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D

The H1 Experiment The ZEUS Experiment

@ Central tracking chambers @ Instrumented Iron (iron stabs + streamer tube detectors)

Forward tracking and Transition radiators @ Muon toroid magnet
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Optical diffraction

I (e

i(e)

1(0)

6, . ~2/2R,

Omtical diffraction pattern produced by a black disk.

Generalization in high energy particle interactions :

Diffraction is the exchange of an object
with vacuum quantum numbers.

Hypothetical object : Pomeron IP
a a a a
P P
b b b Xy,
elastic single dissociation

b

D(SIG)/DT IN MB/GEV*x2

From Optical Diffraction to High Energy Particle Scattering

High energetic elastic scattering

PROTON-PROTON ELASTIC SCATTERING

Vo LI * °

. P =12 GeV

» P=19.2CeV

P =24 GeV
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double dissociation

a
a
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P
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b b h

7 8
=T IN GEV*#2

double Pomeron exchange
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Diffractive DIS events :
e’ (k)

e(k) /

Y*(q)
/

§= —> X(x)
color
10 How

P(p)

E NOp)

Kinematics of DIS and Diffraction

S = (k+p)2

W2 :MI2—| = (p+

center of mass energy squared
Q°=-q°= -(k-k’)2 virtuality, size of the probe
2 ~
q) d*- proton cms energy squared

x: fraction of the proton carried by

_ Q@ y= P9 the struck parton

X = . . :
2p-q p-k| y: inelasticity, fraction of the
electron momentum carried by the
2 virtual photon
Q*=x-y's
mass of the
For diffractive M, diffractive system x

events in addition

four-momentum ftransfer

2 variables — "2
t=(p-p) squared at the proton vertex
' M2 +Q2 .
« = PP)a _ My momentum fraction of the proton
IP p-q W2+Q2 carried by the Pomeron
Q> X Q? fraction of the Pomeron
a= — = =———| momentum which enters the
2(p-p)q  Xp MY+QT| hard scattering
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DIS- and Diffractive Events @

Inclusive DIS events :
- I e
electron
. - I

Considerable energy flow
in the very forward direction

Diffractive DIS events \nmax
e’ (k) Large rapidity gap in
forward direction
e(k) /
i = Sintane)| o _ !
e X()
| | L Pseudo-Rapidity
Ccolor
P(p) 10 flow O is the angle w.r.t. scattered
N E N(p’)  Proton direction.

ua

forward 2 backward
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Regge Phenomenology

Peripheral (soft)
processes

Regge Phenomenology vs. pQCD

as

0} a(r)

Cr 5
tet 5 wi=m? (GeV?) 1

........

...................

IR=Reggeon trajectory
ar()=az0)+a’ t

Diffraction

dt W,

4o owt[ W
WO

)4(3 i (D-1)

IP =Pomeron trajectory
ap(t)=ap0)+a’t

» W

0

From fit to hadronic data :

4, (t) = 1.08+0.25-t

. W 2(@p (0)-1)
tot W,

shrinkage

e

(Donnachie, Landshoff)

Perturbative QCD
\ Hard diffraction
e
e
— q X
q |
simplest approach:
colorless
I . 2 gluon exchange
p P
el
e
BFKL-type
gluon ladder
qQ  exchange
/ 0
p P
Various pQCD inspired models exist
==) |little or no shrinkage
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Exclusive Vectormeson Production

YMD-+Regge , e 0D , .
Y vm VM Ao _ o[ W — |O(W) xW* ; 4 =0.22
e ® dt W,

b(W) — b0+4é'-lnﬂ = Shr'inkage . b o r2
W,

P 0
pQCD
r
2_ NO2+m2] T — r2 small if Q2 large
Y* oz / VM ' [Z(l 2)Q mq] or M, large
bz 2 (2 2 \|2 1
0, o &3(Qu )X -9 Qe )l Ryskin: QG =" (Q+M? 41t
P P’

= | O(W) « W* ; & = 0.8 fast rise with W
Do pQCD models describe the data ?

