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1 Inclusive diffractive DIS

] Diffractive PDFs from combined QCD Fit to
inclusive diffractive DIS and Dijets

1 Dijets and open charm in DIS and photo-
production: test of QCD factorization

 Exclusive vector meson production and DVCS
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HERA: ~10% of low-x DIS events are diffractive

e o
=>» study QCD structure of high energy
diffraction with virtual photon )
; R
— DIS: Probe structure of proton
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Diffractive DIS: Probe structure of color singlet exchange - F,P
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" Diffraction at HERA: from soft to hard

 Soft processes at HERA: Q2~0, |t|<1GeV?2
total yp cross section, low mass Vector Meson photo-
production — similar to soft hadron diffraction

=>» Regge approach to describe energy and t-
dependences: exchange of IP and IR trajectories

A Transition to hard QCD processes:

¢ (k)

=>hard scales Q?, Ej*, t, M, e )

 Diffraction in QCD: color singlet exchange L(i}—l
Large Q2 =» y* probes parton structure of IP £
Large E/* photo-production-> test QCD collinear e .
factorization

Large M, =» charm, beauty photo-production

Large |t| = sensitive to BFKL dynamics

Color dipole approach =» 2 gluon exchange;
transition to non pQCD - “saturation” at low Q?2
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Large rapidity gap between leading proton p and X

/7/773X

S—Pwn,

Momentum fraction of proton carried
by color singlet exchange:

Momentum fraction of color singlet
carried by struck quark:
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It|<1GeV?2

q-(p-p) Q*+M,”

Xip = ~

q-p Q°+W?




ZEUS: M, method Leading Proton Spectrometers

--- Fit(cexp(b InM %)) — Fit(D + cexp(b InM, %)) ZEUS and H1
771 DJANGOH SATRAP+ZEUSVM 2] SANG(M < 2.3 GeV)
* (ZEUS98-99)-PYTHIA-SANG(M , > 2.3 GeV) ) )
proton B77 B72 T6T7 Q51,5558 BA7 QI2 Q03438 B BISZZ Q615 |opyrg
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W2 =200 - 245 GZeV S6 S5 sS4 S3 82 s1
Q" =7-10GeV FPS LPS

U free of p-dissociation background

4 t-measurement -
0 E
X;p measurement Xp=1-—F
Ep
AN — Dt c-explb- InM2) O access to high x» range (IP+IR)

TRy )
dinM 5 3 but low acceptance — low statistics

Q flat vs In M, 2 for diffractive events

QO non-diffractive events subtracted HERA-2: H1 Very Forward Proton

Spectrometer at ~220m

from ﬁt_ _ _ o =» large acceptance at low X
O contamination from p-dissociation

ep—eXY, M, <2.3 GeV
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Diffractive Reduced Cross Section

d ° 0[2 — y_2 D(4) 2
—( dAdQdx,dt ,BQ“ (A=y+)o 7 (B.Q% X, 1)

Relation to £, and F,7:

D(4 D(4 y2 D(4
5P _ EPe) _ F D)

-2 21—y +y2/2)

~F,” atlowand mediumy o.°=F,"if F,° =0

Assumption: proton vertex factorization for IP and IR

FzD(4) (IB’QZ’ XIP’t) — fIP (XIP’t)° lep (ﬁ’QZ) + fIR(XIP’t)° leR (,B’QZ)

IP and IR flux (Regge motivated): fp(x;.1)= ;;;)_1 apt)=0a,0)+ap't

X 1p

. . D(3
Integrate over ¢ while proton is not measured - &,
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R (8,Q% X t) = fio(Xip, 1) F, (8,Q%) + N - Fr(Xp 1) F, (B,

» Parameterization of x; dependence — IP intercept

HA1:
o, (0)=1.118 £ 0.008 (exp.)
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Diffractive DIS: t-dependence

* LPS measurements Lol 000024% <003
Sef 4 !
5F
— m4?
N 10} ® H1FPS 3f
> | O ZEUSLPS 2f
g % —  Parameterisation W -
o 8 gf  0.03<x<O.1
| TEF
i 67 I ® H1FPS
6| i
| by
I 21
4_ 17 ] . R
i 1 10
: Q? (GeVH
2r  do .
- ar Y SXP Blt|  tdependence does not change with 3
0 0?2 ot or ¥atfixed x,— consistent with proton

