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Kinematics of Diffraction

Standard DIS variables:

fractional parton/proton momentum

X =
Q? - neg. virtual photon momentum?
y - fractional electron energy loss
W - vy-p center-of-mass energy

s - e-p center-of-mass energy

Additional for diffraction:

Xp = QP+ M2 /(Q%+ W?)
fractional Pomeron momentum

p= Q /(Q+ M)
fractional parton/Pomeron momentum

t = (p—p)? , proton momentum transfer?
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Signatures of Diffraction

non-diffractive event diffractive event

no visible
forward
activity

Two systems X and Y well separated in phase
space with low masses M, M, << W

System Y : proton or p-dissociation carries
most of the hadronic energy Pomeron

P
System X : vector meson, photon 4>—8< }Y(pv)

or photon-dissociation N

Exchange of colourless object, Pomeron, with low momentum fraction xp
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Soft Diffraction Models

Notation: soft = non-perturbative process, hadron level

Regge model : diffraction described by exchange of Pomeron trajectory

ap(t): “p(0)+ a,-ta P(O): I+e& ¢ and «’ result from fit of energy
with &£ =0.08,a, = 0.25GeV ? dependence of hadronic cross sections

> slow increasing total cross section o(W) = W with & =4(s - a/B)

> steep t-dependence with shrinkage o(t) = exp(-Bt) with B = B, + 2a’ In(W?/W,?)

» low M, - pure Pomeron exchange o(My) = My 2(1+2e)

] Reggeon t) = 0.55 + 0.86 GeV-2t
> large M, - Reggeon & Pion exchange Pio%g Zf(g))= 0 +1 GeV2t

. . ) ) 1 ¥ X ¥ Y'lq .J"‘FY
> photon dissociation: triple Regge 2. . 2 W =2 o
i ij, X i, 0 (t) O ()

el P ; P

P p
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Hard Diffraction Models

Notation: hard = perturbative process, parton level

Starting from alternative frames - two classes of models :

Proton rest frame Breit frame
formation time Standard DIS
™~ 1 /Mpx scheme

long at small x

LO: 2 gluons, ... gluon ladders «— Exchange — object with partonic structure
fluctuates in colour dipoles «— Virtual photon — point-like couplings to partons,
aq, qq+g, ... standard partonic cross sections

combine soft & hard processes by ~ «— Dynamics — evolve diffractive PDFs in x / Q2
different parton transverse momentum by DGLAP / BFKL schemes

Colour Dipole Models Resolved Pomeron Models
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Selection Methods

1) Large Rapidity Gap / H1 2) M,— Method / ZEUS  3) Proton Tagging / H1, ZEUS

W = 164-200 GeV Silicon detector

Typical cut: < ~15 7%

nmax

Flt eXCeSS above ZEUS 1995 PRELIMINARY
exponential fall-off

T T
* Hildata
PYTHIA nd

PY¥THIA nd +sd

dN
d In M%

=D +cexp(bln M),

Q\\\gwwlglwwsw\\glwwgwlwgwwlgwlwgwwlaw
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HERA Domain

....or why diffraction at HERA ?

TOP 1 - Large kinematic range

920 GeV proton <« 27.5 GeV electron, W - 300 GeV
Q? = 10° GeV? photo- & electroproduction
x=Q2/ys—> 105

TOP 2 - Large acceptance

H1/ZEUS ~ 47 to measure final state particles, important for y* dissociative system

TOP 3 - Large cross sections
~ 40 % of o, ~10 % of DIS is diffractive

TOP 4 - Point-like couplings

to probe the Pomeron structure, not possible in hadron-hadron processes

TOP 5 — Different varying scales

M2, Q2 t to access the transition region from soft to hard processes

HERA opened a new window for diffraction
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Total yp Cross Section

Typical soft process: quasi-real photon Q° - 0, tag e* at low angles

H1:  o(yp) = 165+ 2 £ 11 ub

W ZEUS 1996 W =200 GeV
0O H1 1994
- low-energy experiments

Giot(1b)

ZEUS : ol(yp) = 174 £1 + 13 ub
— ZEUSfit : W = 209 GeV

Fit: Pomeron + Reggeon contributions

= A-W?* +B.W "
= 0.093 + 0.002

Energy dependence of yp
resembles hadronic processes
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Vector Mesons : Overview

Exclusive processes in photo- and electroproduction : p, o, ¢, J/'¥, ¥(2S), Y

Photoproduction p, ¢, J/Y high t
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15 -
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®

Large variety of processes to study dynamics versus scales: M, ?

