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CTEQ School 2003 Small-x Physics and Diffraction

e The two discoveries at HERA:

e Understanding of the high-energy, i.e. small x limit of QCD

e Do we enter a new regime of high parton densities (saturation) at low x
and when do we reach the unitarity limit?

e Where and how does the transition from perturbative QCD (Q* >> Agcp)
to soft (non-perturbative) hadronic physics at @* = 0 take place?

e What is the region of validity of DGLAP and BFKL ?
e How can we understand the phenomenon of diffraction in the context of (p)QCD?

e Is the “Pomeron” universal or if not, why not?
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Outline — Small-x

Introduction: Deep inelastic Scattering at HERA (Reminder)

Introduction to BFKL evolution
Inclusive DIS: Problems of DGLAP?

Measurements of F7,

The small-x limit and Saturation

e Rise of F5 atlow x

Transition region at low Q?

QCD Dynamics through hadronic final state measurements
Virtual photon structure

CCFM evolution

Forward jet and particle production
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Outline — Diffraction

e Observation of hard diffraction at HERA
Soft hadron-hadron interactions and Regge theory

Inclusive Diffraction in DIS at HERA
Diffractive final states at HERA: Jets, Charm
2-gluon exchange models

Light vector meson production

e Diffraction at the Tevatron
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Reminder: Deep Inelastic Scattering at HERA

A ”typical” DIS event at high Q7 in the H1 detector:

Q? = 25030 GeV?, y =0.56, M = 211 GeV

Protons: £, = 920 GeV
Electrons: £, = 27.5 GeV

Elektron

Proton

Quark
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Reminder: Deep Inelastic Scattering at HERA

Q2:—q2:(k—k’)2

Photon virtuality
Gi 6:i: (17
k k! ’ 2
x = ﬁ 0<z<1)
Parton momentum fraction “Bjorken-x"
g=Fk—F
current jet s = (k+ P)? = AE.E, ~ (320 GeV)2
ep CMS energy squared
y=1pt=Qzs (0<y<1)
. . E]
inelasticity, approx. y = 1 — 3¢
p— 5

W?=(¢+ P)’ =ys - Q°
~v*p CMS energy squared

Cross section and structure functions (neglecting Z° exchange):
_d’s _ _ 4ma? _ v _ v
dzdQ? — 2Q° ({1 y+5| 2=
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DIS Kinematic plane

2 1n5
8 10 7= . 2 1.
< o B ozEUs e high 7, high =:
NO M7l CDF/DO Inclusivejetsn<0.7 Tevatron jetS
10 4? E= DO Inclusivejetsn<3
- [[7] Fixed Target Experiments:
3 CCFR,NMC, BCDMS,
10 =
E665, SLAC
, e medium Q?, high x:
107 Fixed target expts.
10 -
1 | e HERA: high CMS energy gives
i extension of 2-3 orders of
107 magnitude towards lower x
E\\\H‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ a.t Same Q2
6 5 4 3 2 K]
10 10 10 10 10 10 1
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The HERA discovery: Steep rise of 5 at low x

Before HERA: low-z behaviour of F; unknown (see spread of then existing pdf’s)

1993: First HERA data 2000: high precision (few percent)!
T & =85 cev: - & =15 Gev £ i
i ] i ] L1.6-
i Cwrs o ! ] i Q%=15GeVv?
3r —— MRS D™ i
o ggf,Q’MS | 1.4_— ; ® ZEUS9%I97
2k —— DOLA ] L W H196/97
i 1 12'_ /\ NMC, BCDMS, E665
) i ——  CTEQS5D
MRST99

Fy

x x

Rise was expected, but turned out to be very steep!

Frank-Peter Schilling / DESY 8/85



CTEQ School 2003 Small-x Physics and Diffraction

r and Q¢ dependence of F;(x, Q?)

x dependence:

2 d .
ependence:
ZEUS+H1 ¢ p

B

T Q%=27Gev? [ Q’=35GeV? [N F ) 3
H ® zEUSOYT | [ L X=0.000050, i =21 e Hle'phighQ® |
15* O H196/97 ~ 6 0©°° x =0.000080, i =20
— /A NMC. [ - . —
. - y L LWL 107E o x=0.00013, i = 19 94-00 -
A NN o) FoT e X =0.00020, i = 18 E
i i e xooisy o HLeD low Q@ |
L _ ith N L o - L .
1r 1051 ° {(((’Q/ X =0.00050, i = 16 96-97 |
r Eoel WMQ/ X=0.00080,i = 15 E
05 i Od/{((rf"'we/ x=00013,i = 14 » BCDMS ]
[ 104L A((((f”"ﬂg/ x=00020, i = 13 i
r F °M X= 00082, = 12 ° NMC E
0 ! i i ! i ; ; i i i } i i } r —D'D/WMM \ 00050111 ]
L Q*=65Gev® [ Q*=85Gev® [ Q=10 Gev? 103; M Y= 0.0080, = 10 ]
N [ [ E 000" 3
15F L C E w Xx=0013,i=9 ]
. A L k [ o¥ ]
: Lo i - WWW Xx=0020,1=8 ]
L E °"’WML.-—.—'— x=0.050,1=86 ]
L [ [ 10 [ :;: P Ooees ssessssy o o  X=0080,i=5 1
051 n n P W TP YV o s x=013iz4 E
r r C E - 9 qrbg-0He0d 8 " coseec e o IQ_ x=018,i=3 E
07 | oy - i TR RERLRAA R ARty St b . | ey 1L "’% x=0.25,i=2 =
L Q=1r2Gev? | Q=15Gev? [ Q*=18 GeV? S i f B
sl 7 ] 1: % X=040,i=1 ]
. i 10 ¢ t E
1 i I N E AR 5 B EE
[ 20 x=065i=0 |3
r 10 & H1 PDF 2000 ,:%
05 - - © - extrapolation g
L 10'3 O R E T RS - -
07 T S S T R " T S S S | " T S I R Nl 1 10 102 103 104 105
-5 -3 -1 -5 -3 -i -5 -3 -1 2 2
10 10~ 1010 10 1010 10 10 1 Q" / GeV
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DGLAP evolution

DGLAP evolution equations:

dg;(z, Q%)  as [ldz] z e Leading powers of
—dan2 = o). Qz(z Q )qu< ) +9(2,Q )qu< )} o log QQ/Q(Q)
dg(z, Q2 as [ldz | . are considered
or © ), TS Qg (7) +ate@tr (5 )]
_ e No absolute prediction
Splitting functions: for p;(x, Q%)!
Py(@ o Pe@ Pe®
e Describes only
evolution of pdf’s
with Q2
Al 1422 e Need input for
Pgq(z) = Pgg(l1—2z) =7 [(1 - Z)J +2-6(1-2) x-dependence
at starting scale Q2
Pag(z) = 5 (24022 ’

e Determine pdf’s
from global fit

Pgg(z) = 6

+ Zz—i—z(l—z)] +(11—%f)-5(1—z)
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From DGLAP to BFKL evolution

(b)

. yk vk
DGLAP: Hﬂq/bov*q H’LLLGV*‘“(HE)

e collinear singularities factorized in pdf e Koot
fypOGH7
e evolution in Q* ~ p3 or k7 | o “2)----‘ --------------- Wy
.O'NO'()I%C(§>]C(Z7Q2) mk<uf
. f (%) CLLEL LI
e Strong ordering in k7 along ladder
o
What happens at low x? e .
e DGLAP includes only [a”" log(Q?/Q2)"] terms S

x

e At very low z, terms [« log(1/x)"] must become
important (e.g. at HERA?)

o Iflog(Q*/QF) < log(1/x),
need resummation of terms [o" log(1/x)" ]

to all orders by keeping full Q? dependence

TETTTTY

TSI

BTTTOVT Xipg o Kpjyg
TTTTTTT X, Ky
L EEEL]

TETTTTT Xy, Kpg

000000000000Q0090000

e Must relax strong ordering of kr,
need integration over full k1 phase space P >

%};Q
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BFKL evolution

e Integration over full k7 phase space:

e Unintegrated gluon dlstr1but10n fx, k2):

2 Q? dk A
zg(x, Q%) f = f (2, k%) 1
log—
e n-rung contribution f,, given in terms of f,,_1, %
i.e. strong ordering in x
e Recursion relation B
f’n(wTh k’%) - facln dxx:__ll f dk%,n—llc(k%,n’ k%,n_l)fn—l(wn—b k%,n—l) KL
(IC(kT i, k%,n—l) is the "BFKL kernel”)
e Leads to dlfferentlal form:
Waonktn) _ pgp2 (k2,2 k2
dlog(l/x) o f ( Tn> VT n— 1)f(33n_1, T,n—l) -
e Solution at LO: L In G
Flz, k) ~ VEr (ﬂ%) exp — log(k7./k7)
» v T\/27T)\// log(zo /) 2X"log(xg/x)

A= %éﬂogQ ~ 0.5
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QCD Evolution: DGLAP vs BFKL

Evolution in the (k%, 1/x) plane:

DGLAP BFKL
< : : -
oo
@, BFKL
D)
| — . @
In QF In k2 n Q In ki
>
e Diffusion pattern X

e Strong ordering along ladder

of transverse e Problem:

momenta "Diffusion

into infrared”
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BFKL: summary

Summary:

In limit of small 2 and moderate Q2 BFKL is more appropriate
BFKL resums log(1/x) terms
leads to power behaviour zg(z, Q%) = z~%° (at LO)

However: too steep for latest data:
— need to include running of o
— need to perform NLO calculation:

NLO BFKL:
corrections are large and negative
indication that \ gets smaller

Search for BFKL effects at HERA:

Present Fy(x, Q?) data very well described by NLO DGLAP fits
BFKL effects maybe present in data but “hidden” by flexibility of DGLAP input distributions?
More promising to search for BFKL in final state ? (see later)
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Success of NLO DGLAP

ZEUS ZEUS
x X=6.32E5 | _0 000102 « 08
N— - " x=0. . [
= =0.000161 ZEUSNLOQCD it - —— ZEUSNLOQCDfit Q=10 Gev?
@) e L 2) =
- x=0.0004 [ tot. error 07| aM2)=0.118
£ '~ x=0.0005 L
w 5r x=0.000632 C [ tot.error Xu,,
L x=0.0008 06 —
o ZEUS96/97 "
i 20,0013  Bcous - —— CTEQ6M
L 05 —— MRST2001
L X=0.0021 SR i
al v NMC -
| =0.0032 0.4 xg(x 0.05)
| / X000 03
02 .
01+
0 : | |
3 -2 1
10 10 10 1

e v xc01 ,
R AR SRR L Y 0_3. e QCD fit to ZEUS+other data

1- Gk -----izrr =0.18
e oo - e Very good description of data
) tvtat e a5 34 x=04 5 5
| ——=ssmaa . . x=0.65 for Q > 2.5 GeV
S e Precise determination of pdf’s
1 10 10 10 10 10
Q4GeV?) e BFKL not needed?!
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DGLAP problems (?)