Xe  vertex factorization

B=B, +2a',Inl/X;) < a,is not “soft” (¢ Asoft)~0.25 GeV-2)

H1:

a', =0.0670 Gev? ZEUS: |a',=-0.03+0.07(stat.) £5 5 (Syst.)GeV

B, =55:> GeV~ B, =7.2+0.7(stat.) +5* (syst.)GeV

from Regge fit of F,P®
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&> Pomeron intercept vs Q2and B
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Diffractive cross section:

ZEUS Mx H1/ZEUS LRG
d o - X EP oc A(SB,032). xZ2ee®)
di/lzoc(wz)zmz pF < A(B,Q7)- X

X

Pomeron intercept a,5(0):

e data consistent within the errors

with IP flux independent of Q% (H1
and ZEUS) and 3 (H1)— support
proton vertex factorization

* |P intercept is somewhat higher than
a,p(soft) ~1.096 extracted from soft
hadron-hadron scattering
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Comparing LRG with LPS data
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LRG/LPS ratio independent of Q?, 8, x,, within errors

LRG and LPS data are consistent with proton vertex factorization -
X5 tand M, dependences factorise from the ¥ and [ dependences
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X, = 0.003
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Factorization in Diffractive DIS
QCD hard scattering collinear factorization:

PP Xp)= > f(%,Q% X, 1) 07 (x,Q7)

parton i

0'?— universal hard scattering cross section (same as in inclusive DIS)
f;"- Diffractive Parton Distribution Function = obey DGLAP,
universal for diffractive ep DIS (inclusive, Dijets, Charm)

1 Extract DPDFs from QCD J Test DPDFs in diffractive Final
fit to inclusive difefractive DIS States (Boson Gluon Fusion)

e’ (k)

QCD collinear
factorisation at

fixed x,,, t /o X (M) I

p - p p(P)
(t)

L Assumption: Proton vertex factorization =» shape of diffractive
PDFs independent of x; and t
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Diffraction and Vector Meson Production at HERA

T —

GLAP Fitto C

5 p = 0.01
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Iffractive DIS data

= H1 Data z (extrapol. fit)
X,p = 0.01 === H1 2006 DPDF Fit A— (IR contrib.)
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Traner, A | A S| ey /]
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 LRG measurements: — best
precision: 5% (stat), 5%(syst)

Study B and Q? dependence at
fixed x,, - NLO DGLAP fit to extract
diffractive PDFs for quark singlet
and gluon
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DPDFs from Inclusive Diffractive DIS

e Gluon DPDF = from positive o At hlgh momentum fraction QCD

scaling violations = larger evolution is driven by quark radiation
uncertainty = no SenSitiVity to gIUOn DPDF
Slope B gP=A+ BInQ?
2’ 002 | 8 . Sin-g'let.. Na o Gluon %Zevz]
- : * H1 Data (x,, = 0.01) o - d 025é N oc
¢ ° .
-’.in. " a 02.5 20
) A : :
| H1 2006 DPDF Fit A : 0
R S — o
B i ‘
H1 2006 DPDF Fit A — H1 2006 DPDF Fit B
" . . = exp.error) s exp.+theor. error
« DGLAP Fit constrains quark singlet = o aron o ’
DPDF and gluon DPDF at low z Two DPDF parameterizations:
Fit Aand Fit B
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Diffractive Final States at HERA

1 Focus on LRG method: Large rapidity gap between leading
proton p" and X

X includes Diffractive Final States: Dijets, Charm

,7/778X

\
E;/ jet

} Mo
c/ et \ X

remnant

x;»<0.04, |t|<1 GeV?

