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Strong Intera
tions in the Standard Model

Modern Pi
ture of Hadrons

and Their Intera
tions:

� Parton Model (e.g. proton = uud)

� SU(3) Gauge Theory, QCD

q

q
g

u

u

d
g

1) \Hard" Intera
tions (< 1% of hadroni
 
ross se
tions)

� �

s

small: \Asymptoti
 Freedom".

� Well understood within perturbative QCD.

2) \Soft" Intera
tions (> 99% of hadroni
 
ross se
tions)

� �

s

large: \Infrared Slavery".

� Poorly understood within QCD.

� Many years of \Regge" Phenomenology.

Understanding Soft Hadroni
 Intera
tions in terms of

QCD is a major 
hallenge to the Standard Model.

In `di�ra
tive' Deep-Inelasti
 S
attering, the interfa
e

between `soft' and `hard' strong intera
tions is studied.



Di�ra
tive Pro
esses and the Pomeron

Soft di�ra
tion: elasti
, total and disso
iation 
ross

se
tions.
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(via the opti
al theorem)

It is useful to think in terms of the ex
hange of an obje
t

with net va
uum quantum numbers - the \pomeron" (IP).

� �

IP

(t) ' 1:081 + 0:26t [IP `traje
tory'℄.

� `FACTORISES!' Des
ribes the energy dependen
e of

all su
h hadron-hadron 
ross se
tions where s� t.

� BUT The partoni
 stru
ture of the intera
tion is

unspe
i�ed! . . . This stru
ture 
an be investigated at

HERA.
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Di�ra
tion at HERA

At the HERA ep 
ollider, di�ra
tive 


(?)

p intera
tions 
an

be studied.
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All �ve kinemati
 variables 
an be measured:

� Q

2

� 0, jtj � 0. ! similar to soft h-h di�ra
tion.

� Large Q

2

. ! 


�

probes IP stru
ture.

� Large jtj. ! sear
h for perturbative (BFKL?) IP.

. . . the non-perturbative$ perturbative transition.
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Experimental Te
hniques

1. Rapidity Gap Sele
tions (H1, ZEUS).

γ( )

{ (MX)X

p

W

p

Largest rapidity

! gap among

�nal state hadrons.

�� large when

M

X

� W

2. Dire
t Tagging of Leading Baryons (H1, ZEUS).

γ*

p p/n(E) (E )

May or may not

 be a large

rapidity gap.

x

IP

= E

0

=E

if ex
lusive p / n

at proton vertex.

3. De
ompose Visible M

X

Distribution (ZEUS).

Exponential suppression in M

X

distribution for \standard" DIS.

Di�ra
tive 
ontribution identi�ed

as ex
ess at small M

X

above

�t to Ae

b lnM

X
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Ve
tor Meson Signals

Ve
tor Meson Produ
tion Studied over a wide range in

kinemati
 variables Q

2

, t, W , m

V

.

Results on �, !, �, J= , �, �

0

,  

0

.
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In
lusive Di�ra
tive DIS, 


?

p! Xp

γ( )

{ (MX)XQ2

p

t

W

p (or low mass
p-excitation)

(small)

� Q

2

= �q

2

(Photon virtuality)

� W

2

= (q + p)

2

(


?

p 
entre of mass energy)

� t = (p� p

0

)

2

(4-momentum transfer squared)

� M

2

X

= X

2

(Invariant mass of X)

Long distan
e physi
s at p - vertex:

x

IP

=

q:(p�p

0

)

q:p

'

Q

2

+M

2

X

Q

2

+W

2

= x

IP=p

! Fra
tion of p momentum transferred to IP.

(IP ex
hange dominates at low x

IP

)

Short distan
e physi
s at 


?

- vertex:

� =

Q

2

q:(p�p

0

)

'

Q

2

Q
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2

X

= x

q=IP

! Fra
. of IP momentum 
arried by quark 
oupling to 


?

.