Recent MRST global analysis (including approx. NNLO):

05

T T T \HHH‘ T \HHH‘ T \HHH‘ TTTTmT 0.5 T T TTTT T \HHH‘ T \HHH‘ T \HHH‘ T
2 2 2_ 2
20 AR R A L 30 LRALLL IR/ AL AL AL Q =2 GeV B Q =5 GeV
2_ 2 . i
S Q=2GeV Q%*=5 GeVv? o4 L NNLO (verage) | o4 L |
< NNLO (average) S NNLO (extremes)
S |- NNLO (extremes) - NLO
X | - NLO s
20 - — s LO
10 LO - 03 [ - 03 |- =
x
~
L2 -
10 |
0 3
0
_10 5 ‘ 4 ‘ 3 ‘ 2 ‘-:\LH LU 5 ‘ 4 ‘ 3 ‘ 2 ‘ 1
107 107 107 10° 10 1 107 107 107 10° 10 0
5 T \HHH‘ \»_.HHH‘ ‘ ‘ 05 ‘ 1 T ‘ ‘ ‘
50 o 50 Frm e . Q%=20GeV? L Q%=100 Gev?
' Q%*=20 Gev? W1 Q%=100Gev? A
R 0.4 04 |- . —
«— Y0 - - 40 ; [
O
X —~ 03 03 +
c) N
X 30 - - 30 04
=
-
N L o2 02 -
20 - — 20
0.1 01
10 10
O 1L Ll Lol 1L LT I 0 1L 1L Lo Lol
-5 -4 -3 -2 -1 -5
1L Ll Lol 1L 10 10 10 10 10 1 10
0 5 -4 -3 -2 -1 0 X

10 10 107, 107 10 1

NLO FJ, negative at low x and @Q°

NNLO F7, positive,

huge (oscillating) differences!
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DGLAP problems (?)

JEUS ZEUS gluon also negative at small Q*

6 Q%=1 GeVv?

Remarks:

— ZEUSNLO QCD fit

xS

e zg(z,Q?) is not an observable, so not
immeaditely a problem

> f/{/// ‘

e But F is an observable and it should not be

*‘ | | ‘7‘<‘3‘e\/‘2 R | ZOG;VZ negative!
il oo | [N, 3 o e N.B. Sea quarks from g — ¢g splitting, but
) (0, fre9 j ;:::er there is no glue at low Q® and z, but there
is seal!

e Does all this indicate that pure DGLAP is
insufficient?
... or pert. theory not justified when Q* = 1
as(Q? =1 GeV?) ~ 0.5(LO) 0.4(NLO)

e It is very important to measure Fy, at low
Q?, also because of its close relation to the

gluon
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The longitudinal structure function F(z, Q?)

Reminder:

ey = 290 (Vi (e, Q%) — S i, Q)

where Y, = 1 + (1 — y)?

F5 and F7, are related to the total and the longitudinal -y absorption cross sections:

Fy(z, Q%) = [UT(CE,QQ) +0L(m7Q2)}

A2 a0

Fp(z, Q%) = 2

One often defines the “reduced cross section” o, (x, Q?):

2
#222 — 2;54 Yion(z,Q%)

So that

or(1,Q?) = Fy(z,Q?) — L Fp(z, Q?)
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The longitudinal structure function F(z, Q%)

Due to positivity of cross sections: 0 < F, < Fj S !
In QPM, F, = 0 (quarks have only longit. \;

momentum, “Callan-Cross rel.”)

In QCD, F';, > 0 (quarks interact via gluons,

cR=E=N-X=
o1 o N 00 ©

o \\\\‘\H\‘\H\‘HH‘\\\\‘\H\‘HH‘HH‘HH‘HH

struck quark can have transverse momentum) 0.4
e Due toits origin, F7, is directly connected with 0.3
C . 0.2
the gluon distribution 01
o AINLO:Fy ~ 32 [CE® Fo+ CL @Y € 29(2, Q%) ° 502 04 05 08 1
y
Measurement of Fy(x, Q) at HERA:
o At fixed ep CMS energy, only two indep. variables: x, Q>
— cannot disentangle F,(x, Q%) and Fy(z, Q?)
e DPossibilities for direct measurements:
1. Measure cross sections at two different CMS energies, e.g. lower E, (HERA-II)
2. ”"simulate” lower E. by analysing ISR events (exp. difficult)
e Alternative: Exploit fact that F, contributes only at high y
Frank-Peter Schilling / DESY 19/85
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F, extraction at high y (H1)

H1 event at low Q*: Reduced cross section at low Q2
= H1 svtx00 prel. * NMC (F,) EfaC:a|'\|;itdF2| V'\:/ithi
e H1 99 prel. s ZEUS BPTO7 (F,) ... Flﬂ%e oL
>_+ L L
N Q7 = 0.35 GeV?| Q? = 0.5GeV? | Q> = 0.65 GeV?
[
N|>\ 1 + - -
L I I
I . I I .k.g‘?\‘\
b M I M\ I
O | | | | H:Hm‘ vl vl vl i | | | |
Q> = 0.85 GeV?*| Q*=1.2GCeV? | Q* = 1.5 GeV*
1 + - I
e Athigh y: detect low energy I T A o
/ - L L
(E, > 3 GeV) electrons , =20V | Q* = 2.5CeV" | Q* = 3.5 eV’

e BST (Backward Silicon L
Tracker) used for [ M\\\

background rejection

T
T
/
b
L R
= i
H1 Collaboration

0 | vl | I ul vl I ul | ul ol | | |
Y Atlowy,hadronicjetgoes 105104103102X1051O4103102X1051O4103102X
forward, so no vertexin central 7, manifests as turnover at low z (i.e. high %)
tracker (BST vertex) (Q? = szvy)
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F, extraction at high y (H1)

Q% = 0.75 Ge\? | Q= 1.35GeV? | Q% = 2.2 GeV?

Fz _yz FL/Y*

e Shape at high y driven
by kinematic factor y*/ Y,

a,

e F5 atlow x well described
by x> (see later)

©
(0]
E T T T T | T T T T
——
I
H1 Collaboration

| Lol vl vl v il vl il il
\

o

e Fit to data ) . Q®=4.20eV
0w, Q%) = cx — Q) |

LQ% = 7.5 GeV?

® H1 svixOO0 prel.
B H1 mb99 prel.
e Extractone Fr(< z >, Q%)

. I I X VUYLF
value per Q*x bin 05 | - ¢ X =y /YRy

- ¢ . x7 contribution
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F, extraction at high y (H1)

. 2 : .
Fr vs. x: Fp vs. Q° at fixed W
< T i ; F. extraction from H1 data (for fixed W=276 GeV)
X 075 [ Q?=0.75 GeV? - Q?=1.35 GeV? - Q%=2.2 GeV? %\ .
L i i i S QCD a, fit (H1) extrapol.
Lo S [ — [ P .
0.5 P N £ s L~ L H1 preliminary —— QCD qa, fit (H1)
005 | : ) g | = Hle' —— GBW model (dipole)
o f g g | BHTE ——— MRST 2001
0 I 8 - —— BKS model (GRV off—shell)
1 \u:wm\ | Ll L E
: 10° 10" .
2_ 2 X
0.75 [\ Q'=4.2CeV o H1 svtx00 prelim. g
i ® H1 mb99 prelim. S
0.5 r --- QCD a fit (H1) extr. K
: — QCD a, fit (H1) 3
0.25 — GBW (dipole model) <
; ; — MRST 2001
O o - — BKS (GRV off—shell)
C L L TR | L
10°  10° 10° 10t

e Consistent with F;, from NLO QCD fit for Q2 > 1.35 GeV?
e F;, MRST 2001 too low at small = and Q?
e Discrimination between models

F1, extraction is important consistency check for DGLAP QCD

Direct measurement without reduced E,?
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F;, measurement using ISR events (ZEUS)

Use initial state QED radiation events to “emulate” lower FE.:

| 1.2 | | [ T T T TT ‘ T T T
LL L i
1 - Q%=5.5 GeV? -
08 |- =
0.6 7
Pemnant B J
04 —
current jet ~ -
50 ¢ .
Qs os Qs N 0.2 .
QR eroR aror BT BV BY BU B ® -
e ]
<P C -
-0.2 - -
€ H CAMMA -0.4 :— e ZEUS (prel) ISR96/97 | 4 ZEUSNLO-QCDF, —:
-50 & DETECTOR - 1l B zEusNLO-QCDF, 4
aB 7 QL 0.6 Lo il Lol ! L
ELECTRON 10 -4 10 -3
DETECTOR (m) X
\ \ \ \ \ \ \ \ \ \ \ |
0 10 20 30 40 50 60 70 80 90 100 110 PY Experimentally Challenging
Bremsstrahlung photon detected in small-angle e Improve with more data
calorimeter
Frank-Peter Schilling / DESY 23/85