Which variables can provide a hard scales ? | b=4GeV*and §' =0 no or little shrinkage




Can the Vectormeson Mass be a Hard Scale ? I @

Pho‘roproduc’non QZ-

n,u,o6,d,08(2s),Y

o (yp —> Vp) [nbl

The w-dependence of the "light”

{ %ﬁ : vector-meson ( p, o, ¢ ) production

103 L | W is described by Regge phenomenology

~ 0.22

T WO.70

T 0.94
1 W

10 — H //@@@

For higher mass vector mesons
the rise of the production cross section
with W gets steeper.

B H1 Preliminary W1'7
e Hi TU S) .
1 L a ZEUS This indicates the onset of
- A fixed target ﬁ : hard diffractive scattering
10'1 L C il :|
1 10 10°
W, [GeV]
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Can the Vectormeson Mass be a Hard Scale ? II @

N
: S -
Photoproduction : Q2=0 $, LP] [4-03204Gev? £
Q E ‘\<
H1: yp — J/yp o 10 ¢ % T l
= 225 F AR AR AR ] 8 - %
= e H199-00 Jiy — 'y’ (prelim.) 6 ; :1 :;e'"“'"a’y
=200 +~ P 7 B
;? o H196-97 J/y — e *e” (BR co r} X 4 A ZEUS 97
aq7s [ 0 H196-97 J/y -1 o @ ] 2 O fixed target 0 ZEUS 9%
b E A 7EUS 0 i L L1 ‘ L L1
150 - « E401 , $ ] 10 100
o E516 $ W/GeV
125 - 1
100 - 1 F ———
6 i
; =< | H1 @ -o0056ev? :
75 - - 0] [ ]
~. 5f :
e — FMS (CTEQ4L, \=4) ~ = Lf * {‘ :
’s --- MRT (CTEQ5M) 51 1 ]
&g MRT (MRST99) : s photoproduction 4
Y0 S0 10 10 200 250 300 N —— ! -
W [GeV] 50 100 200 Wi[GeV]

a' = (0.164 + 0.028 + 0.030) GeV *

pQCD models can describe the data.
Still some shrinkage seen in J/W photoproduction
but compatible with pQCD models.
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H1 p electroproduction

Can Q? be a Hard Scale ? I

o' ' ZEUS
i jo2 | ¢ H1preliminary @'V’ . . 2 —— Fltwithw® Rl
3 95 & .02 -~ MRT(CTEQSM) P T
}I//i/,,—i—”{ S0k e
*:: woso . _ = . ﬁﬁ .
~ 14.5 1 T +—* 3! . 04GeV
o] . o 1 ! f,/? (x0.2)
WO.SO .E;-. | E,~‘§/
10 i i 220 0310 3 i}/i’/ z;‘gevz
/ : For 0 -pr'odUCTlon I.}ﬂfiﬁ"i
v o ] the W-dependence gets JID Iiﬁ J%éé ey
T steeper with Q2. 3 Ly e
N 108 I i/ ;tsé-oc;v
n w S "
1 F - - @ ZEUS (prel.) DIS 88-00 g-;'!f’
. L ! s 10 -1__- ZEUS (prel.) BPCQQ-OOA,T;T;—L'
50 60 70 80 90100 200 ;f ZEUS PHP f’
W [GeV] < e
H1 ducti .
w 1.6 ..||ppm|um?n J/I¥ —electroproduchon . el
r @ Hl preliminary ] 10 10 W(GQV)
14 o] Hl 96 = -
r 1 3
o ZEUS 96-97 prel.T 1 S - ® ZEUS (prel.) DIS88-00 C H1 DIS 8597
12 ¢ Hly ] 25 WS B ZEUS (prel.) BPC 88-00 = H1 PHP
1+ ‘ ] ) - * ZEUS PHP
-.T/lp\‘l The rise with W is 3 J/Q
o 1 | essentially independent 15 | l,
os 7 1] 1 | of Q2 for J/W production| 4 | % . i
AR 1 A 3 I
% J§ ni - 05 [ E
Y R — Y S P I BT P B PP I B
[T soft pomeron 0 25 5 7.5 10 12.5 15 17.5 20
I T AT A A S s 2
O 0TS 0 s 20 25 2 35w Qz [GeV"]
Q* [GeV?]
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Can Q? be a Hard Scale ? II @

The b-slope of p-production
decreases with Q?. At high Q? it
reaches the value of J/W-production.