(x

Bj

= � � x

IP

)



The \Di�ra
tive" Stru
ture Fun
tion F

D(4)

2

Di�ra
tive 
ross se
tion measurements are usually

presented as a `di�ra
tive' stru
ture fun
tion

F

D(4)

2
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; x
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; t), de�ned as
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ep!eXY

d� dQ
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(1� y +
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; x
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Copious F

D

2

data spanning

10

�4

< x

IP

< 0:05

10

�2

< � < 0:9

0:8 < Q

2

< 800



Measurement of the t Dependen
e

5 < Q

2

< 20 GeV

2

0:015 < � < 0:5

x

IP

< 0:03

ZEUS 1994
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Fit to
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bt

b = 7:2 � 1:1(stat:)

+0:7

�0:9

(syst:) GeV

�2

! Highly peripheral s
attering.

! Slope parameter b is 
onsistent with that

expe
ted from soft hadron-hadron di�ra
tion.



Fa
torisation in Di�ra
tive DIS

QCD Hard S
attering Fa
'n 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 . . .

�(


�

p! Xp) �

X

i

f
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; t; x; Q

2

)
 �̂




�

i

(x;Q

2

)

At �xed x

IP

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

2

a

ording to DGLAP equations.

Regge Fa
torisation:-

Soft hadron phenomenology suggests a universal pomeron

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

on x

IP

, t (Donna
hie, Landsho�, Ingelman, S
hlein):-
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F

D(3)

2

with Phenomenologi
al Regge Fit.

H1 1994 Data
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Rapidity gap

sele
tion:

t not measured.
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R
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Chara
teristi


di�ra
tive

dependen
e on

energy.

� 1=x

IP

Deviations from simple Regge model at large x

IP

, small �.



The x

IP

Dependen
e of F

D(3)

2

Regge theory gives us a means of parameterising the long

distan
e physi
s at the proton vertex:

f

IP=p

(x

IP

) =

Z

t

min

(x

IP

)

�1GeV

2

�

1

x

IP

�

2�

IP

(t)�1

e

B

IP

t

dt

with �

IP

(t) = �

IP

(0) + �

0

IP

t.

|||||||||||{

x

IP

dependen
e is found to vary with � . . .

H1 1994 Data
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. . . in a Regge model, the measured data require a

minimum of two ex
hanges:

Good �ts obtained throughout kinemati
 range using:

F
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) free �t parameters.



The pomeron inter
ept and Q

2

From H1 Phenomenologi
al �ts:

�

IP

(0) = 1:203� 0:020 (stat:) � 0:013 (syst:)

+0:030

�0:035

(model)

Larger than in soft hadron-hadron physi
s (�

IP

(0) � 1:1).

Similar to ex
lusive J= produ
tion.

|||||||||||||||{

Comparison of H1 and ZEUS results:

Q2(GeV2)

 α IP  MX = 2 GeV

ZEUS 1994

Q2(GeV2)

 α IP MX = 5 GeV
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1.6
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2

1

1.2

1.4
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1 10 10
2

�

H1 1994

. . . No signi�
ant variation with Q

2

within measured

kinemati
 range to present pre
ision.

|||||||||||||||{

Inter
ept of the sub-leading ex
hange in the H1 �ts:

�

IR

(0) = 0:50� 0:11 (stat:) � 0:11 (syst:)

+0:09

�0:10

(model)

Consistent with f , !, � or a ex
hange.



Energy Dependen
e of Ve
tor

Meson Photoprodu
tion

W

0:23

W

0:16

�


p

tot

�W

2�

IP

(0)�2

�


p!V p

�W

4�

IP

(hti)�4

E�e
tive �

IP

(0) depends on ve
tor meson mass at Q

2

= 0.



Energy Dependen
e of Ve
tor

Meson Ele
troprodu
tion

ZEUS 95

1
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E�e
tive �

IP

(0) depends on Q

2

and ve
tor meson mass.

J= has strong W dependen
e at Q

2

= 0

�, � dependen
e on W steepens with Q

2

� steepens faster than �?