CTEQ School 2003 Small-x Physics and Diffraction

Introduction: The low-2x limit of F5 and Saturation

%, i.e. small x corresponds to the high-energy limit of vp scattering
e Due to unitarity considerations (probability for interaction < 1),
the rise towards small = / high energies cannot commence ”forever”

e Remember: I ~

e Expect that at some point the number of gluons becomes so big that
recombination / screening effects start to play a role

A
’ i N .,
e,
: -
Xy, X X=X, X < <X,

e Possible experimental observation: Taming of the rise of F5 at very low x
e Question: Do we see hints for saturation at HERA?
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Introduction: The low-z limit of /5, and Saturation

Naive estimate:

2 Oés(@
as(Q2) . (:I} @ )WR2Q2
Nyog49 = xg(z, Q°)=5—2 = 7R

k<< 1t
where Interaction between gluons negligible
— N,: Number of gluons per unit rapidity
with transv. size 1/Q k> 1:
— 044t Transv. area of single gluon Recombination / shadowing effects
(gluon-gluon cross section) important

- R~ 1fm~ 5 GeV

Numerical estimate shows that at HERA saturation is irrelevant ?!
GLR Equation (Gribov, Levin, Ryskin):

Gluon recombination competes with usual evolution:

df (,k7) 2 8laj (k) 21)2
dlog(l/x) —K®f(33, kT) o 161—%2k% (:Cf(€7 kT))

Non-linear evolution: at some point, non-linear term cancels linear term

— evolution stops (saturation) — look at Data
Frank-Peter Schilling / DESY 25/85
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The rise of F5> at low z

HERA high precision data allow to study rise
of I locally

\ — <d10gF2)
- dlogx /) o2

L Q*=1.5GeV? 1 =20Gev? 1 Q*=2.5Gev

05 [ Q'=35GeV | Q?=5GeV? | Q?=6.5GeV?
oL i LA
05 [ Q=85GeV - Q’=12 GeV* L Q’=15GeV?

? L
[ ’ T % :

©
o

(aInF,/01nx),
(@]

A=

205 L F=0.5GeV - Q°=0.65 GeV* | Q°=0.85 GeV* [ Q?=20 GeV? Q=25 GeV? PP=35 GeV?
c ; 1 c 0.5 F - .
o rle - o -S [ ' -
N 0 r r i r © ol L L .8
LS ol s E— ot S Ea— E— — e ol E— 8 7AAA“AA1 PENERTTTT BT BRI BRI ST SR T RS AT TIT SRR T B ST RS T T R SRR T T R §
[ 2 2 2 2 L
E 05 L Q*=1.2 GeV? t Q°=1.5GeV r Q=2 GeV? C=t$ 05 ] Q’=45 GeV? ] Q=60 GeV? ] Q°=90 GeV? _8
NSY : ‘ 8 5t ; %
H e fhoums S8 S ST — i S
II 0 j n n n n 1 n n n il n Akkkkf Lol n Axuxuim\ Lol L w%uu\ n \HHHE O j E‘
05 ¢ Q’=2.5 GeV? L Q*=3.5GeV : m ;‘g;gg prel. 0.5 | Q*=120 GeV? i | Q*=150 GeV? e Hi 96/97
e wdrby -t | — Fractal Fit | ; — QD fit (H1)
0 . . — 7 .
AN AT B Hj QCD Fit ) 0r ---- QCD fit extrap.
_5 _4 _3 _5 _4 _3 _2 Q minis-s Gev \_ L \_ L \_ L \_ L
10 10 10 10 10 10 10 104 102 104 102

X
X

e Atlow x < 0.01 (away from valence region), A constant at given Q?,
ie. Fy(x, Q%) = c(Q*)z ™"

e ) increases with Q2
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The rise of F5> at low z

. 0.4
NO E A H1 svtxQ0 prel. + ZEUSBPT @ H196/97 + H1 svtx00 prel.
\Q/ 0.3 ; B H1 svtx0O0 prel. + NMC * H196/97
. 0.2 | %
e Assume now that A independent of x at : His
: 2, 0.1 — mean c¢ ! S
fixed Q*: ) : — extrapolation | S
— e AQY) 0 b ] *
Fy = cx 1 10 10°
Q? / GeV?
. 0.5
. 2 2 & |
e 1. Make fit at each Q* > 3.5 GeV g F, = ox™, x<0.01
) ) 0.4 + 1
e 2. Fit X\ values according to 4 H1 svtx00 prel. + ZEUS BPT
2y 2 2 B H1 svtx00 prel. + NMC 1
AMQ7) = alog(Q7/A7) - e H196/97 + H1 svtx00 prel. : T
Result: 0.3 " + H196/97 ]
a = 0.0481 £+ 0.0013 4+ 0.0037 i
A=(292+20£51)MeV 0.2 [
: 4
f P4
Loy 2 5
: : : 01 [y —A=a InlQ"/A7 g
No sign of taming of rise at low x seen! A ‘ 5
****** extrapolation 5
o"HH‘ L R | L Lo E'
1 10 10°

Q* /GeV?
Frank-Peter Schilling / DESY 27/85




CTEQ School 2003

Small-x Physics and Diffraction

Transition region at low Q*

o [ "lays down” towards low Q?
e How far does pQCD work?

e Where and how is the transition to
the non-perturbative region?

e How can we understand
the soft regime?

e DGLAP works well down to
Q? ~ 1 GeV?,
but a,(1 GeV?) ~ 0.4 !

o Is Q® ~ 1 GeV? large enough?

e What is the picture at low Q*?

ZEUS

0.4 Gev?

05Gev?

0585Gev? [

-1
10 "1
— ZEUSNLO QCD fit

[ tot.error

e ZEUS96/97
* ZEUSBPT 97
¢ ZEUSSVX 95
o E665

v NMC

Frank-Peter Schilling / DESY
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Transition region at low Q-

I 0.5
O I _
= | F, = cx™, x<0.01
0.4 . » ZEUS slope fit 2001 prel. t LT
- A H1 svix0O0 prel. + ZEUS BPT pie
@ H1 svtx00 prel. + NMC A
- ® H196/97 + H1 svtx00 prel, x
0.3 o H196/97 e Smooth, logarithmic
I increase of slope A
i with Q?
0.2 ,
] 43 g1 o AtQ* ~ 1 GeV?, values
I I 1 b _ around 0.1 are reached
- L 8
o1 |5 P —h=a InlQ®/N] |5
R & 3
L e extrapolation :=)§
L g E
O — 1 1 1 1 IIII| 1 1 1 L1 III| 1 1 1 1 IIII| 1
107" 1 10 10°

Q® /GeV?
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Photon-proton cross section

o (W, Q%)
e ZEUSBPT97
m ZEUSSVTX95

2
— 4222aF2(x7 QQ)

— ZEUSQCDOL1 (prel.)

- ZEUS Regged7

§ s ZEUS96/97 0 E665 * ZEUSYp96 (prel.)
g 77772?9777(3(78192)
6 T “®-e-0
~ 10 " 251 (x409%) -
g e,
= 232 (x 2048) M N
s e 0. o o
S [ a2 s Tt
ba- 0—4_..
10° N
o e e
) e ]
1583 (x 64) R X "
1045 " ’
P13 (x32) T
.
SECTNCEL) Tree. s
6 (8 e, " .
103 T el T
EA x4 e,
36 (x 2 bk
,,,,,,,,,,,,,,,,,,, ~e
) T
10 [ ‘o“ o
W (Gev) ey
a
10 £
1 Jf —
-1
10

10
Q% (Gev?)

Very low Q*: 0 ~ const., Fy ~ Q°

2

Total «yp cross section vs. energy:

Algo T T T T T 177 ‘ T T T T 177 '-
2 | mzEus19% A
< | OH1199 I/
gzb*-‘ - low-energy experiments i |
...... DL98 _i' |
| ZEUSfit ] |
160 —
130 — -
100 Loy Lo
1 10 100
W, (GeV)

At high energies: o ~ s (”

— see second part!

soft Pomeron”)
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Investigating QCD dynamics through final state processes

e We have seen: inclusive cross section extremely well described by NLO DGLAP,
down to lowest x

e But: at low z, we expect contributions ~ [« log(1/x)"] to play a role
e Is DGLAP too flexible (parameterization of input pdt’s)?