X;p - momentum fraction of proton carried by color singlet exchange

Z,» - momentum fraction of color singlet carried by parton entering
hard sub-process
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do / dzp* (pb)

H1 data

i

H1 2006 DPDF Fit B

DPDFs from Diffractive DIS vs Dijets

H1

100}
Zip . .-
50}
D- | Y 1 | I ‘ N
0 02 04 06 0.8 1
IP
% H1 data
ZEUS == H1 2008 DPDF Fit A
L S S e s s e T — 200

00— 1 pb" DISENT NLO & had, - -g- -

—— ZEUS LPS+charm —_—
certainty  H1 fit 2006 - A i — | H1

250 Hi fit 2006 - B ] 2 150

N L
MRW 2006 fi U
200~ 1 B

1 © i

s E 100 i

' -

mz_ i It.'_'."!:.':.' _ — 50 i

F A g :

Lo I 0
0

Diffraction and Vector Meson Production at HERA

* z,p distribution is the most
sensitive to gluon DPDF
=>difference between NLO H1
2006 Fit A and Fit B at high z

* H1 Dijet data are in better
agreement with NLO
predictions based on Fit B

* ZEUS Dijet data are
consistent with DPDFs from
H1 2006 Fit B and LPS data
(ZEUS LPS Fit)

« Statistics sufficient to
make combined QCD Fit to
inclusive diffractive DIS and
Dijets
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Combined Fit to Diffractive DIS and Dijets

Aim: one set of NLO DPDFs which describes inclusive and Dijet data

« Parameterization of quark and

gluon DPDFs at Q,*:

PDF(Z,QS y=a80-¢

- HA1

N

—h
T

i
3-x,p0,06)

29 < Q2+P*2 < 50 GeV?
T.jet1

do/dzlpld(02+pfr2j ) [pb/GeV?]
o

Mr = Q2+pt2
Combined Fit vs Dijet data
=» Data are consistent with QCD collinear factorization

Diffraction and Vector Meson Production at HERA

* NLO DGLAP evolution:

X,p =0.01

® H1 data
— H1 2007 Jets DPDF

~-- H1 2006 DPDF Fit A
10 3 i

..im B=0.013, i=9 --- H1 2006 DPDF Fit B
;,!./!—i- p=0.02, i=8

_o/!—-o—‘.—? B=0.032, i=7

‘/Lr—r*‘r B=0.05, i=6
;‘/._f-r'""?_‘ R=0.08, i=5
M,,——'}j—‘ B=0.13, i=4
M p=0.2, i=3

- p=0.32, i=2

10

10 3 ot . P=0.5, =1

0
Q? [GeV?]

Combined Fit vs inclusive data
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z-singlet(z)

z-singlet(z)

0.15¢}

0.05

0.15F

0.05

z.gluon(z)

z-gluon(z)

Diffraction and Vector Meson Production at HERA

DPDFs from Diffractive DIS and Dijets

Combined Fit to inclusive and Dijet data

— H1 2007 Jets DPDF
- exp. uncertainty

exp. + theo. uncertainty
- H1 2006 DPDF fit A
------ H1 2006 DPDF fit B

* H1 Combined Fit
constrains quark and
gluon densities over
wide range on zp

* Gluon density from
Combined Fit is close to
result of Fit B to inclusive
diffractive data
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Test of Factorization: Dijet Photo-production

small point-like photon large hadron-like photon
o7 e e
q{(*)é v Remnant |
] Jet )
direct &t resolved * o }A jx
? Jet :
"Bw)
P Remnant Remnant :
Xp
L — ) D Ot Y

x <1
Y

d Q%~0, hard scale — Ejet

(a) - .
process sensitive to gluon density

U Factorization in Dijet PhP expected
» to be valid in direct photo-production

but broken in resolved photo-

production (secondary re-scattering,

multi-pomeron exchanges)
Diffraction and Vector Meson Production at HERA 19
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@D " Diffractive Dijet Photo-production
H1 Diffractive Dijet Photoproduction .. eq y
§ HiData  H1 2006 Fit B DPDF

enriched

"~ Icorrelated == FR NLOx(1+8, ) x0.5 Direct y
L il e o ss / [ enriched
C 2] B HI
LY i |
8 S 400f
] s |
200
200
100
NLOx0.5 NLOx0.5
NTeo o4 ne 08 i 9 52 o4& o8 08
5

= NLO QCD (Frixone): H1 2006 Fit B; p? = (E,)?

* Dijets in PhP are described in shape by NLO QCD predictions, but
suppressed by a factor ~0.5 for direct and resolved y

=» Factorization breaking for Dijets in PhP
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= NLO QCD (Klasen&Kramer): H1 2006
Fit A& B, ZEUS LPS Fit p? = (E/)?