n Slopes of the t-distributions JD
H1 p production ZEUS
‘\"'_'14*””HHMHWHH*N10*“”“”““”““‘
3 | iy | LS SISOy yp
=12 o H196 - 8 © mipIs <W>=90 GeV 7
S L o H194 | ¥ [ HIPHP
10 . ZEUS | = 6 N ]
j % * H1 Jhy 4 ji é § § $ 7
8 T% . i
T .
R I$ 2 - 2
6 [ 1] <b>=4.510.2 GeV
o I } } 0 I R S SR R R SR R R
4 | V\ | 0 5 10 125 220
| JIw Q" (GeV’)
2 L L L L L L L L L L L L L
’ a “ 30Qz G V;]m The b-slope of J /W-production
© is independent of Q2. It is a hard

process already at Q2 =0.
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3

J /W -production as a function of Q?

Can Q? be a Hard Scale ? III @

= 102 /A =
- " W =90 GeV pQCD based models
= T
= '\, describe the Q? dependence
5. G
< 10 e :
- % and the magnitude of
T % H1PHP \
= e g}}:I‘J)SISPHP \ J /¥ -electroproduction
< ® ZEUS (prel.) BPC 99-00 W\
b 1 ® ZEUS (prel.) DIS 98-00 \
\'\
-~ MRT (CTEQ5M) W
FKS (CTEQ4M), normalized to PHP Y\
‘ Fit with ( Q'+MJ,W-’-)'", n=272+0.10 o\
- | \
10 -7 1. ] )
0 10 1 l? 5
Q" (GeV")
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Can |t| be a Hard Scale ?

4 ZEUS > 10 F ¢ H1 Preliminary
10 7, o
103 Ca%g%o fitwith ()™ o zEUS 199697 (a) 3 — BFKLLL (fixed c,)
> ZEUS 1995 & - - BFKLLL + NL (fixed o)
10 : | 3\% n=3.21 £0.04(stat.) £0.15(syst.) 5 1 E BFKL LL +NL (running o)
10 T s s ' < -~ DGLAP LL
| —— - & i
1_1 - lyp—opY — ¥ S :
10 & gl | T10-1_ yp —= JWPY
0 1 2 3 4 5 6 4 8 9 10 e F
103} ® ZEUS 1996-97 (b) -t (GeV?) T |
— 102 ZEUS 1995 ﬁ o [
> n=2.7 +0.1(stat.) +0.2(syst.) 2
G 10 . % 10 F
5 1 . <= Ivanov et al.
£ -1 R | —
=10 [ [YP2¢Y |
RS Eii [ . - N P e
£ 0 1 2 3 4 5 6  pQCDmodels 10 . [ GeV23]o
5 A ZEUS 1996-97 (c)
10715 \ ZEUS 1995
10 : [ X A‘\“E_:,1 .7 £0.2(stat.) £0.3(syst.) : Bar‘Tels et Gl. dé not exponen-ﬁal
i, T ap =VY |t|-n at high |t],
1 B dltl predicted by
10 o | IR PR pQCD models.

~t(GeV") +_ dependence of p-dissociative vectormeson production
can be described by pQCD models.

==) |arge |t| may provide a hard scale to apply pQCD.
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Summary of Exclusive Vectormeson Production @

1) A high vector meson mass provides a hard scale.
Photoproduction of p, w, ¢ is described by soft Pomeron exchange,
whereas J/W¥ photoproduction is a hard process, it can be described by pQCD models.

2.) Vectormeson production at high Q? is a hard process, pQCD can be applied.

3.) Vectormeson production at high |t| is a hard process.
The |t|™" dependence is in agreement with pQCD expectations.
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Inclusive Diffraction I @

Thmax

1.) The large rapidity gap (LRG) method

G max

=-In tan(E ;,/2) RAPIDITY GAP| "o

No ftracks or energy deposits in calorimeter
for rapidities greater thann,, or
at angles less than ©,,,..

min *

2.) Detection of outgoing proton ( H1,ZEUS)

§ B77 B72 B67 Q51,55,58 B47 Q42 Q30,34,38 B26 B18,22 Q6-15 7ZEUS

I T e A s s s I s | 0 o I — | -«

3 T 'r1_r|_| |_|/|\ I /|U|\| ||_|/|\| ] ! P
:

- S6 S5 S4 S382 s1

<X, =1 -> diffractively scattered proton

Xy Xy

2
k t=-Pr_ (1-x,) M2  the only method to measure the t-distribution

04 0.6 0.8 1
0.4 0.6 0.8 1.0 ™
X = 1-Xp
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e