— More promising to look into final state?!

e Study NLO (i.e. O(«ay)) processes:
Jet production in DIS

e Interplay of more than one scale Q2 pr, (myg)

e Enhance phase space sensitive to dynamics of QCD cascade
(forward jets, forward =)

Processes:

e Dijets

e Forward jets and 7°’s
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Hadronic final state: DGLAP in trouble

“Forward” jets:

small xp;, DT jer = Qz, large ot = Ejet/ E, (Mueller-Navelet Jets)

500 ¢
o =
£ 450 Prjec >3:5GeV
x 400
2 E ® H11994 Data
S 350 F
S g
300 - —— NLO (DISENT)
evolution 250 *
from large 200 ;{—4
to small x 150 £ +
100 [
. E —e—
"forward’ jet 50 |
_ Eja _ 0 :I 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1
X = = large 0.001 0.002 0.003 0.004
Jet  Eproton
X

— Suppress DGLAP (kr ordered) evolution
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Hadronic final state: DGLAP in trouble

Inclusive jets in forward region:

1.5 <1 <287 < 0 < 25°

H1 Inclusive Jets

% 25 5<Q?<10Gev? | 10<Q?<20Gev? | 20<Q?<35Gev® | 35<Q?<70Gev? | 70<Q?<100GeV? |
Q 10 ;'_._' *f + + =+ E
Q L I . 2
S0 ., +. + + :
T : S o =] 1 . ]
Sl e E G- E SR — == e huge NLO
3107 ] ] - : = | corrections
|~ H1Daa S I - (need NNLO)
10 F----- LOQCD 4 1+ 3 E
—NLOQCD % T ¥ 1

0 W 1 1 + + ] 2
- S— — — — — ] ) problemsatlowQ
= i hadronization T T T ]
8 o f=iT | | | (Q? < p2)
= [ 1 | 1 1 1 ]
T Y EOS—- S i B I S-S O S IO, jssot o SOOI, 00
A1 | | | |
O L | n n n N S| n n n ] n n n N SRR n n n M- MR n n :
g 10 20 40 10 20 40 10 20 40 10 20 40 10 20 30

E; [GeV]

Frank-Peter Schilling / DESY 33/85



CTEQ School 2003 Small-x Physics and Diffraction

Forward jet or particle production in DIS

high pr forward jets and particles are sensitive to underlying parton dynamics

e ]

2 y*
Q%
X q

- | Mean 0.3978

n (1)

— — LEPTO
| — q

PITIBIEBT

DDD
og
arb. units

P (1) > 2.0 GeV

000000900800

‘3

IXZITTIL] Xi+11 kT i+1 2
Xi, Kri

BTTTTTETY
12111141

II.I.I..|IIIIIII

o
i
T T T T I T T

b)

0 y RN N BT I I | | L1 1 1 L1
X,k 1 L1 11 0
vkno =7, get 2 3 0 0.5 1 15

n (parton jet) P; (1) / P (parton jet)

3

0000000000

=

i

(Dis-) Advantages of jet and 7w’ measurements:

Forward jets Forward 7°
+ better parton correlation - fragmentation effects more significant
+ higher rates - smaller rate
- ambiguities of jet algorithms
- exp. difficult in very fwd. region + identification posssible in more fwd. region
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Concept of resolved virtual photons

Well known that real (Q? = 0) photon can behave as hadron: ¥ — ¢g+ ... and VM components

Idea: For jet production in DIS, pr of jets can “resolve” structure of virtual photon:

Direct process Resolved process
e

x~: momentum fraction of

parton from photon
q jetl

x, = 1: direct

gjet2
x~ < 1: resolved

&(cos ),

d5o5P 1 fre(y, @Y 3 1 (@, 15, Q%) £ (&, 13)
dy dz,dé dcosf dQ?  327s Y > Ty §

¥

~v* pdf’s £ ) (z, ,u?f, Q?) correspond to real photon, with damping depending on Q?,p>.
Models: e.g. Schuler and Sjostrand (SaS) or Drees and Godbole (DG)
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Concept of resolved virtual photons

2 Q? - DGLAP . .
[ \( T f (e, 15, Q%) e contribution from non-ordered kr

q along the ladder

} a9 = q9
g hard scattering

e DGLAP evolution from photon (top)
R and proton (bottom);

5 /‘ 2, f(1p, 42)  p- DGLAP hard scatter in “middle”

p_[]
U

— Phenomenological approach to take non-ordered kr and/or higher orders into account

Implemented in Monte Carlo event generators (e.g. RAPGAP, HERWIG)
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Virtual photon structure in dijet events

HERWIG(LO)/DIR  —— HERWIG(LO) /DG w=0.1 e H1 Data
---- HERWIG(LO)/DG w=0.2

Triple differential

30< £ 2 <45 CeV? 45< £2<65CeV?  B65< E2<150GeV? 150< E2 <300 CeV? .o .
dijet cross section

L 370 X2 %10 C x50 3
= 3 X FoX FoX
S T S == == I = I S Bt I dQQdETd:L»Y
Q. ~ L
~ © o n n u
g ialule O] Euna S I H
g\ = et 00 e I RN I S B A bl T
5 8 x2 - x 10 4 | x 50
N%T 3 I S e -
vV
P o 5 = = ~ == . . o .
8 ¢ o : : e Significant cross section
N8 __[*re AT A R DO = T P 1
K o at low x,
Led B 3 ; ; L
o 3 Ex 2 - x 10 :+: - x50
(@} C L C l
o2 l r R vove o
v : i e resolved contribution
& - - . - .
VoL B i e T e R important at low Q2
= e N R = —— e ! .
g0 Fxt “x2 -~ x 10 T F x50 (Er > Q)
(@] C C C C
. ~ | =T
vV
5 : e Problems:
S L — Choice of scale?

o — Conceptual?

y

Also supported by energy flow measurements in v hemisphere
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CCFM evolution: The solution?

Catani, Ciafaloni, Fiorani, Marchesini

Angular ordering of emissions:
0;—1 < 0;
2
Pt
sx;—1(1—z;)

Related quantity: &; =

§i1 <& -
When using rescaled transverse momentum ¢; = 13;:

(2
Zi—19i—1 < q;

e Large z: pr ordering (DGLAP)
e Small z — 0: no restriction on pr (BFKL)

e Use of off-shell matrix elements (not k£ integrated, ”k+ factorization™)

2
e Un-integrated gluon density A(z, k7, n°): [ dk7.A(z, k7., p°) = zg(z, p*)

2 2 5 2,2
CCFM evolution equation: f2 dZQ xi((i’f, gg) ) — f dzgf P(ZEZ ézg’)kt)x’A(x’, k’%, (/ Z)2)
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CCFM evolution

Initial state QCD cascade in angular ordered region

CCFM evolution equation:

v 2 2 = 2,2
2 2 g wA(wkp,p”) dd P(z,(n/2)7k5) 12 2
o<+ ( . o e . .
: with the splitting function:
5 2 2 2
SETTTTTT Xy s Ky, ~ 9 19 A 1— as (ki) 2 1.2
g,mwn xi,lkT’iT ' Pz, p7 ki) = as(ql(_z 2)) + %Ans(zau , k)
STV
STTTTTTT X, Kpy

where

/C&Q

As(,u'27 Q(Q))/ Ans(Z7 ,U'2) k"%)
are the “Sudakov” and "non-Sudakov” form factors

Presently formulated only at leading order
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Summary of approaches to small-x dynamics

DGLAP BFKL CCEFM

LO resolved photon ki — factorization

] £ . BFKL
CCFM
DGLAF
ordered in pr ordered in energy in angle
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Forward =¥ production

500 H1 Forward 1
T | ! « H1 preliminary
400 =T 4, — DIR+RES, Q*+4p?
2 | L, CCFM (CASCADE)
8 200 f ~ DIR(LODGLAR) pr. > 3.5 GeV
0- ------- | '..---:""+-"' 20|<Q <80 GeV 50 < 97‘_ < 250
80 | 8.0 < Q% < 20.0 GeV?
60 | LT
20 f I_”:__.___”_.::""' R e DGLAP dir.+ res. v™:
0 Ll o 206< = < 70.'0 C;‘-e\llzl good description
20¢ R e DGLAP dir. only: too low
by b >35GeV et 1L e CCFM: OK except lowest Q, x
10 ' T, T ' HE 1
gb 5°<@ <25 Tl o
: ! , A .
10™ 10~ X
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Forward jet production

H1 Forward Jet Data H1 Forward Jet Data
.8250 ‘ ‘ = 40 : : ZEUS 1995
= Prer>3.5 GeV = Proer>3-5 GeV = o L
X ® H1ldata, prel. i ® H1ldata, prel. RS
2200 — cDM - > — com 5 I
_8 ----- RG(DIR) _>é 300 000 RG(DIR) il 120 F e ZEUSDaa
—  RG(DIR+RES) L 1 — RG(DIR+RES) i .
| s CASCADE S == s CASCADE ol L RA:AP’ jf”r%
150 . 100 [ i.... RAPGAP, dir
J- I " LEPTO®65
4 20f ] i
100 geuenens bl R
A 10| $ .
50 bssnna EYITII + * _ g
00001 0002 0003 0004 0~0%04 005 006 007
X X3ET

Large differences between models:

e CDM (random pr emissions, ~ BFKL): very good
e DGLAP: resolved ~* needs to be included
e CCFM: too high

... but also still large uncertainties of data as well as models (scale)
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Summary: Small-x

Inclusive DIS:

e NLO DGLAP very successful in describing present F, data down to Q? ~ 1 GeV?
(too flexible?)

e BFKL not (yet) needed ?!
e No sign of saturation seen at smallest x at HERA

e Smooth transition perturbative — non-perturbative observed at around
Q? ~ 1 GeV? (flattening of A\(Q?))

e Measurements of F(z, Q%) important consistency check of DGLAP QCD
Final states:

e Jet production very sensitive to low-x dynamics
(heavy flavour production also, but not covered here)

e In particular, forward jets and 7"’s:
Strong discriminating power between different approaches

Concept of resolved v* supported by data, although theoretically not very firmly rooted
CCEFM tries to interpolate between DGLAP and BFKL, promising results, but beyond LO?
NNLO DGLAP very welcome!
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Observation of diffractive DIS at HERA

Standard DIS event:

e Parts of proton remnant detected in proton
beam direction

e Colour flow between current jet
and p remnant:
Production of excta particles

: Diffractive DIS event:

Run 63718 Event 44072 Class: 3 10 11 16 17 26 Date 13/07/1994

e No proton remnant detected

e Large gap without particle production
between current jet and p beam direction

e Interpretation: p stays intact, escapes
down beam pipe

e Photon scattered off colourless component
”in” proton (often called “Pomeron”)

A But what is the Pomeron?
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Soft hadron-hadron collisions

e Total hadronic cross sections (e.g. pp — X) are O(mb)

e in pQCD, can calculate e.g. hard jet production (pp — jet + jet + X), which is O(pb)
— In pQCD, can calculate only tiny fraction of cross section!

