tive 
hannels be experimentally

measured?

� Can the soft phenomenologi
al models (in
oprorated in

PHOJET and PYTHIA) be improved. - What new data


an 
onstrain them?



Sear
hes for BFKL Dynami
s

The BFKL approximation must be valid in some region of

low-x phase spa
e

Not obvious from in
lusive data F

2

(x;Q

2

).

Where should we look? . . .

1) Pro
esses where all verti
es have small transverse size.

BFKL approximation most reliable where only large

momentum s
ales are present

! 


�




�


ross se
tions.

! Di�ra
tive pro
esses at large jtj.

2) Ex
lusive 
hannels sensitive to QCD 
as
ade at 
entral �

�

.

Clear di�eren
es between BFKL and DGLAP predi
tions

for transverse & longitudinal momentum of parton

emissions away from the photon vertex at HERA.

! HERA forward region 
orresponds to 
entral region in




�

p frame.



BFKL Sear
hes in the HERA Final State

Can the footprints of BFKL be seen in the hadroni
 �nal

state at HERA?

e e

Q2
γ*

.

.

.

x

xn,kTn
2

xn-1,kTn-1
2

x1,kT1
2∼ Q2

x2,kT2
2

p

� DGLAP evolution implies k

t

ordering of partons along ladder

� BFKL evolution imposes no

strong k

t

ordering

 � Central rapidity in 


�

p lies in

Forward (outgoing proton) region

in HERA lab frame.

BFKL e�e
ts are expe
ted to show up as enhan
ed high p

t

parti
le produ
tion in the forward dire
tion at HERA.

Measurements are tri
ky, but there are many sensitive

observables . . .



Foward �

0

Produ
tion at HERA

Measure �

0

! 

 with 5

Æ

< �(�

0

) < 25

Æ

, p

t

(�) > 2:5 GeV
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LO  BFKL

LEPTO (DGLAP) 
annot reprodu
e the rates.

Modi�ed LO BFKL (Kwie
inski, Martin, Outhwaite) gives

a good des
ription.

RAPGAP (DGLAP with resolved 


�

) also 
lose to data.

Compli
ation! - s
ale dependen
e of predi
tions.



Foward Jet Produ
tion at HERA

Sele
t forward jets (E

t

> 5 GeV) with 0:5 < E

2

t

=Q

2

< 2,

p

jet

z

=E

p

> 0:036, target region of Breit frame

ZEUS 1995
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•     ZEUS Data

ARIADNE 4.08

LEPTO 6.5 (SCI)

HERWIG 5.9

LDC 1.0

LEPTO, HERWIG (DGLAP) 
annot reprodu
e the rates.

LDC (based on CCFM evolution, linking DGLAP and

BFKL) fails to des
ribe data.

ARIADNE (BFKL-like k

t

ordering) gives a good

des
ription.

RAPGAP (DGLAP with resolved 


�

) des
ribe similar H1

data.

Compli
ation! - s
ale dependen
e of predi
tions.
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S
attering

�(
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�

! X) is a very ni
e pro
ess to 
al
ulate in pQCD.

BFKL 
al
ulation expe
ted to be valid at large

\Y "= ln(W

2




�




�

=Q

1

Q

2

).

L3 data - Both s
attered ele
trons tagged - well

re
onstru
ted kinemati
s, hQ

2

i = 14:5 GeV

2

.

QPM pro
esses (O(�

0

s

) 


�




�

! q�q) subtra
ted.
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LO BFKL predi
tion

(�

IP

(0) � 1:5) too high.

Free �t gives

�

IP

(0) = 1:29� 0:03(st:).

BUT!. . . Non BFKL

models (e.g. TWOGAM)

with 


�

stru
ture

also des
ibe data.



Di�ra
tion at large jtj

q / g
gg

gg

q / g

|t|
Large

QCD
evolution

Elasti
 parton-parton s
attering

at high jtj has been


al
ulated in terms of

LO BFKL IP.

ψγ

}

First measurements of high jtj ve
tor

meson photoprodu
tion 
p! V Y

have been made by H1 and ZEUS.

Clear high jtj signal, 
onsistent with LO BFKL 
al
ulations.