(i) Nondiffractive events :

Inclusive Diffraction IT

3.) The M -method (H1,ZEUS)

Uncorrelated

(ii) Diffractive events :

Rapidity | y= = In=iPe particle AN g 1 :Jthtlg? ow My o
prarty 2 Ep, emission between YR (M2’ X
. incoming p- X X n=1
Property of a produced particle  irection and N
scattered auark. ) —diff_ _ const.
Detector d InM§"
dn In W* . contribut
dy| - TEYE - (iii) Nondiff I‘contributions
- : .\ }.
A
-\'uux 3 i,l,.,',,, -"n.)in part " 1. s
X ——— =@ = const. :
dy k7 ’
W2 :COeymax “Ymin Mf( :Coeylimit “Ymin ; ; Z
L4 i
Poisson distr. for Ay in --ji{"{-
nhondiffractive events dN Ty
dN ———=D+ce " | For
L 7R o 2 SIN3AT
pO)=e®y|  =» | omat =gl ] 41 My M} = W,
n My Fit slope b and ¢ -> subtract nondiffractive events.
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Diffractive Cross-Section and Diffractive Structure Functions @

d*6

204,

dQdtdx,,da

aQ’

m[1-(1y)° ] R Q% X 5,8)

sizable only at high'y

Contribution from longitudinal
structure function neglected by ZEUS

If tis not measured :

doc

2o’

dQ%dgd,,  BQ*

E-"‘(l_y)z]FzD(S)OS’XlP’QZ)

/—J%
2
H1 defines : ()rD = |:2D Y . |:LD
1+(1-y)

D@3 2
analogously : Gr()(ﬁ’XIP’Q J

QCD factorization for diffractive DIS processes :

2 diff diff /2 A\ . A
0™ o £ (Q7,tXp,d) 0

pQCD

( proven for ep-scattering, Collins et al. )

diff are universal diffractive parton densities
4 which evolve according to DGLAP .
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Pomeron flux factor

, o from Regge theory :
p
eB't
2 diff IP 2 A —
0™ « fIP/p(t’XIP)'FZ (Q".a) Fierp (tX1p) = X201
1P

Regge-Factorization and Reggeon-Contributions @

Separating diffractive ( Pomeron) from nondiffractive (Reggeon) contributions :

FZD(4)(XIP’t’ﬁ’Q2) = fIP (XIP’t). FZIP (ﬂ’QZ) + I'-]IRfIR (XIP’t). FZIR (ﬂ’QZ)

Parameters Bp, o'p follow from fit to the t-dependence,
the Reggeon structure function is taken as the « structure function.

All other parameters are derived from fits to the data.
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QCD DGLAP Fits @

H1 QCD-fit to LRG data (DGLAP fit):

QCD factorization :

FzD(3) (X B,Q%) = fIP/p (Xp)F; (B,Q%) + fIR/p (Xp)F" (8.Q%)

fIP/p(XIP) ! FZIP([)’!QZ)’ fIR/p(XIP) ! FZIR (ﬂ’QZ)

FZIP(/:))!QZ) =§ fiD(ﬁ’QZ)

Follow from fit to data and
assumption of pion trajectory for Reggeon exchange

i = parton species; u,d,s,U,d,s,gluon  light flavour singlet

f,°(B.Q°)

universal diffractive parton distribution functions (DPDF)

DPDFs parametrised at a starting value Q.2 as :

0.01

2f,(2,Q2)=Az% (1-2)% e 12

z is the longitudinal momentum fraction of the parton
entering the hard sub-process.

z = 3 for lowest order quark-parton modell process,
O <p <z for higher order processes.