And what about the rest?

e In the 60’s (before the advent of the quark model and
QCD), Regge theory was developed to address
— particle spectrum
— forces between particles
— high energy behaviour of cross sections

b
) )+
Yy

%

It starts with the ”S-Matrix” prescription:

T
ANAAN

o

Consider the 2 — 2 process AB — C'D:

| —1
-

(

S =< out|in > is the scattering amplitude,
where S = 1y + T
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Two-body scattering A + B — C + D

Mandelstam variables

s = (pa + pp)* total CMS energy

t = (pa — pe)? exchanged (4-monentum transfer)?
u = (pa - pd)2
s—l—t—l—u:mi—l—mg—l—mg—l—mz

Regge theory based on 3 Postulates:

e Lorentz invariance:

S = S(s,t)

e Unitarity:
Sst =815 =1y
conservation of probability, leads to optical theorem:
oiot(s) ~ Im T'(s,t = 0)

e Analyticity:
S matrix is analytic function of Lorentz invariants
with only those singularities req. by unitarity

a+b—c+d
g
AT c A C
\ Y
5(% T(%
B =D B =D

|+
-
e,

-1

(
(

Crossing symmetry :
Tap—cp(s,t) = Tac—pp(t,s)
(arises from analyticity)

Frank-Peter Schilling / DESY
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Regge theory

Consider: pp — nA

e Naive model: Pion exchange (s-wave):
amplitude contains propagator of the form
a)t < 0 ("t-channel”)

b)t > 0: apole appearsatt = m

2

~in ”s-channel”

e More general: allow exchange of all mesons with
appropriate quantum numbers:
T(s,t) = X0 20(20 + DTi(t) Pi(cos 6)
where
T;(t) partial wave function
P, Legendre polynom

e Hypothesis: Tj(t) ~ ﬁ ("Regge pole”)

e Asymitotically at large s, small |¢]:
a(t)
T(s,t) ~ Bu(8)Bs(t) ()

de = L|T(s,t)|” = [Ba(t)B(t)]” (si

0

Chew, Frautschi (1961):

6

a(t) generalized angular momentum
Integer at part. masses I = a(m?)

Approx: linear: a(t) = ap + o't
Regge trajectory

B;(t): related to form factor

Frank-Peter Schilling / DESY
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Regge theory

e Via optical theorem, total cross section is:
Oror(s) = Hm T(s, ¢ = 0) ~ [Ba(0)5(0)] s*~

o If 3(t) ~ e is assumed (good at small |t|):

2a(t)—2
#= 18080 (5) = oo "
where B = bO,a + b(),b + 2C¥/ log (%) ("Shrinkage”)

for proton, by, = 5 GeV~? corresponding to p radius R, = 1 fm

pp and 7p data:

80 T T T n 30 ———
(n:b): () L ap 13.63s00 g6 gzs0e
At low energies: 70 :— pBARp: 21.70s%%%+98.39s704%% 28 L mtp  13.63s008084 07 5pg04525 il
0.55—1 0 . [ pp:  R1.70s%°%%456.085 7040

o~ S (p" trajectory) of ] ]
At high energies rising! ol ; .

40 i N
But: For all reactions with i © f
charge exchange, a(0) < 1 R T — ol SN |

s (GeV) Vs (GeV)

(Pomeranchuk theorem, 1959)! (a) (b)

Frank-Peter Schilling / DESY 48/85



CTEQ School 2003

Small-x Physics and Diffraction

The "Pomeron”

To parameterize high energy behaviour,
introduce new trajectory
with a(0) > 1: The Pomeron trajectory

Pomeron exchange: only vacuum quantum
numbers exchanged;

80

(mb) |

70

40

30 L

60

50

 pBARp: 21.70s"%8%81gg 39504525

[ pp: 21.70s%088 5608504525

30

(a)

Lol ] oo Ll 0|

(rgb) F 7w p  13.63s%%%+36.02570*%

281 w'p 13.63s00808.4 27565704528

e T e ()
Pomeron mediates elastic scattering
e Fits to data (e.g. Donnachie, Landshoff): o
ap(t) = 1.08 + 0.25¢ 1
. . L
e Also describes yp scattering: il
F2(x7 Q2) ~ f(Q2)x_>\’ i'e' 100 | — }10 ‘ ‘1‘0‘0
W?, where A ~ 0.1 for Q% — 0 W, (Gev
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Diffraction at HERA

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

VSep = 320 GeV Can be viewed as diffractive

_.-. ~*p interaction:

e! Vlyj
e X X
IP
y(*) p p
Virtual photon v* as a probe

e Inclusive DIS: NB 1: "hard” means presence of

Probe proton structure (F(z, Q%)) hard scale (here Q)
e Diffractive DIS: NB 2: Hard diffraction first observed at

Probe structure of SppS (UAS) in dl]et production

colour singlet exchange! (pr as hard scale)
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Experimental Techniques

proton B77 B72 B67 Q515558 BA7 Q42 Q303438 B26 BB Q615 [7Eg
Tl miN=h 1, .
T BLIN .
H1
S5 A S3 S2 Sl
LPS
Forward Proton Spectrometers Rapidity Gap Selection
at z = 24...90 m in central detector
Jet 1

Proton

el NMmazr = — In tang
Measure leading proton Require large rapidity gap
e Free of dissociation bkgd. o Anlarge when M entral <K Wy
e Measure p 4-momentum e integrate over outgoing p system
e low statistics (acceptance) e high statistics
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Diffractive Cross section and Structure Functions

e Q%+ M3
) 33]PZ£:Q2+W)§:33]P/Z)
Q (momentum fraction of colour singlet exchange)
e Vs

\ 2
— _Q —
B M /B — Q2+M§( _ xC]/]P
X (fraction of exchange momentum of
X, q coupling to v, x = xp ()
Y p
< t=(p—p)
t (4-momentum transfer squared)

D.

roe

Diffractive reduced cross section o

d* _ 4ra? 2\ D(4) 9
dep dt gﬁ dQ? — 5784 (1_y‘|‘y7> or (TP, t, B,Q%)
Structure functions FQD and FII? :

D(4) _ pD(4) ’ D(4) . D3 D(4
Or = — 2(1_yy+y2/2) Fy Integrated over t: F,, ®) — [ dt F, @

~ Longitudinal F}’: affects o at high y [y inelasticity y = Q*/sx]
~fFP =0 0" = F)
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Diffractive Processes in vp Interactions

v P,wW,Q
(EL) e All 4 processes can be measured with
p p yp_>Vp Varying Q2/ W/ t/ MX/ MY
s } X
' (GD) e Q°~0,|t] ~ O
P similar to soft hadronic diffraction
P Yp— Xp

p,w,Q
Y o large Q*:
(PD) 5 _ .
p ~" probes diffractive exchange
- oo ey

y }X e large |t|: perturbative QCD
(BD) applicable to IP (BFKL)?
F }Y yp—» XY
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Factorization in Diffraction
Proof of QCD Factorization for diffractive DIS:

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

o (2,Q%zp,t) PP X A*i
e 3, [T e (0, Q%,6) PP (6, Q% )

e 67 'hard scattering part, as in incl. DIS

o p” diffractive PDF’s in proton, conditional probabilities,
valid at fixed z p, t, obey (NLO) DGLAP

Regge Factorization / ‘Resolved Pomeron” model:
xp,t dependence factorizes out (Donnachie, Landshoff, Ingelman, Schlein, ...):
(_/'2 (/2
— ﬂlp X Vad q’ e additional assumption, no proof !
, P P & p P q; e consistent with present data if
O - sub-leading IR included
FQD(xP7t757Q2) — flP/p(xlpat) F2ﬂj(/B7Q2)

Shape of diffr. PDF’s indep. of x pp, t, normalization controlled by Regge flux fp/,
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0
0.05
0
0.05
0
0.05
0

X,p 0,00)

10 10

2 H1 99 (Vs=320 GeV, prel.)
e H1 97 (Vs=300 GeV, prel.)

= H1 99-00 FPS (vs=320 GeV, prel.)

=0.01

B=0.04 [B=0.1 |P=0.2 |p=04 |Pp=0.65 |P=0.9

aall

AAAAAAAAAAAA

tA.sé

L

o sost Frans, fn,, zgi§§
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:
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1 H

s

F0 %010 %0010 T0 %0100 %00 0 To 1o o To 10 F0?
Xip

2
Gevy
15

2.5

3.5

6.5
8.5
12
15
20
25
35
45
60
90

120

Recent 0 Measurements

o 1.5 < Q%< 12GeV?

e 6.5 < Q% < 120 GeV?
Measurements based on
rapidity gap method

° 2.5 < Q%< 20GeV?
Measurement using H1 FPS

(Forward Proton Spectrometer)

— Agreement between methods

High precision measurements of

3 (or x) and Q~ dependences

= DGLAP QCD interpretation
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Forward Proton Detectors: ¢t Measurement
—~ 14
“-'> m H199-00 (prel.) 2<Q?<50 GeV?
© ., ® ZEUS9T7 (prel) 2<Q%<100 GeV?
O ZEUS 95 (prel.)
% measured for —0.4 S t < |t|min e 10

Exponential fit to ¢ distribution:

do —b|t|

_Ne

d|t|

b is related to
the interaction radius: b = R?/4

In Regge phenomenology expect ‘shrinkage”:

(proton gets ‘bigger’ with increasing energy)

So far inconclusive ...