Hadron level:
Vector Meson
Dominance

& Regge model

QCD level:
with 2 gluon
exchange
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Vector Mesons: M, - Dependence

H1 and ZEUS

photoproduction

H1 Preliminary
H1

ZEUS

fixed target

K.Hiller ISMD 2003

Fit: o~ W?° with 5=4(ap(0)-1)

W-dependence steeper with M,2:

Large M, supplies a scale for hard
processes = apply pQCD models

- = ZEUS96-97 Preliminary p'w’

L 4 ZEUS99-00 Preliminary e'e

L o HL

MRT (GRVO8)

MRT (CTEQSM)
__ MRT (MRST99)
_ FKS (CTEQ4M)

P R R
200 250 300
W (GeV)
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Vector Mesons: Q% Dependence

H1p_dlectroproduction » Photoproduction of light VM well described by
e H1 prellmlnary Regge MOdeI

© H196 _

ZEUS95 » pQCD predicts (Q? + M?)"" dependence for
| hard processes

W-dependence steeper with increasing Q?
n=2.60

H1p electroproduction
i T T T T T
L o~ (Q**+m)™";n=2.60+0.04

W = 95 GeV

| e H1preliminary QGev) |

9.5

F 0.50
Q@ [Gev? W

o (yp—pp) [nb]

145

/
/
/

*

o(y p—Jiyp) (nb)
S

=

ZEUSPHP
ZEUS (prel.) BPC 99-00
ZEUS (prel.) DIS 98-00

g 50 60 70 80 90100 200
F - - MRT (CTEQSM

) W [GeV]
- FKS(CTEQ4M), normalized to PHP
Fit with (Q +MJ,W2)'", n=270+0.08

. 10 Increasing Q2 = hard processes dominate,
Q% (GeVv?) pQCD models in good agreement with data

K.Hiller ISMD 2003 Cracow




Vector Mesons : t - Dependence

Low t— region: High t — region:
well-described by exp(-bt), with b(W) pQCD predicts non-exponential dependenc

H1 p prel. 1 ® ZEUS 1996-97 (@)

o | E Forshaw
Hlp 96 L Poludniowski

ZEUS p

H1 ¢ 96

H1 Jhy prel.
H1 Jhy 97
H1 y(2S)

fit t" with:

do/d|t| (nb/GeV ?)

np) =3.2,
n(¢) = 2.7,
n(J/ ) =17

Q*+M2 [GeV?]

Universal t-dependence in scale Q2 or M? pQCD model works fine at > 1 GeV2
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Vector Mesons: Soft & Hard Processes

Indicator: o~ W? with 5§=4(ap(0) — 1) related to the exchanged object

H. H1 preliminary ] L B A L e I
© H196 - 5 @ ZEUS(pre)DISO0 O HIDIS
B ZEUS(prd)BPC 9900 + H1PHP |

H1 p production
ZEUS
\

ZEUS 96-97 prel.T

« H1 Jy ]
] * ZEUSPHP

| ‘30 35 B ‘40
Q [Gev?]

Light VM: smooth transition from soft to hard regime
Heavy VM: flat W-dependence, hard regime already at low Q?
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Vector Mesons : SU(4), Universality

SU(4) prediction:p:o:¢:J/V¥V=1:1/9:2/9:8/9 _
assume SCHC, neglecting masses, meson-WF All VM cross sections scaled by SU(4) factors:

il [P B (000N

ZEUS H1 ZEUS

B 2.1x2/9
|_Proton dissoc. vs. —t Elastic vs. Q2
| ® ZEUS 1996-97 O Hl
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B IRt - 1.2x2/9
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o
=
T

oo W =75 GeV
{ F+MA) [GeV]

10 10°
2142 2
t or Q2 (GeV?) ( QM%) [GeV~]