DPDFs evolved according fo DGLAP to higher Q?
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o o H1 LRG Results @
— H1 2:02 DPDF Fit A -

iz (extrapol. fit)
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g : 1 5 .
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i
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H1 DPDFs
T - Singlet T
S o2 2 o
N 1 N
o >

02 04 06 0.8
z

H1 2006 DPDF Fit A
== (exp. error)

1 (exp.+theor. error)

H1 DPDF Fits @

Gluon

[GeV?] Singlet Structure function
8.5 i
O(z) = u(z) +d(z) +s(z) +
u(z) + d(2) + s(z)
20

H1 2006 DPDF Fit A :

90 In gluon density set parameter B to zero

H1 2006 DPDF Fit B :

800 In gluon density set parameter C to zero

02 04 06 08
2 Gluon density only weakly constraint by the data

—— H1 2006 DPDF Fit B
----- (exp.+theor. error)
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ZEUS M,-Method Results
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ZEUS BEKW(mod) Fit

Fit with BEKW model
(Bartels, Ellis, Kowalski and Wusthoff, 1998)

’QJIPFQD(S):(’T‘ T-|-(’L qq‘|‘(J F(;l;g
Fig = (2@ 1 - p),

TP
Rl = (@ R [1n< + 61— 26)%,
Pl = (22)%0(@) (1 4+ &) - (1- )7

2
assumenT(QQ)—C4+C7ln(1+ ) nr(Q%) =cs + csln (1+ g,

0 O

ng(Q?) = 6 + o In(1+ &)

0

The ZEUS data support taking n (Q?)=n,(Q?)=n,In(1+Q%Q?%) and n =0

Taking x,= 0.01 and Q?,= 0.4 GeV? results in the modified BEKW model
with the 5 free papameters :

T
CTICLlcglnl ’le
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ZEUS-M, Diffractive Structure Functions with BEKW(mod.) Fit
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QCD Scaling Violations @
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H1 and ZEUS see considerable QCD scaling violations
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The Diffractive Structure Function and the BEKW(mod) Fit @

ZEUS FPC II (prel.)
BEKW(mod): --- Total ---(qq)_T ... (qq)_L -.-(qqg)_T _ _
@ xp=0.0012 %, =0.0025 x, =0.0050  x,=0.0100 x,=0.0200 D 0.05
= u N B B B > e
= : E 3 R, ZEUS FPC I (prel.)
n I w
- N 8 1 ~ 0.04 x, =0.01
B B B >
¥ B N - <]
u ~ [ B P )
ek i B “ 0.03
0 N B - %
s w l' "
¥ 0.02 N\
- % g"\
: S . Q*{Qa,s GeV? o Q*=70GeV?
8 1 0.01 ',"’Qz =‘:§’§}Ge\'2 * Q'=090 GeV’
I i % A Q=45 M Q' =120 GeV’
05 B < K =z 2 _ . x2
:/ B ﬁ O"IIYIRI ||:T<|C|’e|||||| 1 > -inll;gloj(-;f}h!l!ym |=i:‘ >
0 I LY 01 02 03 04 05 06 07 08 09 1
- “ C >
0.05 3 : S - p
0F I 2 A
0.05 [ B o - for fixed Q2 and xg, the data show a broad
L - N . . .
of : = maximum around $=0.5 which is due to the
B [ P - . .
005 a $ 949y contribution ,
L o I N
0F : - 13+ towards low B values the qqg contribution rises
0051 3 3 8§ - strongly,
0 - I I ‘: I I ‘: I I > N;
0 0.5 0 0.5 0 0.5 0

the longitudinal qq, contribution is sizable only
at very high p and is responsible for a finite value
of the diffractive structure function at p —> 1.

Bernd Lohr, DESY ISSP Erice-Sicily 4.9.2006 Page 28



Ratio of diffractive DIS to Total DIS Cross-Section @

0.18 -
0.16 -
0.14 -

012 -

6""(0.28 < M < 35 (GeV))/c"" at W =220 GeV

0.02 -

+++

09ff(0.28 < My < 35 GeV) at W=220 GeV
ZEUS preliminary from ZEUS My data.

o't derived in the same analysis from the
Same data.

+ r = 09ff(0.28 <M <35 GeV)/o't

+++ r=a-b-n(l + Q?
‘ + with

a=022, b=0.034

r varies only logarithmically

10 10 :

Q’ (GeV?H)

== |inclusive diffraction is a leading twist process
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Are DPDFs Universal ? @

Can one use DPDFs to calculate exclusive diffractive reactions ?