= Dijets in PhP are only weakly
suppressed by a factor of ~0.8 for direct
and resolved y

— No factorization breaking
Comparison ZEUS with HA1:

= harder E/¢t cut

ZEUS: Ej*t> 7.5 GeV, H1: Ejét>5 GeV
» 20% H1/ZEUS LRG normalization uncertainty
= 20% difference in H1/ZEUS NLO calculations

Kaidalov & Khoze R=0.34
suppression for resolved y

Diffraction and Vector Meson Production at HERA

do/dx " (data/NLO)

hadr. gorr.

iffractive Dijet Photo-production

| o H1 2006 B, GRV (x 0.87)

ZEUS
T T Ll N -
600/ ¢ zcus77 pb! (a) Y
| —— ZEUSLPS, GRV
g H1 2006 A, AFG (x 0.87)
40°f -------- H1 2006 A, GRV (x 0.87)

obs
Xy
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Test of Factorization: Charm in DIS and PhP

DIS and direct photo-production Resolved photo-production

e’ (K e’ (k) e’ (k) e’ (k)

=>» probing low and medium range on z,,

X,=1 . 0<x,<1 - small e
dominates “v " fraction <10% :
Rapidity GaT) :| §
p(P) t P
\\‘/ 1M p(P) P
.- ZEUS « Dominating process: Boson Gluon Fusion
5ot | = =>» directly sensitive to gluon DPDF
o}
il « Hard scale is provided by mass of Charm quark
%100-
:
O

D ™
o O
T T

« H1 and ZEUS: Diffractive D*

5.8

 H1: First measurement of diffractive Charm
mKm)-mkn @) ysing complimentary Lifetime method (impact

parameter to primary vertex)
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D" Diffractive Charm in DIS

Charm contribution to F,P ~20% =» comparable with charm
fraction in inclusive DIS

800 8

r— a n
8 700 === H1 2006 DPDF Fit A zbn_ 006~ | . 2
o wmws H1 2006 DPDF Fit B X 005, Q" =35 GeV
gg ™ Py - 0.018
N e H199-00 x X;p = 0.
- B 0.04"
& T : S
© 400 !
- 0.03-
200 — woze
100 S S 0.01-
0:1--11..1..,|.1.|.l.| [
0 02 04 06 08 1 ot
Zip* 10°
4 Diffractive Charm in DIS (D" and Life Time ¢ 14 pisplaced Track Data
method): .
. . o H1 2006 DPDF Fit A
» data consistent with NLO QCD predictions - H1 2006 DPDF Fit B

=>» support QCD collinear factorization
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D 'Diffractive Charm in Photo-production [
H1 H1

600

o - - -
] Qa - . H12006 DPDF Fit A
° o _
NLO QCD = 300w H1 2006 DPDF Fit B
H12006 Fit A& B, .5 v w1 o000
ZEUS LPS Fit S
2 — m 2 2 = %
M= =mg + Pt % : : I
o _I_
lllllllll IZIEI:.[IIISI L} LI LI LI B E 1 1 L 1 | 1 L L L | 1 L 1 L I i 1 1 1 I 1 1 1 ] 1 1 L | 1 ? 1 I 1 1 1
160 ' ! : : =S %3 2.5 -2 -1.5 % 0.2 04 06 038 1
ep—eD*X'p ] lo 940 (x IP) Zlopbs

do/dx,, (nb)
[
-
(=]
I
|

e ZEUS 79 pb!

o @=»»" 4 QO Diffractive Charm (D*) in photo-

“mmns 1 production:

:z i ] » data consistent with NLO QCD
“ I ! predictions within scale uncertainties

20

[rrrt

: =» no evidence for suppression of
%9 00s 001 0015 002 0025 003 00ss  Charm direct photo-production

Xp
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lﬂlﬂractive DIS / hadron final states: Summary

d Many new measurements of inclusive diffraction at HERA
=>»good agreement between different methods and experiments
=>data are consistent with proton vertex factorization

1 Combined QCD Fit to inclusive diffractive DIS and Dijets constrains
quark and gluon DPDFs in a wide range on fractional momentum

=>»consistent picture of diffractive inclusive DIS and Dijets within
QCD factorization approach

 Diffractive Dijet photo-production results need clarification
=>»breaking of QCD factorization in Diffractive Dijet photo-production?
=>difference between experiments or NLO calculations?