E�e
tive �

IP

(0) from F

2

and F

D(3)

2

F

2

(x;Q

2

) represents the total 


?

p Cross Se
tion

Regge phenomenology! F

2

(x;Q

2

) � x

1��

IP

(Q

2

;t=0)

1
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10
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H1 from energy dependence of F2

Soft Pomeron

H1 from xIP dependence of F2
D

Q2

α IP
 (

Q
2 , t

=
0)

Is the s
ale dependen
e of the e�e
tive pomeron inter
ept

similar for total, disso
iative, elasti
 
ross se
tions?


.f. Donna
hie & Landsho� soft + hard IP model.

Is it all driven by p-gluon distribution?... or its square?...



S
aling Violations of F
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In
luding data for

0:8 < Q

2

< 800 GeV

2

Rising s
aling violations over large range of Q

2

up to large

� [
.f. F

2

(x;Q

2

)℄.

Highly suggestive of a gluon dominated me
hanism.



DGLAP Fits to F

D(3)

2

(x

IP

; �; Q

2

)

Regge fa
torisation hypothesis approximately valid for F

D

2

.

Can we think of the pomeron as a partoni
 obje
t?

DGLAP �t to �, Q

2

dependen
e to extra
t parton

densities for the ex
hange.

H1 1994

(a)  Q2=4.5 GeV2 Gluon, fit 3

Light Quarks, fit 3

zf
(z

)

(b)  Q2=12 GeV2

(c)  Q2=75 GeV2
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A

eptable �ts only when IP

is dominated by \hard" gluons.

� 90% gluon at Q

2

= 4:5 GeV

2

g

pp

qγ

q

IP (1-z)

(z)

Compli
ations:

� x

IP

dependen
e stronger than soft hadroni
 physi
s.

� Sub-leading ex
hanges also present (interferen
e?)

� Very poorly 
onstrained high x region.

� Higher twist 
ontributions likely to be present.



Predi
tions for the �nal state X

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

from F

D

2


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

In terms of DGLAP evolving IP model, distinguish

between quark and gluon dominated pomeron.

IP

q
γ

[q]
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QPM
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QCD-C

BGF

" "

Quarkoni
 IP Gluoni
 IP

Dominant q�q Dominant q�qg

Low p

T

/ aligned High p

T

/ non-aligned

Few jets /
harm Many jets / 
harm

� 3




�

3




� 8
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Hard pro
esses

up to O(�

s

)



Energy Flow in the Rest frame of X

Pseudorapidity �

?

relative to 


?

dire
tion in X rest frame.
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E
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?

IP 

� Approximately symmetri
 forward / ba
kward

hemispheres.

� 2-jet stru
ture with sizeable 
entral rapidity plateau

emerges with in
reasing M

X

.

� Models in whi
h BGF is the dominant pro
ess

(RAPGAP-g and LEPTO) des
ribe data.

� RAPGAP-q does not des
ribe the data.

� . . . Gluons are needed to model di�ra
tive �nal states.



Charged Parti
le p

?

T

Distribution

p

?

T

measured relative to 


?

axis in rest frame of X

 pT
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)
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generate hard

p

?

T

distribution.

BGF / q�qg 
ontributions.

Thrust - measure of `2-jettiness'

q q  PARTONS
_

1/2

ISOTROPIC

T << 1

Gluons required to generate

lower thrust than q�q.

Hadronisation e�e
ts de
rease

thrust at low M

X

.



Di�ra
tive Final State Data - Dijets

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 rates

and distributions. - Dire
t sensitivity to gluon!

g

pp

qγ

q

IP (1-z)

(z)

Compli
ations:-

Resolved 


�

?

Intrinsi
 k

t

?

Interferen
e?

MC Modelling?



Di�ra
tive Final State Data - Open Charm

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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How Universal are Di�ra
tive Partons?

Model �pp (Tevatron) di�ra
tion using IP partons from F

D

2

.