Diffractive dijet production Diffractive D" production
%fz_ HIPRELIMINARY _ Eia A "g E:Tzz_ HTPRELMINARY  Eis B - o '
%!_ 160 - § g 160;— z ; % i ® H199-00 (prel.)
® 1a0fF P 1 P 14a0f IP
wi . Pk Q E NLOQCD
100 ; 100;— Q 10 2
sof- L wf o 3 A ZEUS (rescaled)
= o | mibm
20F _t..;...g 20 E- ;'.0:3' Q' i
00 0l2 0‘4 016 0l8 ; O0 0l2 0‘4 0?6 0‘8 - 1 E i — e y—
z 2 ©
= 14 = P u 10 I.:_
SE . "* ‘% L g PHELIMINARY p*met1 é
L - b TR !
..... 'L
---- ' E _— C
10 X,. (Fit B) — -
-2'2 -'2°g1o(xl;")-8 " ° ’ P'T.J;no1 12(GeV) 3 4 5 6 7 8 9 10
H1 dijet data : 4<Q2< 80 GeV? H1 . ZEUS data : Prp- [GeV]
NLO prediction : Nagy et al. [T NLO prediction : Collins et al. I
DPDFs : H1 2006 fits A,B DPDFs : H1 2002 fit

Perturbative QCD calculations with diffractive parton density functions from inclusive diffraction
can describe exclusive diffractive reactions.

=)  QCD factorization concept is validated by experiments
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HERA DPDFs and Predictions for the Tevatron @

QCD factorization in hadron-hadron scattering: (not proven, not expected to hold)

CDF dijet production Use DPDFs from HERA to predict
dijet production at the Tevatron

: 4
FJ'J' (/3) = ﬁ[g(ﬁ) + §CI(/3)] QCD factorization broken
by factor 5-7

F° (B)
s JJ

® CDF

- —— H120026° QCDFit (prel) e R ~
p—

- ——  QCD fit to ZEUS 97 data

hard
scattering 8

10

=]
Y
\/
=]

Survival probability < 1 due to multiple

P |
n Pomeron exchange and final state interactions.

B
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Summary of Inclusive Diffraction @

1.) Three experimental methods to measure inclusive diffraction at HERA : FPS/LPS, LRG, and My
All include contributions from proton dissociation or from Reggeon exchange or from both.

2.) The diffractive cross-section can be expressed in terms of diffractive structure functions.

3.) The QCD factorization scheme in DIS is proven and experimentally verified in diffractive DIS.
4.) Assuming Regge factorization H1 extracted DPDFs from the LRG data.

5.) Although theoretically not expected, Regge factorization seems to hold in practice.

6.) There are experimental indications that DPDFs might be universal in DIS.

7.) QCD inspired dipole models can describe inclusive diffraction as well. The ZEUS My data are
described rather precisely over the whole kinematic range by the BEKW(mod) parametrization.

8.) The BEKW modell explains the diffractive structure function F,D(3) in ferms transverse and
longitudinal quark-antiquark and quark-antiquark-gluon contributions.

9.) The diffractive structure function F,D(3) shows large scaling violations. This points to a large
gluon fraction in the colourless exchange.

10.) Inclusive diffraction is a leading twist reaction.

11.) QCD factorization does not hold for diffractive hadron-hadron interactions. Using HERA DPDFs
leads to a gross overestimation of dijet production at the Tevatron.
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Additional Material



Deeply Virtual Compton Scattering I @

DVCS Bethe-Heitler
- —— ¢
e e /
¥ € | e V"l/l/\ ¥
¥ v
;
P P B P B P
‘ Bethe-Heitler processes lead
— " — to the same final state
i d Difficult to disentangle experimentally
* Y
v Interference between QCD and QED
gives access to DVCS-QCD amplitude :
P P lo x| Ag, | + (ApvesPen + ApvesAsn) + | Apves §
E — skewedness Interference term can be derived from asymmetries, e.g.
Probably cleanest test of pQCD , Beam- Spin-Asymmetry: do(ep) - do(ep)

no hadrons in the final state.

Generalized parton distributions GPD -> information on transverse distribution of partons
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15

y Deeply Virtual Compton Scattering IT @
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0a | — P1+P2sin g+ P3sin2y scattering plane
HERMES result on : and production plane.
beam-spin-asymmetry A, 02

. Maybe not yet a hard
Note: HERMES is a 02 ¢ process at Q? = 2.5 GeV?
fixed target experiment 04 |
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Comparison of H1 and ZEUS Results
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