A Diffractive Charm DIS and photo-production data are consistent with
predictions based on NLO QCD Fit to inclusive diffractive DIS

Diffraction and Vector Meson Production at HERA 25



I— .
Vector Meson production and DVCS

Exclusive VM production: Deeply Virtual Compton
e transition from soft to Scattering (DVCS):

hard IP exchange with - fully calculable in pQCD

increasing of M, Q?, t |
* no uncertainty due to VM wave

* Regge theory for soft function

processes (IP trajectory) _
* access to generalized (skewed)

* pPQCD description — two  Parton Distributions -~ GPD(x4,X,)

gluon exchange
‘@w{

2\ |2
o~z glx, Q)]
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"Wi photo-production: W-dependence

g « WP (p,p,w,J/y,Y)

e transition from
weak W?°
dependence for low
mass VM (p,p,w) to
strong W°
dependence in

Q
I

m ZEUS

® ZEUS (prel.) ( —_— presence of hard
" alyp — ¥(25)p
3l B scale My, (J/p,Y)
: c(yp —> T(1S)
_4- | . A = ek i ; L
1o o o W(GeV) new Y-photo-

production data
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VM production and DVCS: 5(Q2+M?2)

* [ 0 <4« > 0

pZEUS(120pbY

p ZEUS94

p ZEUS95

® ZEUS

Jhy ZEUS

DVCS ZEUS 96-00
DVCSZEUS (prel.) (28 pb™)

%%

o

1

T T T T T T T T T T T T
s ywhl |
o DVCSH196-00
/. DVCSH1HERAII p (prel.)

1
;

| R R R
25 30 35 40

Q*+M4(GeV?)

Diffraction and Vector Meson Production at HERA

g « WO (p,p,J/y,DVCS)

* Transition from soft to hard
regime when Q%+M? increases

« Saturation at high Q2+M?2 -
different from F, behavior at
low X
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VM production and DVCS: b(Q2+M?)

14 T I I I ‘ I I I I

P ZEUS (120 pb'l‘)

p ZEUS 94 i
p ZEUS 95 -
p H195-96 i
o ZEUS 98-00 §
o ZEUS 94 .
Jhy ZEUS 98-00 il
Jhy ZEUS 96-97
Jhy H1 96-00

12 §' CJZ(:;. oc 62__£wt

dt

10

c* W <r 00 e |

i * b reflects transverse size of
1 ? i . Interaction

i 1« b decreases with Q2+M?
2 — +* DVCSH196-00 — -
I - DVCSH1HERAII 8p (pre) from ~10GeV-2 (soft process)
v bveszeusrd) @8pb) | to ~5 GeV-2 (hard process)
240 2 250
Q+M“(GeV")

Universal behavior with scale Q2+M? for p,¢,J/y,DVCS
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Elastic p-mesons in DIS: R = g,/o; (Q2,W)

» Elastic p-meson production in DIS ZEUS
o st B
longitudinally transversaly I o ZEUS 1995 &
polarized vy, * polarized y;* ter y P—= P
}': " ///,/q v -. o : 10
FN \\ ) HH.H‘*HHHE 8?
S B 6.
Small spatial configuration Large spatial configuration
(large k). dominates (small k;) 4; . +
o, steep rise with W o, slow rise with W 2i J! i
¢ [ zmsaopy o0 m o a w
M et . "
© 85 T Gossces ] s-channel helicity conservation
® Q°=18.0GeV’ : HP,
L * | (SCHC) - VM retains helicity of y*
_ _ 04 04
| * * 7 R=oc lo; =1, lc(l-r1y)
poo ; ‘R increases with Q? -~ g, dominates
2 L u ] |
T » g, and o; have same W dependence
0 AR I A RS AR IR B R

40 60 80 100 120 140
W (GeV)
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Interference between DVCS (QCD process) and Bethe-

Heitler (QED process) \

do = doBH + dgPVCsS + Interference

for beam lepton charge (+/-)

BCA= (og*—0°)/(0*+0")=p,*cos(®)+...

p,~GPD
H1 DVCS Analysis HERA II
03[ .
o Hl e H1ldata (prelim.)
s F- — P, COS(®,q)

(c*-0)/(c*+0)

o
-

o
R

BCA

_03:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 20 40 60 80 100 120 140 160 180

®, ., (degrees)
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DVCS: QCLC

 Interpretation

Correct for Q2 dependence of propagator term and b-slope

H1 DVCS Analysis HERA Il (e'p)