(o6}
T T ‘ T T ‘ T T ‘ [ ‘ T T ‘ T T ‘ T 1
B
B

6 i
. TR,
2
O I 1 \‘ -3 | I | \‘ -2 | I \‘ -1
10 10 10
Xip
«— Energy

b:bo—i—Qa’logﬁ .CUJPNM?(/W%)
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Energy dependence and a p(0)

Example: ZEUS LPS data Diffractive effective a,,(0)

e Hl e ZEUS
D ZEUS Q? O H1 prelim o ZEUS prelim
&, 0%F  B=0.007 B=0.03 B=0.13 =048 | (Gev)
Uy 2% 20 o 13
X ook s o ¥ \L;iqi \é\;\.ig QQ _____ \E_ - __.-.Inclusive
0 -
0.08 —_
0.062— c [
0.04F 3.7
0025 o DNt | e M@
0.0g:— -+
0,06 I
0,045— 69 T )
002F s ‘. ,i \.;i \é\g;\{.o.
0.085- . 4T
0.0GE— \&\LL 135 [ P N T
04F ¢ :
22:_ i ¢ \-,_,_p 23 1 soft IP
MUY
0.06
o zEUSGra)ST | F i ; \ 39 I
— Reggefit 0'025_ ) i . § -
0 FEPRETIT BRI BRI | FERETTTT T | Jqum PRI BRI | i|~||—f-ml 10 1 102 10 2
10 0% 10" 10? 107 10?
Xip Q [Gev ]
Fit to x p dependence: Indications for increase with Q* ?
2ap—1 . . diff. . inc
FP(zp,8,Q%) = (#) A3, Q%) Naive expectation ap (0) = 2 a'p(0)

fails in DIS region?
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Small-x Physics and Diffraction

Prerequisite for NLO DGLAP QCD fit:

0.1
0.08
0.06
0.04
0.02

0.1
0.08
0.06
0.04

0,03 / fo(X;p)

0.02

0.1
0.08
0.06
0.04
0.02

— rising for 3 — 1 atlow Q”

Precise H1 Measurement of 3, Q% dependences

H1 preliminary

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

a2 ?=6.5 GeV? Q%=8.5 GeV? Q%=12 GeV? Q%=15 GeV?
giiii B e v Hi 30 e
SRR IY wtd® ¢ S0
i Q%=20 GeV? Q%=25 GeV? Q?=35 GeV? Q%=45 GeV?

3 P
— ] ¢ (3 1)

- oy gégj \ i’g&& ) i.!i.z $5¢ ii
E Q%60 GeV? Q°290 GeV” Q*=120GeV? g% 107

2 [ iﬁg { { iL

10?7 107 10?7 10" 10?7 10*

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

Bdep:n~ 3 ei(a +d)

— x p dep. taken out: factorization holds for zp < 0.01

0.1

0.05

0.1

0.05

H1 preliminary

* X,5=0.0003 * x,=0.001 * x,,=0.003 * x,,=0.01

[ p=0.013 B=0.020 p=0.032 p=0.043 B=0.050
" 4 é g*o N ‘ovt
L ]
C B=0.067 =0.080 p=0.107 =0.130 B=0.167
[ ii
L s .l; ppe .
L *® L * «® * é.“ ‘.IO.
[ B=0.200 B=0.267 =0.320 p=0.433 =0.500
- (X TY)
i u!"“ﬂ} o - o oo™ ¥ b
[ pB=0.667 B=0.800
- 3 " ;} ; * H1 97 (prel.) y<0.6
D ook gaty o H1 97 (prel.) y<0.6; M, <2 GeV
. | 1 H1 2002 ¢,> NLO QCD Fit (F,b=0)
10 10° 10 10°
2 2
Q" [GeVT]

Q% dep.: ~ a5 ® g” (8, Q)

— positive scaling violations expect for largest 3 (gluon dominance)
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NLO DGLAP QCD Fit to o”
QCD Fit Technique:
.. H1 2002 o b NLO QCD Fit
e Regge factorization (c.f. data) O Q H1 preliminary
e Singlet > and gluon g (\8 : Singlet Na Gluon %2 2
parameterized at Qg = 3 GeV? < 020 N [GeV']
) i C = - 6.5
e NLO DGLAP evolution AT ;_/\ o !
e Fit data for o I
Q? > 6.5GeV?, My > 2 GeV 02;
e For first time propagate exp. and | i/—\ i 15
theor. uncertainties ! e -
0 [ | ! ! !
PDF’s of diffractive exchange: 0.2 1
B 90
e Extending to large 0.1
fractional momenta z - .
e Cluon dominated 02 04 06 08 1 02 04 06 08 1
Z z
e > well constrained H1 2002 6.© NLO QCD Fit
e substantial uncertainty for gluon = (exp. error)
at highest - | (exp.+theor. error)
. : : — H12002 0,> LO QCD Fit
e Similar to previous fits PO QLD
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NLO QCD Fit: Gluon fraction and F}’

Integrate PDF’s over measured range:

H1 preliminary

—~ 1.2
NO’ ~  Gluon Momentum Fraction
- - for 0.01<z<1
N T feeeeeeeree
N—r -
_|C_5> -
N i
N 0.6
s |
—~. 04
<O H1 2002 ,> NLO QCD Fit
<o - [ (exp. error)
N 0.2
S - [ ] (exp.ttheor. error)
N O ;
T, 10 10
2 2
Q" [GeV]

Momentum fraction of diffractive exchange
carried by gluons:

75 + 15%

Longitudinal F}’:
FP ~$sCh@ PP +CL oY, e} 207 (2, Q%)

X;p =0.003 HI1 preliminary

D -
Q  x=3.2E-053=0.0107
L g0
a //
< -
. x=0.00032, B=0.1067
0-05 A
_ x=0.002, B=0.6667
0.05 —
[ ‘ | I ‘

Q% [GeV?]
—— F_D (from NLO QCD Fit)
.......... F.D
2

= Fg large at low Q?, low 3

Frank-Peter Schilling / DESY

60/85



CTEQ School 2003

Small-x Physics and Diffraction

NLO QCD fit: 3 dependence

. X;p =0.003 HI1 preliminary
m
5’_ | Q%*1.5GeV? Q%=15 GeV?
bﬂ_ 0.05 s
><_ L . _._;_(("
0
| Q%=2GeV’ Q?=20 GeV?
0.05 |~
L ._'._0—1".“
A z i
0
| Q%=2.5GeV? Q%=25 GeV?
0.05 —
L ¢
o 4 A o, ,a3z1d
| Q°=3.5GeV? Q%=35 GeV?
0.05 -
B A A AL A AT
0
| Q°=5GeV’ Q%=45 GeV?
0.05 s
~ ALALA L a. AN
0
| Q%=6.5GeV? Q?=60 GeV?
0.05 |-
S S -
0
| Q°=8.5GeV? Q%=90 GeV?
0.05 - {\
— §1—.—H’é)
0 \\\HH‘ L \HHH‘ I A
| Q°=12 GeV? 107 10"
0.05 — B
B sttt L H199 (Vs=320 GeV, prel.)
Lol ol 'H197(\/5:3OOGeV: prel.)
0 .
10 2 107" 1— H1 0,0 NLO QCD Fit (prel.)
p ok,

Example data at zp = 0.003:

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

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

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

e Indication of breakdown of QCD fit
at Q° = 3.5 GeV~?

= new low Q? data as additional
constraint in future fits!
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Small-x Physics and Diffraction

0.05

Xip O'rD(3)

0.05

0.05

0.05

0.05

0.05

0.05

X

5 =0.01

H1 preliminary

NLO QCD fit: Q% dependence

x=3.2E-05 , $=0.0032

3,0

x=0.0008 , 3=0.0800

x=5E-05 , =0.0050

A A
A

x=8E-05, 3=0.0080

Ak

'

x=0.002 , 3=0.2000

x=0.00013 , =0.0130

Ngws L

x=0.0032 , 3=0.3200

x=0.0002 , f=0.0200

i AA-"rii

x=0.00032 , =0.0320

[ ]
?_..A-‘W ¢

x=0.008 , 3=0.8000

\'L‘_‘ﬁ
| \\\HH‘ | \\\HH‘}

x=0.0005 , f=0.0500

i x”A_u% ]

10

10 10 2
Q* [GeV]

+ H199 (Ep:920 GeV, prel.)
* H1 97 (Ep=820 GeV, prel.)
H1 0.0 NLO QCD Fit (prel.)

------- Q*<Q
cut

Example data at z,p = 0.01:

e (7 scaling violations well
constrained by data

e Rising except at highest 3

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

o New low Q7 data (blue points)
above fit at low Q?
(not included in fit)
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Diffractive final states at HERA

Motivation:

e Processes discussed here:
— Dijet production in DIS
— D™ meson production in DIS
~ Dijet production in photoproduction Q% ~ 0

e Test QCD factorization in diffraction:
Use diffractive parton densities obtained
from inclusive measurements to predict cross sections
for final states such as jet or heavy flavour production

e High sensitivity to
the diffractive gluon distribution (BGF diagram)

e Jet pr and heavy quark mass m. provide
additional hard scale in process

W

Y

QZ _E, _
jet} M,
C

)

jet

o~

Zip
Xip |
p

g
\
P

P
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Diffractive Jets in DIS

!
‘ . ‘ H1 Diffractive Dijets - x,,<0.01
Q2y 2 Jet
' - . < ~ e« HlData % -------
1 Jet 5 10 3 — :ii?tOSZG,DQCD Fit (prel.) % 10 § ¥ _______
zr X 2 L., — HILFit2 = - $
o 15 0 | Ty
'Remnant’ o S el ko ¥
TP E ]_E T -)<Q-|_ 1 =
) +— Gap _8 10 ) _ ¥ o S
I S el o =
p p } Y B T il -
¢ 2f I
10 - ] 1
4 2 SOG V2 :\\\‘\\\‘\\\‘\\\ 10 :\\\‘\\\\‘\\\\‘\\\\‘\\\\
< Q< e 20 40 60 80 4 5 6 7 8 9
pr > 4 GeV Q* [GeV’] Pz . [GeV]
cone jet algorithm T 102l 3 e
) . T TR . S il
. . ;. S a i sape : =" 3
Diffractive pdf’s interfaced to N I j:,—'T—lzi: ______ s 510 - [
~ 3 s F g
LO Monte Carlo + parton showers 5 10 F 1 8 ;
5 I
= 2 N (T SR
— Good agreement with pdf’s L L LE
Within uncertainties E\ L ‘ | - ‘ L ‘ L ‘ L L | | | | ‘ | | | | ‘ | | | |
. : : 0 02 04 06 08 1 0 1 2 3
("fits 2,3”: published; 2002 fit” new Gets) P)
ZIP pT [Ge\/]
rem

tit with smaller gluon)
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Diffractive Jets in DIS

