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® New generation of high precision
data from H1 and ZEUS

e NLO QCD interpretation:
diffractive parton distributions
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Introduction
A challenge in QCD at high energies:

® Description of colour singlet exchange or diffractive processes
® Closely related to rising total cross sections and confinement

HERA: An ideal laboratory to study hard diffraction:
10% of low-x DIS events are diffractive:

A/Sep = 320 GeV Can be viewed as diffractive
: ~*p interaction:

o! y*
e — sz
X
: X
IP
\J
@ Probe QCD structure of colour singlet exchange with virtual photon
: : 2 1
e In QCD: at least two partons in net colour singlet state W ~p ~J P
J

(e.g. 2 gluons)

® Increased sensitivity to low-x limit of proton structure
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Experimental Techniques

proton B77 B72 Bo67 Q51,5558 B47 Q42 Q30,34,38 B26 B18,22 Q6-15 ZEUS
i r n
S5 S3 S2 S1

Forward Proton Spectrometers
at z = 24...90 m

Proton

Measure leading proton

e Free of dissociation bkgd.

® Measure p 4-momentum

e low statistics (acceptan

ce)

Rapidity Gap Selection
in central detector

Nmaz = — Intan %

Require large rapidity gap
e Anmn large when M cpnira1 K Whp

e integrate over outgoing p system
e high statistics

ICHEP 2002, Amsterdam

3/20



F.-P. Schilling Inclusive Diffraction at HERA

Diffractive Cross section and Structure Functions

e Q*+M3
xp =€ = —3 % = TP/p
2 Q +W L
Q (momentum fraction of colour singlet exchange)
e -

2

B M. P= W = Tq/P
X (fraction of exchange momentum of
X, q coupling to ~v*, ® = x;p3)
P p
\V / t=(p—Dp)
t (4-momentum transfer squared)

Diffractive reduced cross section o

dio T
dzp dt d8 dQZ 4;354 (1 —y+ = ) 0'71?(4)(331137 t,3, Q%)

Structure functions F,° and F[:

D4) _ D@ y’ D(4) D(3) _ D(4)
(o = F, 2=yt 92/2) Fy Integrated over t: F, "’ = [ dt F,
— Longitudinal FD. affects o at high y [~ inelasticity y = Q?*/sx]

-fFP =0: o = F
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New Measurements: H1

e 1.5 < Q% < 12 GeV?

® 6.5 < Q% < 120 GeV?
New measurements based on
rapidity gap method

— Statistics improved by factor 5

e 2.5 < Q% < 20 GeV?
New measurement using H1 FPS

(Forward Proton Spectrometer)

— Agreement between methods

High precision measurements of
B (or ) and Q? dependences

—> DGLAP QCD interpretation
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New Measurements: ZEUS

ZEUS

M, <2 2-4 8-15 15-25 25-35GeV

%) | <p>=063 | <p>=023 |<p>=0.072 | <B>=0.019 | <p>=0.0064| <p>=0.0028

a 005, - - - I~ * ZEUS({(prel) 98-99

T T T i i i :

T A e N

a o A A I e N B W

o | <p>=07 [ <p>=031 [<p>=01 | <B>=0.029 | <B>=0.0094 | <@>=0.0043
0.05 34 - = = = =

LpeTEy L L L L L

L X L ‘o‘. L lj! L L L

L L L tee | o, | « | L]

| | | | * | . |

o A T T A I Y Bl W R
F<p>=0.77 [ <B>=04 | <Bf>=0.15 |[|<B>=0.043 [ <PB>=0.014 | <B>=0.0066
0.05- & R = = =
| % e i h 0% i s i i
i 3 i i 0!.. i e, | tﬁ i $
o A A Y Y e W Y
I <p>=0.82 [ <B>=048 | <B>=02 | <B>=0.06 [<P>=0.02 | <B>=0.0092
0.05— — %ii_{! — — — —
L L s [ o5 L L L
S S L SO N N
o T I A Y T A
I <B>=0.87 [ <Bp=0.59 | <B>=0.29 |<B>=0.097 | <B>=0.033 | <B>=0.015
005 - B’;,“ S - -