A 9 ‘Ewo;- e H1HERA Il e (prelim.) H1
S = \/O-DV?S Q 21;(62 ) ¥ BOF ... HéPHDErTIgc:eI(Freundetal.)
1 _|_ p 60;— ......
40 |- W M o % .......... i
R Im A(’}/*p —> ')/p) _ 2ﬂ:_ |
— < s E
Im A(y*p —7*p) Z of
. h(0?2 3
: 4\/7TJDv05b(Q)2 33 _— S foore # .....
or(v'p— X)/(1+p%) 2 &
oE L N
10 =l
Q% [GeV?

« Skewing factor R~2 for DVCS, for inclusive DIS expected R=1

« QCD based model is able to describe Q2-dependence of S and R
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H1 DVCS Analysis HERA Il (e'p)

— 2 =
2 10 e Q2=8 GeV? (prelim.) H1
» A Q@’=15.5GeV?
S Q? = 25 GeV?
10 i
e %
e e I
o —% ;
1 —ak = i § %
- i
= |
10 1 1 1 1 L 1 I
40 50 60 70 80 90100
W [GeV]
ZEUS
® ZEUS prel. (61 ph™)
® ZEUS 96-00 (95 pb™)
‘ 6
g T 0.56+0.32
Q*(GeV?) + f
10 . ) i% i 0.49+40.25
+ 7 1
6.2 4 - : 0.83+0.24
e )
]
9.9 P + 0.77+40.28
el
1 ]
18.0
10 10°
W (GeV)

I—
DVCS: t and W-dependences

dop,cs/dt [Nb/GeV?]

H1 DVCS Analysis HERA Il (e'p)

(prelim.) o Q2 = 8 GeV?
10 A Q’=155 GeV?
A Q%=25GeV?
1
-1
10

e ZEUS (prel.) 31 pb™

do"P ™) /djt| (nb/GeV?)
°

Q? = 6.2 GeV?
W =104 GeV
;| b=(4.5+1.8+0.4) GeV?
PEE RS S i PSR ST RS E S S S S SR RUN S S S A A
0.1 0.2 0.3 0.4 0.5
It (GeV?)

« W and t-dependences indicate hard process (similar to J/y)
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Effective Pomeron trajectory

* Elastic p-meson photo-production Apt)=a,p0)+a,'t

H1 PRELIMINARY

H1 PRELIMINARY

4= 000 Ga¥® 4= 0.035 Ga\® - = 0.089 Gav®

|« H1'05 Preliminary

] ' —— H1'05 fit
L A Zeus'ds
,/.’ A2 —— Zeus '95 fit
s b , | —— Donnachie-Landshoff

—
=
— o
o o

2

15}
% F icolmoed | 4-0189GeW d = 0. eV 110 [
= —_
o — 105
1 iof 3 ‘-r..."".r ) B
;»E . b L. i 100 |
% 10 4_pasce t=p5ggev | 10 10° -
M « H1'05 Preliminary
1 , | =—H1siH 095
# * Hi'm -
.—W m ZEUS '™ i :
o ZEUS ‘w4 LPS 0.90 . E .
10" : s 7EUS'SS i Elastic p® Photoproduction
1& 10&-“} 103  OMEGS i Al b1y
W IGeV] 12 10 -08 -06 04 -02 -00 02

ZEUS: H1: o=
0p(0) = 1.09620.021 0p(0) = 1.093%0.003*5:88%
o'p = 0.125+0.038 GeV-2 a'p = 0.116+0.027:3332GeV2

* slope oc"p is smaller than value 0.25 GeV-? extracted from
soft hadron-hadron scattering
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VM production and DVCS: Summary
New high statistics measurements of Vector Mesons in DIS and

photo-production and DVCS process at HERA:

« \W-dependence of cross section becomes stronger with
increasing of hard scale Q2+M?

« Exponential slope of t-distribution decreases with Q2+M?
« g, /07 ratio increases with Q? and is independent of W

 Effective Pomeron trajectory has smaller slope than that
extracted from soft hadron-hadron scattering

W and t dependences of DVCS indicate hard process

* First measurement of DVCS beam charge asymmetry at
HERA, process is sensitive to GPDs

Diffraction and Vector Meson Production at HERA
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