Rapidity Gaps Between Jets

The 
lassi
 high jtj di�ra
tive pro
ess . . .

QCD

P

P

X

Y

rapidity
gap

s
t

La
k of hadroni


a
tivity between jets

implies net


olour-singlet ex
hange.

Elasti
 parton-parton

s
attering at j

^

tj � p

2

t;jet

Large jtj ! small spatial dimensions of intera
tion !

pQCD treatment.

Quanti�ed in terms of gap fra
tion f =

Evts with rapgap between 2 leading jets

All dijet events
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Clear ex
ess over


u
tuations in

hadronisation pro
ess

at large ��

ZEUS 
p



Magnitudes of Gap Fra
tions

Warning! Di�erent experiments have di�erent gap defns.

Experiment

p

s (GeV) Gap Fra
tion

ZEUS 
p � 200 0:11� 0:02 (st:)

+0:01

�0:02

(sy:)

H1 prel. 
p � 200 � 0:15

CDF p�p 630 0:027� 0:007 (st:) � 0:006 (sy:)

D0 p�p 630 0:019� 0:001 (st:) � 0:004 (sy:)

CDF p�p 1800 0:011� 0:001 (st:) � 0:001 (sy:)

D0 p�p 1800 0:0094� 0:0004 (st:) � 0:0012 (sy:)

p

s dependen
e may be explained by rapgap destru
tion

. . . se
ondary s
attering from (
oloured) beam remnants.

Re-intera
tion probability depends on density of partons?

. . . in
reasing as

p

s in
erases and hxi de
reases

Toy model based on pQCD multiple intera
tion prob's in

PYTHIA (Cox, Forshaw, L�onnblad) reprodu
es trend . . .

p

s (GeV) Gap Survival Probability

200 (
p) 0.67

630 (�pp) 0.35

1800 (�pp) 0.22

Eikonal model (GLM) gives similar 
on
lusions

Survival Probability � 13% (630 GeV), � 6% (1800 GeV)



E

t

, �� Dependen
e and Model Comparisons
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(b) low-ET (c) high-ET

Gap fra
tion 
at or

slowly rising with

E

t

and ��.

Good des
ription from

soft 
olour intera
tions


reating rapidity gaps

in standard dijet

events.

D0

p

s = 1800 GeV

Can a good des
ription be obtained with BFKL?

bfkl running αs - 1.0 GeV / pythia mi0

bfkl fixed αs - 1.0 GeV / pythia mi0

ET2

f(
Ε Τ2

)
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15 20 25 30 35 40 45 50 55

Analysis (Cox, Forshaw, L�onnblad)

with leading log BFKL, �xed �

s

,

survival probability 
orre
tions . . .

Æ D0 data

� BFKL �xed �

s

� BFKL running �

s



Relaxing the Jet Requirement

Is it really ne
essary to require jets? . . .

Large �� is needed to see signal (at limits of a

eptan
e at

HERA).

What does the data look like for jtj < 25 GeV

2

?

H1 measure in
lusive di�ra
tive pro
ess 
p! XY at high

jtj . . .
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p
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b

]

x

IP

H1 Preliminary

Herwig 
p

Herwig 
p + BFKL LLA, !

0

= 0:45

165 < W < 233 GeV

jtj > 20 GeV

2

y

IP

< 0:018

Pre
ision limited by poor jtj resolution.

Data 
onsistent with leading log BFKL predi
tion.



Questions in the sear
h for BFKL

Now lots of data . . . high jtj di�ra
tion in �pp and 
p,

forward parti
le produ
tion at HERA, �

tot




�




�

. . .

� Comparisons beyond LO BFKL are beginning - how do

we pro
eed?

� Do we have a 
ommon de�nition of rapidity gaps

between jets?

� Can we develop a full phenomenologi
al des
ription of

rapidity gap survival probabilities?

� Whi
h new high jtj measurements will help most?

. . . 


(�)

p! 
p?

� Forward parti
le measurements look promising. S
ale

dependen
e of predi
tions limits strength of 
on
lusions.

� What about resolved virtual photon models? - Should

these 
ontributions be in
luded anyway?

� What are the next steps for CCFM-type models?

� Can BFKL evolution be seen in 


�




�

at less than linear


ollider energies?