L L . f L L -

A T N S S S T A
N NI (N I N N I (N I N N O
<B>=0.93 | <p>=0.73 7<B>i0.43 L<B>=0.17 | <B>=0.064 | <p>=0.03

0.05 - - SE T - -

L L L s | s | L

L L ] L L L L 3

B v S RN
NN NI N I S N O A I S e O R
<B>=0.82 | <B>=0.84 | <Bp>=058 [ <P>=0.29 [<P>=0.12 [ <B>=0.058

0.05} - = = = =

i i }{ g L5 L i

I T

L L L 8L [ L

LT S

O ‘ Il Il Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il

107 10%10” 10%10” 10%10” 10%10” 10%10” 107

Xip

22-3GeV?

5

-10

10-20 7

20-40

Q%=40-80

ZEUS

%‘10§ M(=5GCeV [ M= 11GeV [ My = 18 GeV
9 Emi% % norm. unc. 'O zeusspPcosor [ — BEcw qg+qdg
Qo — lO ZEUSDIS94 — BEKW qqg
=2 | | A ZEUS (prel.) BPT-LPS 97 BEKW qg
< g Ex  ZEUS (prel.) DISLPS97
> r r
E L
ik W
510 | FW=160 GeV
10 i *\HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH*\HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \H::'FH*\ HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ \.\.\.\.\‘m-'
10%10" 1 10 10%10%1 10 10%100" 1 10
Q* (Gev )
(top) New LPS data
(Leading Proton Spectrometer)
In transition region (yp — DIS)
0.03 < Q? < 0.6 GeV?
(left) New data using

improved forward calorimeter
2.2 < Q% < 80 GeV?
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Factorization in Diffraction
Proof of QCD Factorization for diffractive DIS:

e Diffractive parton distributions (Trentadue, Veneziano, Berera, Soper, Collins, ...):

d’o(z,Q%,zp, v*p—p' X ~~¥i
e = X [2 ¥ 667" (2, Q% €) PP (6, Q% wp, )

* -
e &7 ' hard scattering part, as in incl. DIS

° piD diffractive PDF’s in proton, conditional probabilities,
valid at fixed p, t, obey (NLO) DGLAP

Regge Factorization / ‘Resolved Pomeron’ model:

xp,t dependence factorizes out (Donnachie, Landshoff, Ingelman, Schilein, ...):
y*

- “ . . :
- — ﬂlp X Vel q e additional assumption, no proof !
) P ; N p - i e consistent with present data if
O sub-leading IR included

FzD(mPa t, 3, Qz) — fP/p(mP, t) F2P(/87 Qz)

Shape of diffr. PDF’s indep. of xp, t, normalization controlled by Regge flux fp/,
ICHEP 2002, Amsterdam 7/20
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Forward Proton Detectors: ¢t Measurement

—~ 14
‘-“> "~ ® H199-00 (prel.) 2<Q’<50 GeV?
© ., ® ZEUSO7(prel) 2<Q?<100 GeV?
o —“L ZEUS 95 (prel.)
do _ < . i
dlzl measured for —0.4 S t < |t|wmin o 0"
Exponential fit to ¢ distribution: gl % $
do —blt| d
ao 6
d|t| € B *
4 i
b is related to 2
the interaction radius: b = R*/4 i
0\\\‘ \\\\\\‘ \\\\\\‘
-3 -2 -1
10 10 10
Xip
<— Energy

In Regge phenomenology expect ‘shrinkage’:
(proton gets ‘bigger’ with increasing energy) b = by+2a’log $ Tp ~ M;/ij

So far inconclusive ...

ICHEP 2002, Amsterdam 8/20
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Forward Proton Detectors: ¢ Measurement

positron plane proton plane

$: Azimuthal angle between electron
and proton scattering planes

D N
do s D - . ; s
€75 sensitive to o through interf. term:

i

D [}

do— ~ ol + eocp — 2\/e(1 + €)opycos® — eor cos 2P
ZEUS

~14r ~L4r ]

g L2k 0.00025<x, ,<0.02 'g Lah 0.02<x,,<0.07 Measured asymmetries

S 1i,+/t—+ﬁ\+3 1 fromfitg—gwl—l—ALTcos(I):

c L c B

08} | 084 © e
% osl g 06* —+—+ ¢ Apr = —0.029 £ 0.066 19920
8_ 0 8_ O <
- - O = 0.02 ; ~ 0.32
S o4l S 04| ( = 3 B )
02 02 ® ZEUS(prel.) 97 _ +0.048
O - I I | I I | I I | O - I I | I I | I | ALT o —0.005 :|: 0.052_0.047
0 2 4 6 0 2 4 6 (0.2 < zpp < 0.07; B = 0.1)
® (rad) P (rad)