CDF measure di�ra
tive / in
lusive dijet ratio and extra
t

F

D

JJ

=

N

diff

N

in
l

(x

�p

)

�

x

�p

g(x

�p

) +

4

9

[q(x

�p

) + �q(x

�p

)℄

	

�p

Assuming fa
torisation

F

D

JJ

/

�

�g(�) +

4

9

x[q(�) + �q(�)℄

	

IP


 f

IP=p

(�)

10
-1

1

10

10 2F
D JJ

ET
Jet1,2 ≥ 7 GeV

0.035 ≤ ξ ≤ 0.095
| t | ≤ 1.0 GeV2

stat error only

H1 IP+IR / 20,
( Q2= 49 GeV2 )

( IP : fit-2 )

CDF Preliminary

10
-2

10
-1

1

10
-1

1

10

10 2

β

H1 IP+IR / 20,
( Q2= 49 GeV2 )

( IP : fit-3 )

pp
IP

p

Predi
tion using IP

partons from F

D

2

in
onsistent in

both shape and

normalisation.

Similar fa
torisation breaking observed for di�ra
tive W , b

produ
tion in �pp. - Asso
iated with hadroni
 remnants?



Possible 
ontrol experiment? - 
p Dijets

Do remnant reintera
tions destroy rapidity gaps?

Hard di�ra
tive photoprodu
tion provides photon

intera
tions with and without remnants . . .

x

jets




= fra
tion of 
 momentum entering the hard s
atter.

0

250
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750

1000

1250

1500

1750

2000

0.2 0.4 0.6 0.8 1

xγ
jets

dσ
/d

x γje
ts
  [

pb
]

H1 data

POMPYT F2
D fit 2 (<S> = 0.6)

POMPYT F2
D fit 2 (direct photon)

POMPYT F2
D fit 2 (<S> = 1.0)

POMPYT F2
D fit 3

pp
IP

pp
IP

DIRECT

x

jets




� 1

All gaps

survive?

RESOLVED

x

jets




< 1

Some gaps

destroyed?

Des
ription based on

di�ra
tive partons

improved by suppressing

resolved intera
tions

by `gap survival

probability' of 0.6

Improved data and

MC modelling needed

for �rm 
on
lusions.



A Detour into the Proton Rest Frame




�

! q�q, q�qg well in advan
e of target . . .

Partoni
 
u
tuations s
atter `elasti
ally' from proton.

Correspondan
e between frames (Bu
hm�uller, Hebe
ker,

M
Dermott . . . )

q q

q q

g

gap
Rapidity

gap
Rapidity

q q

q
q

q

g

P

P
b)

a)

g

P

P

Proton rest frame Breit frame

Knowledge of the light 
one wavefun
tions of q�q 3�

�

3 and

(q�q)g 8� 8 dipole is suÆ
ient to predi
t � dependen
e.

q�q � �(1� �) (q�q)g � (1� �)

3

A model for the di�ra
tive s
attering from the proton is

still required to des
ribe x

IP

dependen
e.



Two-gluon Models

Simplest model for di�ra
tive intera
tion is a pair of

gluons with opposite 
olour 
harge.

γ* q

q

q

q
γ*

g

p p

gg
�

Many years of

development by

many authors

Cal
ulation (Bartels et al) for dijet ele
troprodu
tion

shows that q�q 
ontribution alone is insuÆ
ient.
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H1 Data

RAPGAP F2
D fit 2
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D fit 3

LEPTO 6.5

qq Fock State

zIP
jets

dσ
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z IP
je

ts
  [

pb
]

γ

z

jets

IP

= fra
tion of

ex
hanged (IP) momentum

transferred to dijets.

q�qg states also required.

�

�

�

�

�



A two-gluon model for F

D

2

Re
ent simple 3 
omponent parameterisation (BEKW)

q�q

T

/
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+
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(1� 2�)

2

(HT)

 F
2D

(2
)

Q2 = 8 GeV2

ZEUS  1994

Q2 = 14 GeV2

total
(qq

–
)T

(qq
–
g)

(qq
–
)L

BEKW

Q2 = 27 GeV2 Q2 = 60 GeV2

β

0.01

0.02

0.03

0.04

0.05

0.06

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Mixture of q�q and q�qg �nal states.