_ ) o ) Universal Q? + M? dependence for all VM
SU(4) restoration at t ~ 5 GeV?, Q= ~ 10 GeV reflects common underlying dynamics
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Deeply Virtual Compton Scattering

» measure electron and photon

» topology similar to VM production:
replace the VM by a photon

» clean QCD process with point-like
couplings, no wave function

> skewed / generalized PDFs G(x,,x,, Q%)

Measurement problem:

Bethe-Heitler QED process

X
S

G
S
S
S
S

L
,m,

a
)
a
q

(=3
—

» elastic BH process has same signature,

but much larger cross section, a,,, <> &,°
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DVCS: W and Q?-Dependences

[Eny
N

Fit W with
ZEUS DVCS ® ~ 1 indicates hard process

Freund et al.
NLO QCD MRSTO1-b(Q%)
Donnachie—Dosch

=
o

*

o(yp —vp) [nb]

Fit c~Q3 < pQCD ~ Q*
—> soft processes essential

Freund et al.
NLO QCD MRSTO1—-b(Q)
- Donnachie—Dosch

*

6 (yp — vp) [nb]

* NLO QCD Freund & with 2 sets of GPDFs
» Colour dipole models Donnachie &, Favart &

Both theoretical approaches

consistent with measurements
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Diffractive Deep Inelastic Scattering : o,°

Complete set of variables:

Q27 XP7 t} MX7 MY

2 H1 99 (Vs=319 GeV, prel.) H1 preliminary

= H199-00 (Vs=319 GeV, prel.) — H1 2002 5,0 NLO QCD fit (prel.)
* H1 97 (Vs=301 GeV, prel.) - extrapol. fit

[B=001 [B=0.04 [B=01 |B=0.2

B=0.65 |p=09

d
2

System Y not measured

- integrate over My, < 1.6 /2.3 GeV, t < 1GeV?
and measure reduced cross section o,:

d e

NN deanan

2
Jf(zj _ F.ZD@) o Y DG

1+(1—y)2 "

N5 d 4 G

] | L 3 |{ kAR -ARCA RGeS
irff/f—fff‘}%"}:

F_ unknown, F, =0 or F = F, > few % error
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DDIS: x,-Dependence & ax(0)

Use Ingelman&Schlein resolved Pomeron ansatz: _
—— Regge fit EIP+|R) « H1 99 (prel.) 2

. Regge fit (IP) a (not fitted) H1 preliminary ?Gevz]
O-dlff = fIUX(XP) . ObjeCt (B, QZ) B00L 004 |P=01 | p=02 |04 |p=065 |p. s

For large x, > 0.01 add Reggeon exchange :

H1 Diffractive Effective o (0)

a 97 prel (F,0=0) 4 99 prel (F p=0)
1.3

___Inclusive

-
o

e

o
3

ap(0) indicates
hard Pomeron
at high Q2

T T I | 'k T T | T T T

Reggeon essential at large x, > ~ 0.01

Resoved Pomeron ansatz works for x,-dependence fine
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DDIS: QCD Analysis

QCD Fit Model: H1 2002 6,0 NLO QCD Fit
H1 preliminary

1) Use QCD hard scattering factorization:

o”" = universal partonic cross section
same as in inclusive DIS
fP = diffractive PDFs, x& t = const.

2) Parton ansatz for exchange:

02 04 06 08 1 0.2 04 06 08 1
z z

H1 2002 6,0 NLO QCD Fit H1 pre“minary

E= (exp. error)
[ (exp.+theor. error)

— H1 2002 6,0 LO QCD Fit

Pomeron = Y q(z)+q(z) + 9(z)

-
(M

Gluon Momentum Fraction
for 0.01-z<1

[y

3) Use NLO DGLAP to evolve diffractive
PDFs to Q%> Q,?>=3 GeV?

=
®

=
o

=
N

H1 2002 o> NLO QCD Fit

(exp. error)
(exp.+theor. error)

S
o

Gluon momentum fraction 75 £15 % at Q2 = 10 GeV?
and remains large up to high Q2

[dz z g(z,Q%) / [dz z [Z+g](z,Q%)
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Fit

DDIS: g and Q?-Dependences (1)

region:

6 < Q%< 120 GeV?