—> Interference term small in measured region
[Interesting high B region (pert. 2-gluon exch. predicts large asymmetry) not yet explored]

ICHEP 2002, Amsterdam
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Energy dependence and ap(0)

Example: ZEUS LPS data Diffractive effective a,,(0)
e H1 e /EUS
~ ZEUS ) : ,
%N 22:: 10007 =003 013 =048 (8ev2) O H1 prelim © ZEUS prelim
LLE 00aE s 2.4 8 1.3
X o0k i ¥ \é\;tqi St \g\l\i _____ \.E_ - ___.Inclusive
oost S i
0.04F 3.7
0'022_ ° 3 \i\%° o’ \i\"‘\&.g \&L‘ ~~~~~ 1 . 2 BE =+
OF L
ot 1] % -
0.04F 6.9 , '
0.02;— ¥ [ j \og \i\&i\zo o 7 .
0.08;: 1.1 l/l
0045_ é 135 :-:: -------------------------------------------------
002F i st \_._,? \K\Llii 2: soft IP
P a——— : : (0 Q=0)
10 10 O:O E_ [
° ZEUS(Prd.)QY oaE é 39 1 L L L Ll
—  Reggefit 2.2;;_ i i ;3 \‘\‘§¥ 10 -1 l 10 102
0 . Il | PR | . | | PP BRI BT |
10 0% 10 107 10" 10° 2 2
Xp Q" [GeV]
Fit to = dependence: Indications for increase with Q? ?
2ap—1 ] . Qiff. .
F(zp, B, Q%) = (#) P A, Q) Naive expectation ap (0) = 2 a'p (0)

fails in DIS region?
ICHEP 2002, Amsterdam 10/20
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Ratio Diffractive / Inclusive: Energy Dependence

ZEUS

My = 5 GeV My = 11 GeV
o * ZEUSLPS95 a
2 w04 ® ZEUSBPC 96-97 - —= WY/ALLMY97
O - 0 ZEUS %4 =
= [ [*8} £21% norm. unc. -
P R SR &.. - T ?? =60 GeV?
-~ = ? ? é Q*=60 GeV* |- (x2E+06)
P 1 (x2E+06) T
= 103'""?"1""&‘"*3"1:!'1 Q*=27 GeV* | i
=, (SE+05) |- T 9T @=27cev
= - B 9 } (x3e+05)
8 grpeeee oocer]

(X7E+04)

T -~ Rk -

---------------- Q*=14 GeV*
T (x7|-:+§4)

E (x2E+04)
- S gy Q*=8 GeV*
e fonnmmneees - T8 Caeron
- 1 tog=seeve T
B Jr (x5E+03) | - T { G4 Gev
e il (x5E+03)
10 — J Q*=0.58 GeV* |
— (X3E+03) I
B 1 B
i --—f-i'"’""_"— 0°=0.39 GeV* | _q.-——-r"‘l"/o’:o.ss GeV?
- (x9E+02) | (x3E+03)
. ._r-—-t"‘f"’"* Q’=0.27 GeV? | _ __*,__f——ﬂ"""' ,
. - (x3E+02) | Q*=0.39 GeV*
- B | (X9E+02)
- - ¥ 027 cev?
| ‘ (x3E+02)
10° 10°
W (GeV)

Study Ratio R(W)| s, o2

[ dt (de ) /dMx)

P
O ot

(WZ) 2(0_”:)-1)
~ ~ W P
(W2)(a1P—1)

— transition region:

p = 0.24 £ 0.07 (stat.)
Steeper for diffractive
than inclusive

—> Regge-like

— DIS regime:

p = 0.00 4 0.03 (stat.)
Same energy dependence
— not Regge-like

ICHEP 2002, Amsterdam
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Diffractive / Inclusive: Q2 dependence from H1