H1 Diffractive Dijets

=} B Q%p? > 60 GeV? o) - l0og,X;p =-1.5...-1.3 . .
=300 =« HIDa | 2600 - . pipaa | Left: zp in bins of Q? + p7.
2 o ﬂi |2:?t()32 o,° QCD Fit (prel)| & r— :% |2:?tO32 0,0 QCD Fit (prel.) Rioht: O bi f
=,2200 & pFit2 ON—A'OO - — H1Fit2 1ght. zp 1N DINS O T jp
2 100 _ P 2 200 1
(o) ¥ L] ' o I A
© 0 e b L) =] 0 T \#""'f"" PR
n Q*+p? =45 ... 60 GeV’ 200 L log,Xp = -1.75 ... -1.5
100 N 150 |- * e Consistent with:
50 |- S 100 L,—+ — evolution of diffractive
I so0 [0 L+ 1 .. . ;.
0 T — ‘ | 1| ‘ [ \ [ O ; [ \ [ \ [ m pdf S W.lth scal?
| Q%p2=35...45GeV? 100 o '09we=-20..-L75 — factorization in z pp
100 oo 25 £ mmmmmee
- S s s
50 _'i¥ 20 i ; e Also double differential cross
L L 25 | - .
0 | ‘ [ ‘ L1 1 - O E [ — ‘ [ ‘ - — ‘ - --\-\--\- SeCthnS ln agreement
- | Qpr=20..35GeV" - 109y < 20 within uncertainties
150 ¢t _ 60
100 £ ]'Ti: 40 -~ ' """"I
50 e s 20 - = . e Support for validity
0 I I B B -_\-;-\-_-Ll& 0 F j— % — T I R | % | Of QCD faCtorization
0O 02 04 06 0.8 _ 1 0O 02 04 06 0.8 _ 1 in diffractive DIS
7 (jets) 2 (jets)
1P IP
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Diffractive D* in DIS

- A
QZ .E, —
jet} M,,
C,
jet
W Zip g
_—
\ 1
X'%IP

Decay mode:
D* — Dz, — Ky (BR: 2.5%)

Nmax — 3.0
zp < 0.035

1.5 < Q% < 200 GeV?
pT,D* > 1.5 G’ev

Combinations/1 MeV

=
al
o

=
o
o

a1
o

w

102

10

ZEUS

* rlmax<3

e ZEUS (prel.) 1998-2000
— Backgr. wrong charge
N(D" - KT = 261+/-22

(] I I I I I I I I I
0.14 0.15 0.16 0.17

M(Kmrg) - M(Km) (GeV)
ZEUS

- B4 non-diffractive MC »
[ — sumof diffractive

e ZEUS(prel.)
1998 - 2000

and nondiffr. MC ]

77mux<5
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Diffractive D* in DIS

ZEUS

g 104 e ZEUS(prel) ’; 40
~ E 1998-2000 ~ B
% S — NLO.ACTW, é& gg E e Theory: gluon dominated
= 107 L3<m<L6GeV | B o5 - pdf’s from inclusive fits

) 20 %_ (ACTW), interfaced to

10 "= - .
- - % NLO matrix elements
C 10 = E
10 & ° E
Bl ‘ L1 ‘ L1 ‘ [ B0 ‘ I | ‘ I | ‘ || . . .
0 02 04 06 08 0 001 002 003 e Differential cross sections
X well described by
IP .

_ . — 5 ¢ calculation!
- S 45 -
S 2.4
g 235 -
— = 3 =
o 02 S 25 i
510 g 2F - — Support for QCD
S > E 1 factorization in
T diffractive DIS!

[ T [ [ | | O ol Y B N I I

05 1 15 2 50 100 150 200 250
log,(Q%) (GeV?) W (GeV)
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Proton rest frame picture

Can also view the process in frame
where proton is at rest:

Proton rest frame Proton infinite momentum frame

e Proton fluctuates into qq, qqg, ... state well
in advance of target proton

Y
g
WXL\;@\ > 2
e Photon fluctuation scatters elastically off a X
proton P D
Y

o

0o O

e qq: diffractive quark scattering (QPM)

g
e qqg: diffractive gluon scattering (BGF) W\V,kv N <~ Zp & g
'"% X
(beyond LO relation between frames ’ P P

unclear)

e Athigh Mx and/or pr, qqg or higher
multiplicities expected to dominate

Natural relation between inclusive and diffractive cross secions.
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Colour Dipole / 2-gluon exchange models

BEKW —— tot_al
Bartels, Ellis, Kowalski, Wusthoft (@a);
---------- (9q9)
ZEUS 1994 ----- (qa)L
& 0.06f -
e Parameterize F2D in terms of: = s " Q% =8 GeV? - Q% = 14 GeV?
~-FL ~ B(1 - B) - :
ng I 3 5 0.04 ;— —
_Q_quq ~ 3 (1 - 25) 0.03 =
T (1= B E
F. (1 —0) 002 3
001 " " AE |
(from wave function properties) 0.06 P Tivebaeei Lon L ek
oos FQ = 27GeV’ 2Q” = 60 GeV’
_ @7 Tk
e Note 8 = m 0.045‘* 3
0.03 |- -
® qqg importantatlow 3, high M x 0.02 E F
001 [ -
o qq_L important a.t high /8 /4 10W MX 0 ':I| v laa LJ~.|.\|"|"-|...L\:|’|/| L1 |\\z: T |~...|..i"|--4..1’|'T‘| L
0 0.2 04 06 0.8 1 02 04 06 0.8 1

B
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Colour Dipole / 2-gluon exchange models

Simplest parton level realization of colour e Small Py, large size dipoles:

singlet exchange: two gluons with cancelling similar to soft hadron hadron scattering
colour charges

e High Pr, small size dipoles:
perturbation theory may be applicable

Golec-Biernat, Wiisthoff model (GBW):

D

— parameters fixed by fit to Fy(z, Q?), o
then predicted

Diffractive cross section: — Strong pr ordering assumed

dop g 42 ! 2.2, 2 ielei i
~ r [ da|®pp(a,r)|“6°(r%,z,...) Bartels, Jung, Lotter, Kyrieleis, Wiisthotf
a 0 | BJLW
t=0 (BJLW)
Dipole cross section may be expressed as: — Perturbative calculation in low-3, low-
d21 I p limit
G(x,r) ~ / b1 — ”1 as(I) F(z, 1) — For qqg require high pr of all 3 partons
(only for jets!)
Where F(z, 1?) is un-integrated gluon density —non-pr ordered configurations included,
in proton need cut-off for pr 4
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Colour Dipole / 2-gluon exchange models and jet data

H1 Diffractive Dijets - x<0.01

3 102 I Dllgt?d' V) $ 10
. . ) £ — res. ir.+res. O
e BJLW able to describe data if Q - -~ Saturation model =
S 10 L BILW(PM=15Gev) | =
prg > 1.5 GeV N; L. BILW (pS=1.0 GeV) g
S 1 o N - "c:_.'j 1 =
5 af S 2 S !
e GBW too low S S e - ;
(only k7 ordered configurations) 1070 e dees A { """
- 10 ©
T\\‘\\\‘\\\‘\\\ 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\
20 40 60 80 4 5 6 7 8 9
Q" [GeVT] P . [GeV]
8 102/ BILW (qq only)
Y
N
©
— 2-gluon models able to 5 10
reasonably describe diffractive m——
jet/charm production in DIS . S e— o
: | | | | ‘-I\-I\-I-\I-\I-‘I-I\-I\-I\-ITI-
0 1 2 3
p. " [GeV]
T,rem
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Diffractive Jets in Photoproduction

At Q* ~ 0, the photon can act as a hadron

§ remn__ant
E e QCD factorization should NOT work

i Secondary for hadron-hadron diffraction

interactions
: filling gap?

e Presence of second hadron may
lead to additional spectator interactions

which break up proton

e Suppression of diffractive events
x~ = 1: direct process relative to DIS?
DIS-like

x~ < 1: resolved process
hadron-hadron like

Frank-Peter Schilling / DESY
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Diffractive Jets in Photoproduction

Q% < 0.01 GeV?,165 < W < 240 GeV
inclusive kr algorithm, pr1 > 5 GeV, pra > 4 GeV

H1 Diffractive yp Dijets H1 Diffractive yp Dijets
~ ~
Q 800 ; . Hl Prellmlnary ...............; ............... Q 800 ; . Hl Prellmlnary R
& [ ] correl. uncert. & [ ] correl. uncert. :
% -— H1 2002 fit (prel.): % - H1 Fit 2
L ol HLFt2 L | Fit2directy
X X
S | = S |
S wof ;@//Q S w0l
200 | 200
¢
=%z o2 08 08 1 0 08 . .1
X jets X jets
Y Y
— Old and new fits overestimate data — Suppression of resolved AND direct events!

—"fit 2” (best descr. of DIS jets) fac. 1.8 too high — BUT: Uncertainties (LO comparison)

Frank-Peter Schilling / DESY 73/85



CTEQ School 2003 Small-x Physics and Diffraction

Diffractive Jets in Photoproduction

H1 Diffractive yp Dijets

e H1 Preliminary — H1 2002 fit (prel.) Normalized cross sections:
__| correl. uncert. = H1 Fit 2
%) 0.5 '.CB 05
[ o ™
> N
N B o

e Shapes well described!