H1 preliminary
%p=0.0003 = x=0001 =x,=0.003 - x.=0.01

F 0265 GeV®

iiiiuﬂ#ﬁ

0%=85 Ge?

:

¥
] ihui-ﬂ

0f=12 GeV®

e

0% 15 Gey?

.
. ¢d.n!‘ P

5 0%=20 Gev’

"
Eraid

025 Gev’

g,

0%=35 GV’

i;n*}lg

§§§§%

_ 0’60 Gev’

{
¥ ii&

090 Gev’

»

0%=120 Gev?

10

10

10

* H1 97 (prel) y<0.6
* H197 (prel.) y<0.6; M,<2 GeV
H12002 o> NLO QCD Fit (F r=0)

Flat up to high B, no x, dependence
- Regge factorization works

%p=0.0003 * ¥,,=0.001

‘ %,=0.003

H1 preliminary
* %p=0.01

[ 001

=020

il

p=0.032 f=0.043 [=0.050

Ry

B=0.500

+- !"'" ﬂi i l“‘l iii f

« H197 (prel) y<0.6
o« H1 97 (prel.) y<0.6; M,<2 GeV
H12002 > NLO QCD Fit (F 0=0)

strong positive scaling violations up to
high § = large gluon component
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DDIS: Extrapolation of NLO QCD fit

1.5 < Q2<12 GeV?, x, < 0.01

Xp = 0.01

H1 preliminary

| Q%=1.5GeV?

Q?%=35 GeV?

Q%=45 GeV?

—_—
e

Q%=90 GeV?

-2
10

10

-2 -1
10 10

B
+ H1 99 (Vs=320 GeV, prel.)
» H1 97 (Vs=300 GeV, prel.)

H1 6,0 NLO QCD Fit (prel.)

200 < Q?< 1600 GeV?, x, < 0.03

X;p = 0.03 H1 preliminary

x=0.00032 , =0.0107

x=0.005 , B=0.1667

10°
Q’ [GeV?]
H1 97 (Vs=301 GeV, prel.)
H1 99-00 (Vs=319 GeV, prel.)
H1 2002 o,> NLO QCD fit
(Vs=319 GeV, prel.)

extrapol. fit

General in good agreement, confirm diffractive PDFs with gluon dominance
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DDIS : Forward Proton Tagging

1) free of unknown p-dissociation corrections, H1/ZEUS M, < 1.6 /2.3 GeV
2) measure momentum transfer t > F,P4 at least t — slope
3) Cross over to non-diffractive region at x> 0.05, Reggeon & Pion exchange

e H1 1997 (prel.) o
= H1 FPS 99-00 (prel.) H1 preliminary

e ZEUS(prel.) 97

p=0.01 | B=0.04 . 2 | p=0.4 Bzg_-%5 : B = 7.8+0.5+0.9/0.6 GeV-
§add Ve 7

AP I I

L]

2<Q%<100 GeV?
M, >15GeV
X,<0.01

1 1 1 1
0.15 0.2 0.25 0.3 0.2 t

-t (Gev?)

Leading proton/neutron x, > 0.10

[ Q*=4.4Gev? o F"® /
T 0091 Xg; =0.00104 o FLNG® /)
L 2

0.08F

F no%+IR+IP

H o | *;.‘.ﬁl G . hifg}

4. 3. 2. 4. 3. 2 - E E B E E B E B ‘ ‘
1071071071010 7°10 %10 "10 210 %1010 %10 210 %10 210210 “ 10 210 2

P
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DDIS: Ratio o9 / 5%t

ZEUS forward plug: 2 < Q2 < 80 GeV?

ZEUS 98-99 (prel.)

® Q%’=27Gev’ HW Q?=4GeVv? Q%=6Gev? Q*=8Gev?
Q%=14Gev? & Q?=27Gev? X Q?=55GeVv?