D(3) 2
. . . o €xr €T
Logarithmic Q? dependence of the ratio 2~ - ((m’%z’) P) ~ Agr + Bpgrlog Q*
r
_ Xp=0.01  H1 preliminary ’ T,T P H1 Preliminary
E 0.05 x=0.0002 , 3=0.0200 —_
D) 7‘_",44}/ O o002 - * x,,=0.001
o = 0 X,,=0.003
bﬂ_ o | X=000032, B=0.0320 o i . * xp=0.01
X =~ -
D T NO‘ 0.01
0.05 - x=0.0005 , f=0.0500 E :
S N A A } ______________
0.05 — x=0.0008 , 3=0.0800 -c r
o ; I E
. =, L —y —~~ r
& L
005 | X=00013, B=0.1300 X 001 }
. - I
. — [ - {
Y— L
0.05 - x=0.002 , 3=0.2000 0.02 [
: - [ °
0.05 x=0.0032 , =0.3200 I
P e . s -0.03 ‘
B T 107 10" 1
005 |- 70009 PROS000 Low 3: rel. flat: B
. — ratio of diffr. to incl. g(x, Q®) constant
=0.008 , 3=0.8000 .
0.05\ — diple models (IF o gipoie < R)
Ll Ll ASIB == 1: fa"ing:
10 10° 2 . .
otcevy  — Q°-suppressed higher twist (pert. 2-gluon exchange)
R oy 08 — DGLAP evolution (gluon radiation)
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ZEUS

s M, <2GeV | M, =8-15GeV
o it
t\o.os—{ i i -
S i
TR ¢
bo.o45 y . " b
A A4 I\ y ﬁ ﬁ #
00y Yy v 4 4+ 4 | ¥ * x ¥
:* * * * * Y Y*
07*ﬁ *l§ *BK i \*\ | | | | | 1 | 1 |
- MX:2-4GeV MX:15-25GeV
0.06; } } =
oos %o @ é " & . |
TY Yy ooy 4
Ly x Y Y é
0.02 - LI ﬁ %
(& x X Kk % K K
07\*‘*\*"\**\*\ A I N B
MX:4-SGeV7 MX=25-35GeV
I - ZEUS (prel) 98-99
0.06 - e Q*=22-3 *10-20GeV”
- " m Q?=3-5 %20-40GeV’
i i & |4 Q%=5-7 x40-80Gev?
0.04 v Q°=7-10GeV
%é# ‘i i \ .k
L ’F L S * * I
0.02 - =
T * * ¥ * 3
0 5‘0 | 160 | 1%0 2(50 | zéo 5‘0 | 160 | 1‘50 | 2(‘30 | 2%0
W(GeV)

Ratio from ZEUS

Similar features observed:

e little Q? dependence at high Mx
(~ low B)

e strong (negative) Q* dependence
at small M x

(~ high 3)

ICHEP 2002, Amsterdam
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Precise H1 Measurement of 3, Q% dependences
Prerequisite for NLO DGLAP QCD fit:

H1 preliminary

* X,p=0.0003 * x,,=0.001 * x=0.003 -+ x=0.01

3 01
= E Q%=6.5GeV? Q%=8.5 GeV? Q=12 GeV? Q%=15 GeV?
% 0.08 [
p — C
0.0.06
Z oo fi 4 A Nk : iié ‘E?I‘j o o
E ‘ @ og
& 002 [ 2 n‘jﬁﬁ#T wd® #e MO
O o1 ¢
008 Q%=20 GeV? Q%=25 GeV? Q%=35 GeV? Q%=45 GeV?
0.06 [
004 * X S I [ ) : k]
0 Cragedt ey, vt MR
002 [ '
01 F ‘ ‘
008 Q%60 GeV? Q%290 GeV? Q%=120 GeV? 0?2 107
0.06 [ E B
0.04 3 Iﬁ% { E{L
0.02 %
‘-2 ‘-l ‘—2 ‘-1 ‘-2 ‘-l
10 10 10 10 10 10

* H1 97 (prel.) y<0.6
° H1 97 (prel.) y<0.6; M, <2 GeV
H1 2002 ¢,> NLO QCD Fit (F b=0)

B dep.: ~ 3 e;(a; + @)

— xp dep. taken out: factorization holds for xp < 0.01

— rising for B — 1 at low Q?