Higher twist 
ontribution important at large �.



New F

D(3)

2

Data at large Q

2

0

0.02

0.04x IP
F

2D
(3

)

Q2=200 GeV2

β=0.4
Q2=200 GeV2

β=0.65
Q2=200 GeV2

β=0.9

0
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Q2=400 GeV2

β=0.4
Q2=400 GeV2

β=0.65
Q2=400 GeV2

β=0.9

0

0.02

0.04

10
-2

Q2=800 GeV2

β=0.4

Bartels et. al.
high γ

H1 F2
D(3) fit 3

10
-2

Q2=800 GeV2

β=0.65

10
-2

10
-1

Q2=800 GeV2

β=0.9

xIP

H1 Preliminary

Extrapolations of both DGLAP and 2-gluon ex
hange

models 
an des
ribe the data up to Q

2

= 800 GeV

2

.



Two-gluon models of VM Produ
tion

Two gluon ex
hange models have been applied su

essfully

to ex
lusive 
hannels (


�

p! V p) . . . .

J= , (�

L

+ �

T

)

Compared to model of Frankfurt et al.,

d�

dt

�

�

t=0

�

�

�

xg(x; �

2

)

�

�

2

with �

2

= (Q

2

+m

2

 

)=4

and di�erent gluon distributions.

Similar approa
hes have been applied to � at high Q

2

.

Remarkably su

essful in shape and normalisation.



Non-perturbative model for Di�r. Intera
tion

Dipoles s
atter through superposition of proton 
olour

�elds a

ording to a semi-
lassi
al model. (Bu
hm�uller,

Hebe
ker, Gehrmann, M
Demott)

γ* q

q

q

q
γ*

g

A A AA1 2 3 n

x

 x + y
�

All �nal states 
ontribute to F

2

Final states with net 
olour singlet q�q / q�qg 
ontribute to

F

D

2

.

Cross se
tions 
an be expressed as 
onvolutions of

di�ra
tive / in
lusive quark / gluon distributions with

hard s
attering 
ross se
tions. (Hebe
ker)

Using DGLAP to evolve these partons, the simulataneous

des
ription of F

2

and F

D

2

is redu
ed to a 4 parameter �t.



H1 F

D(3)

2

in Semi-Classi
al Model
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Good des
ription of F

2

also obtained.

Remarkable with so few parameters!



Soft Colour Rearrangement Model

Start from standard matrix elements / parton showers

des
ription of F

2

(x;Q

2

) (dominantly BGF at low x).

Additional non-perturbative intera
tions a�e
t �nal state


olour 
onne
tions but not parton momenta.

Implemented in the Monte Carlo model LEPTO

Only one free parameter! - Probability of Soft Colour

Intera
tions . . . to be �xed by data.



Comparison of F

D(3)

2

(�; Q

2

; x

IP

) and LEPTO 6.5
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� H1 1994 Data

| LEPTO

[Pr(SCI) = 0:5℄

� reasonable

shape in x

IP

.

Does not des
ribe

Q

2

dependen
e.

Fails at high �

(= low M

X

non-perturbative

region).



Summary

� Colour-singlet ex
hange pro
esses 
onstitute a

signi�
ant fra
tion of the DIS 
ross se
tion.

� Data span the transition between `soft' and `hard'

di�ra
tion.

� Inter
ept of the e�e
tive IP depends on hard s
ales for

elasti
, total and disso
iative data.

� Additional meson ex
hanges present at larger x

IP

in

the disso
iative 
hannel

� F

D(3)

2

and �nal state studues indi
ate that the IP is

dominated by `hard' gluons.

� Di�ra
tive fa
torisation works well for HERA data,

fails for Tevatron data.

� Where the pomeron is `hard', 2-gluon ex
hange

models of ve
tor meson produ
tion are su

essful.

� Clear eviden
e for q�qg as well as q�q �nal states in DIS

di�ra
tive disso
iation.

� Models based on non-perturbative 
olour intera
tions

are broadly su

essful.