0<M, <2GeV 8<M, <15GeV

ftiie

15<M, <25GeV

it

25<M, <35GeV

200 100 150 200 250

W(GeV)
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Q2-dependence: M, < 35 GeV
decreases with Q2
from ~20% at Q? = 2.7 GeV/?
to ~10% at Q? =27 GeV?

no Q?-dependence for M, > 8 GeV

W-dependence:

My < 2 GeV ratio falling
M, > 2 GeV ratio constant

W-dependence of ratio surprising,
since Regge model predicts :

W 4t - 1) /W 2at) - 1)
and QCD 2-gluon models:
x9g(x)? / xg(x)
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0
0

0.005 0.01

Final States : Open Charm in DDIS

1) Resolved Pomeron - Boson-gluon fusion

Open charm production very sensitive to
the gluon/Pomeron component: y* > cc

2) Colour dipole 2 gluon exchange

~260 D*, 1.5<Q? <200 GeV?

e ZEUS98-00

NLO QCD
ACTW fit B
[ 13<m <16 GeV

|

0015 0.02 0025 0.03 0.035

1P

do/df} (pb)
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Resolved Pomeron :
- NLO fit Alvero &

2-guon exchange qg+g:
- Golec-Biernat &
- Bartels &

All models agree with
data for x, < 0.01
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Final states: Jets in Photoproduction

» Jet production sensitive to gluon component

Remnant due to boson-gluon fusion

jz: » Implement diffractive PDFs into Monte Carlo

RAPGAP and compare with data

R { .
emnan > Photon: direct and resolved processes

with LO GRV PDFs

H1 Ditfractive yp Dijets

Zp, X,

. . J 7/

® H1Prelimnary  _ p1 2002 e H1 Preliminary :

1 correl. uncert. Fit (prel.) ] correl. uncert. parto__nlc momer?tum
- H1Fit2 — H1 2002 fit (prel.) for dijet production

7 direct y

do/dZeS (pb)

Resolved Pomeron
in fine agreement

with data — impoved
to LO PDFs

—> improved to LO fit
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d Vector Meson

- large M,, or Q? or t provide a hard scale for application of pPQCD models
- in the soft 2 hard transition region the energy dependence becomes steeper

4 DVCS

- tiny cross section measured, but needs more/HERA-2 data
- clean process to measure parton correlation by generalized PDFs G(x4,x,,Q5,)

O Diffractive DIS

- positive scaling violations up to 8 ~ 0.5 = gluons dominate 75 £15 % diffraction
- ratio to inclusive DIS remarkable flat over W

O Charm & Jets

- Models with diffractive PDFs describe different processes well - confirm gluon dominance

d pQCD Models

- Resolved Pomeron model & Regge / QCD factorization very promising
- Colour dipole models: qg+g dominates at high Q2
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DDIS : My~ Dependence

ZEUS forward plug: M, <35 GeV diff ~ \p/ it — A~
U

M, =12GeV 3GeV 11GeV  20GeV  30GeV ZEUS
* ZEUSPB-99 (prel) | - i [ e ZEUS9899 (prel.)
1k O0<My <2GeV - 2<My <4GeV

N
8
o

2.7 GeV

f‘##ﬂi H ;; I iigi
r r F F 0.8 [

8
o

| | r 7 " [ I _ f f +
,“****# ; E ii : i . F

w
o
o
4 Gev?

T ST R S
oo 2

¥t Pomeron [ soft Pomeron

/dM , (nb/GeV)

8

e e
. +

Ll ———— Ll L
4<M, <8GeV [ 8<M,<15GeV

1

soft Pomeron [

6 GeV?

;¢*‘¢§i$

8 GeV?

14 GeVv?

| R P PR
10

Q% (GeVv?)

M, <2 GeV: vector mesons range
little W-dependence - soft
M, > 2 GeV: steeper W-dependece with Q?,
compatible with x.-spectra

55Gev? 27 Gev?

Q2
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Application: Diffractive Jet Production (2)

ZEUS: 3-jets in electroproduction
5<Q?<100 GeV , M, > 23 GeV

» = 24P TP
£ = {x—xg)

& ZEUS 98O0

— RAPHaP—CDM
- - - RAPGAP—PS

[-a

1 /o do/d¢

—

ﬁ.a
- 7
.~

o 6
T 5
b 4
> 3
e
1
ok

tn — tn k3 otn ta

o

= 3-Jet fraction ~ 30 %

= at high M, dominant process
photon 2 qq + g

» gluon jet in Pomeron direction
and broader

» RAPGAP (resoved Pomeron)
SATRAP (colour dipole)
generators within 20 % range
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