1/oc do/dx

0a] ﬁ_ © o
4 .
02} ‘// .......... o2k

e Direct and resolved suppressed

W |
by same factor
0 0.2 014 0.6 08X jetSl 0 0‘2 0‘4 0‘6 0‘8 Zje%S
@ Y ) P e Possible explanation:
3 A Suppression depends only on size
% S | .\ of photon R ~ 1/Q ??
> O | o
O o4f = |
% o
ke ) - 1
D ozf Oio 't \ RO—
— o | .
e S S P q T Q
"2z 2 a8 e é 5 jetl 1 proton rest frame
109, 5(%,p) pr (GeV)

(c) (d)
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Diffractive Vector Meson Production

A very clean laboratory to study diffraction at HERA ...

Soft Pomeron model: Perturbative QCD:

ap(t) = a(0) + a't Exchange of 2 or more gluons
o ~ (W2)2a®-1)  py022 o~ (zg(x, Q%))?
steeper rise with W (rise of gluon at low x)
do ., Bt
= ! 2 /W2 no or small shrinkage
B = by + 4a’ log(W= /W) &
Works for light VM, at Q% ~ 0, |¢| ~ 0 Works in presence of hard scales (My, Q% |t|)
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Vector Meson Photoproduction vs W

—
(@]
)]

o p": Compatible with
soft pomeron expectation

o (yp — Vp) [nbl
o

10° F 3 E
‘{ﬁ“‘”"?ﬁgﬁ ¥ oo
10% F E e Steeper rise with W for
: : T J /v heavy vector mesons
10 3 +++ =
B H1 Preliminary W'
- ® HI1 qu'g') 1
1 LA ZEUS 0
-/ fixed target ﬁ ; e My, as hard scale
10_1 L | L
1 10 10°

W [GeV]
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Q* dependence of p° and J/ ¥

W fit in bins of Q?: e’ fit in bins of Q%
L6 H1 p production y H1 p production
w L LS L B B BN BN g L L
- © Hlpreliminary ] > e H1 preliminary
1.4 B o H196 - N 9 i
-~ ZEUS96-97 prel.1 : PR o H196 .
12 |+ H1Jy —_— - 5 ¢ H194
, ¢ ] 10 | . ZEUS :
1 - o | L
1 T ! % © HLIY :
08 | L 8 | % |

R . LS

04 | ] [+ }
[ u
£ ] 4 B ]
02 T oft pomeron | ’ |
0 5 1 15 2 2 3 B 4 0w 2 ™
Q* [Gev?] Q” [Gev?]
— W slope increases with @Q° ~ brelated to R3,,, + Rﬁ (“interaction size”)
— p" at high Q? similar to J/¥ at Q* = 0 —at high Q? or My point-like interaction
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Diffraction at the Tevatron — Introduction

DO Detecto CDF Detector
; . . 5 (n,, = # tiles in LO detector with signal
e 23<n|<4.3)
% ;/ ,ag,? :x ]
= 2 / T 7 _| L0 Detector C D F

Detector

Forward
(Not-To-Scale)

.f Silicon Vertex Detector

INTERACTION POINT

Hadronic CalorimetM (n,, = # charged tracks with

Il < 1.0)
(n,, = # cal towers with energy above threshold) Rapidity Gap Detectors
Central Gaps BBC 32<n| <59 Charged particles
EM Calorimeter £, >200 MeV f<1.0 FCAL 24 < n| <4.2 Charged and neutral
Forward Gaps ) ) ) )
EM Calorimeter  E > 150 MeV 2.0 <] < 4.1 Require no hits in BBC and no tower with energy
Had. Calorimeter ~ E > 500 MeV 3.2<n<5.2) above 1.5 GeV in the forward region
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Diffraction at the Tevatron — Introduction

Diffractive Processes in pp

CDF roman pots: Soft Processes:
Roman Pot was employed in 1995-96 run
g - ‘ \ ¥ Porneron 4| (Rapidiy Gepy Elastic Scattering
1 pP—ph
[} n
{ Gmp - Single Diffraction
.__Jg .| pPoP@®+X
p "
Roman Pots g P _
\ 56 m to CDF . . .
4 ,P (Gap - O.| Hardsin iffraction
Lower momentum 3 z pb—opr(P) +1)
recoil pbar gets bent \ p
into ring by dipol \
into ring by dipoles \\ Dipole Magnets
P "
¢ ¢| (Gap; O * (Gep;| Hard Dounble Pomeron
Microplug Cal. 1O ﬂ - - 4.
] 4.5<In|<5.5 » D PP=p P
NN Ew
Recoil p  Proton — e BBC i‘;"“‘E/ NG
West | 3.2<|n|<5.9 ) Pomn. O co. \
:th [) . { Gap) -O Hal'd Cokx S]ng&
I < Central Cal. - - .
I [C Iﬂ [n|<1.1 !;‘E\

b [ ] | «=<7— Plug Cal.
East / 1.1<|n|<2.4

Incoming p_

e . —

Can only discuss hard single diffraction here ...
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Single Diffraction: jets, 1V, bb, J/¥ (CDF)

B Dl]e!ZS,. Lip > 20 Gevf nl <1.8 | Diffractive W, dijet and b at /s = 1800 GeV I
— Rapidity gap on one side

[0 Diffractive W production g — W, gq — Wyq
Rw[£2] = [1.15 £ 0.51(stat) £ 0.20(syst)| %
(p5 > 20 GeV/c, |n°| < 1.1, Efr > 20 GeV, € < 0.1)

0 Diffractive dijet production g¢gg — gg, qg9 — qg

R;j %] = [0.75 £ 0.05(stat) £ 0.09(syst)|%

(EJ" > 20 GeV, 1.8 < [*'| < 3.5,mnz > 0,¢ < 0.1)

NUMBER OF EVENTS

O Diffractive bb production gg — bb, q@ — bb
Ryp[22] = [0.62 £ 0.19(stat) £ 0.16(syst)|%
(p7 > 9.5 GeV/c,|n°| < 1.1,£ < 0.1)

O Diffractive J/1 production g9 — J/¥(g)
Ry/y[55] = [1.45 £ 0.25(stat @ syst)|%
(pf > 2 GeV/c, |n*] < 1.0,€ < 0.1)

— Estimate number of events in (0, 0) bin above
background by smooth 2D extrapolation
— Acceptance correction with MC

R[£2] is or order 1 % for W, dijet, bb & J /v

Determine “gap fraction” R;;[SD /N D] (cf. 5 — 10% at HERA)
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Single Diffraction: jets,V, bb, (CDF)

: ~1.2
Partonic structure of “"Pomeron”: o
3
a
L. _ 4+ w 1
e WW: sensitive to quarks (¢q@g — W ™) only o
e jets,bb sensitive to quarks and gluons 0 0
x U.
)
)
<
. . m
Gluon fraction in Pomeron: 2056
a

fy =0.54+£0.15

04
Ratio measured over predicted cross section:

D[Measured/Predicted] = 0.19 4 0.04

0.2
— Gluon fraction similar (slightly lower) than
from H1/ZEUS results, but normalization too 0
low!

\\\\‘\\\\ \\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 01 02 03 04 05 06 07 08 09 1

GLUON FRACTION IN POMERON
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Dijets with leading antiproton (CDF)

e Measure effective structure function for diffractive dijets
Fjlg)'(mlpa t, /87 p%)
where Fj(f) — x[g(D) s %q(D)]

JET JET

Recoil p
RAPIDITY
J GAP i
e Cross section: oD ) : .
T .
42 PP—P31JX N Fjj(acp,pT) Fjj (fBP,taB,PT) dé
dxpdr pdtdBdp?, Tp B dp?,

DIFFRACTIVE
CLUSTER

Motivation:

e Tests of factorization by comparison:
— of different pp CMS energies (630 and 1800 GeV)
— with prediction based on HERA F.” QCD fit pdf’s

e Test of Regge factorization
Fj?(xpom, t, 67 p%) — fﬂj/p(ajpa t) ) Fjlf(ﬁa p{%)

Principle of measurement: Measure Ratio R[S D /N D], multiply with non-diffr. Fj(;h')
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Dijets with leading antiproton (CDF)

D .
Measured F;(3):
@ C
an - H1fit-2 —+ CDF data
Ll - : Jetl,2 . . .
wol H1 fit-3 Ert? > 7 Gev e Serious breakdown of factorization
E 2 2 .
E (Q=75GeV7) 0.035 <& < 0.095 when comparing HERA vs TEVATRON
|t]<1.0 GeV?
10 L e Possible interpretation:

2nd second hadron in initial state source of
spectator interactions

1k
— suppression of diffractive events ?!
0.1t e Challenge for theory
' — 11 :
1 ) (as well as expts.)
B

— one order of magnitude below expectation
from HERA!
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Diffractive dijets at 630 and 1800 GeV (CDF)

CDF Preliminary

o 10
DLT_ —+ 630 GeV E Jetl2 > 7 GeV
- —o- 1800 GeV ET 0>10 GeV
! ¢ 0.035 <&< 0'025 o Fjlj? larger for 630 than 1800 GeV
o |t]<0.2GeV ("moves towards HERA”)
1 ¢ -
©)
e R[630/1800] = 1.3 & 0.2153
-1 ... but not significantly
10 ]
1
10 1

Frank-Peter Schilling / DESY 84/85



CTEQ School 2003 Small-x Physics and Diffraction

Summary: Diffraction

e Hard diffraction studied at HERA and TEVATON

Based on proof of QCD factorization in diffractive DIS, diffractive pdf’s have been extracted
Diffractive pdf’s dominated by gluon

Application to DIS jets,charm successfull!

Regge factorization supported by data

Alternative approach of 2-gluon exchange can describe jet/charm data as well
e Diffractive vector meson production ideal laboratory to study transition soft-hard

e Suppression of rate of diffractive events in photoproduction at HERA and
at the TEVATRON w.r.t. HERA, one of the big challenges for theory

e TEVATRON Run 2: New roman pots for DO
e HERA Run 2: New very forward proton spectrometer (VPPS)

Diffraction is a topic which is actively pursued by many people (expts. and thy.), and it remains
one of the biggest challenges in our understanding of QCD
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