0.1

0.05

0.1

0.05

H1 preliminary

* X,=0.0003 * X,,=0.001 * x,,=0.003 * x,=0.01

[ B=0.013 [3=0.020 [3=0.032 [3=0.043 [3=0.050
4 G e ) pdod?
[ B=0.067 [3=0.080 B=0.107 [=0.130 B=0.167
o o
L Q‘! oo ¥ o
g ‘oi‘ ® s é“. P we®
L [3=0.200 =0.267 [=0.320 [=0.433 [3=0.500
- (X TY)
- ¢.§.§¢‘§§} - ..00‘ *.i.“ti é.‘o.‘lii P !0‘2 $
[ B=0.667 [3=0.800
- s, { . « H1 97 (prel.) y<0.6
LMl I e ot 2 o H1 97 (prel.) y<0.6; M, <2 GeV
! | 1 H1 2002 6,0 NLO QCD Fit (F,_0=0)
10 10> 10 10°
2 2
Q° [GeV]

Q* dep.: ~ a. @ g” (B, Q%)

— positive scaling violations expect for largest 3 (gluon dominance)

ICHEP 2002, Amsterdam
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New NLO DGLAP QCD Fit from H1

QCD Fit Technique:

H1 2002 o, NLO QCD Fit

® Regge factorization (c.f. data) HL preliminary
e Singlet X and gluon g ST i Singlet < Gluon %2 ,
parameterized at Q2 = 3 GeV? E,\),: 0.2 - g 1 [Bev]
e NLO DGLAP evolution N s i/\ S0 o
e Fit data for 05 Sl ob
Q? > 6.5GeV2, Mx > 2 GeV o
e For first time propagate exp. and | m ' 15
theor. uncertainties ! oLr -
O
PDF’s of diffractive exchange: 02"
e Extending to large 01 ”
fractional momenta =z 0 N ..
° Gluon dominated 0.2 04 06 08 1 0.2 04 06 08 1
e X well constrained H1 2002 g, NLOZQCD Fit ‘

e substantial uncertainty for gluon

1 (exp. error)

. ] (exp.+theor. error)

at highest =z (exp

- : : —— H1 2002 6,0 LO QCD Fit
Similar to previous fits

ICHEP 2002, Amsterdam 15/20
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H1 NLO QCD Fit: Gluon fraction and FLD

Integrate PDF’s over

Longitudinal F[:

measured range: Do o L D I 2 D 2
Fi’ ~ 32 [Cq QF +Cy ®> ;€5 297 (2 Q )}

H1 preliminary

Xp =0.003 H1 preliminary

—~ 1.2 =
NO Gluon Momentum Fraction =

N1 - for 0.01<z<1 - - x=3.%§;05‘, 3=0.0107

— N L o051

2 o .

= >< —

w08

N — = =

N 0.6 [ - x000032,p0.1067
E B 005 =

—. 0.4 IR
Na r H1 2002 0,> NLO QCD Fit

N 02 [ E1 (exp.error) _ x=0.002 , B=0.6667

= - [ ] (exp.+theor. error)

N 0.05

N 0 ‘ 7 .................................................................
o 10 10° | ‘

- 2 2 - ;

Q" [GeV] 10 10
. S Q° [GeV]
Momentum fraction of diffractive exchange _
. _— D
carried by gluons: ELD (from NLO QCD Fit)
2

- 15%

75 -

= F}? large at low Q?, low 3

ICHEP 2002, Amsterdam
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H1 NLO QCD fit: 3 dependence

- Xp =0.003 H1 preliminary
™
a_ | Q%15 GeV? Q%=15 GeV?
© o5l
o | [] _._._.—-(“'
< . .
| Q%*=2GeV? Q%=20 GeV?
0.05 -
- ‘_'._wl—.‘
Az 5
0
| Q%=25GeV? Q%=25 GeV?
0.05 -
L i Ot
0 4 A , ,x a1
| Q%=35GeV? Q%=35 GeV?
0.05 -
1 . i—‘—'“c\
B A ALA A ALaT
0
| Q%*=5GeV? Q%=45 GeV?
0.05 - s
~ TSR
0
| Q°=6.5GeV’ Q?=60 GeV?
0.05 |~
S i
0
| Q°=85GeV’ Q%=90 GeV?
0.05 -
A
~ 51—‘—6—"‘)
0 \HHH‘ L \HHH‘ [ RN
| Q%*=12 GeV? 107 10
0.05 -
B ittt + H1 99 (Vs=320 GeV, prel.)
0 ol e * H1 97 (Vs=300 GeV, prel.)
10 -2 10 1 1 H1 CrD NLO QCD Fit (prel)
B A

Example data at xp = 0.003:

® Rising behaviour for 8 — 1
at low Q?, reflected by 3(3, Q?)

e QCD fit to data for Q> > 6.5 GeV?

e Extension to lower 3, Q?
with new 99 data! (blue points)

® Indication of breakdown of QCD fit
at Q2 = 3.5 GeV?

= new low Q? data as additional
constraint in future fits!

ICHEP 2002, Amsterdam
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H1 NLO QCD fit: Q? dependence

Xp=0.01  H1preliminary

% x=3.2E-05 , $=0.0032 x=0.0008 , =0.0800
o B
o 005
x N AW
0 =sE05 , $=0.0050 x=0.0013 , p=0.1300
0.05 |- i
L N ‘ M
o+
x=8E-05 , =0.0080 x=0.002 , B=0.2000
0.05 |-
0 ™ %=0.00013 , $=0.0130 x=0.0032 , p=0.3200
0.05 |~
Toa e .,—éfﬂ’ol’"—L_
0 =0.0002 , $=0.0200 x=0.005 , B=0.5000
0.05 |~
¢  eeM A —
v -
0 ™ %=0.00032 , $=0.0320 x=0.008 , B=0.8000
0.05 |-
*
L ‘.‘.‘._‘,‘/i{ $ \L‘_’_t_
0 A | \\\HH‘ | \\\HH‘{
x=0.0005 , p=0.0500 10 10°
[ 2 2
GeV
0.05 Q[ ]
<% & + H1 99 (Ep:920 GeV, prel.)
| I\K\T\‘:‘\T}‘/\’\ Ll * H197 (E =820 GeV, prel')
0 ; H1 o > NLO QCD Fit (prel.)
10 10" . Q%<0 b
Q2 [GeVZ] cut

Example data at xp = 0.01:

e Q? scaling violations well
constrained by data

e® Rising except at highest 3

e Well reproduced by QCD fit
for Q? > 3.5 GeV?

e New low Q? data (blue points)
above fit at low Q?
(not included in fit)

ICHEP 2002, Amsterdam
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Factorization Tests

Use diffractive PDF’s to predict diffractive final state cross sections:

HERA:

e Updated comparisons with dijet and charm production in diffractive DIS:
Consistent with factorization => See next talk (A. Savin)

Diffractive dijets at the TEVATRON:

g |
az [ HLfit2 -+ CDF data
R B H1 fit-3 EF"? > 7 Gev

1005' (Q%= 75 GeV?) 0.035 < £ <0.095

|t]<1.0GeVv? e Prediction based on H1 PDF’s one order
oL of magnitude below CDF data
® Result of new H1 fit confirms serious
¢ breakdown of factorization in diffraction
between pp and ep
0.1 L — H1 2002 0,0 QCD Fit (prel.)
T IR only
L L MR | L L L L MR
0.1 1
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Summary

Understanding colour singlet exchange - a major challenge in QCD

Diffractive DIS at HERA enables studies of quark / gluon (QCD) structure of diffraction

@ Several new data samples from H1 and ZEUS:
— Entering an era of high precision in extended kinematic range

e Energy dependence: ap(0) in DIS higher than at Q* = 0
— Diffractive vs inclusive: Simple expectation does not work in DIS

® Ratios diffractive to inclusive cross section:
— remarkably flat over wide kinematic range
— high B: complicated structure (higher twist?)

e New H1 NLO DGLAP QCD fit: Diffractive parton distributions
including error estimate, dominated by gluon distribution
— used for tests of QCD factorization

Further information in contributed papers

980, 981, 984, 985 (H1) and 821, 822, 823, 828 (ZEUS)
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