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What had we planned

what have we done?

1. precision studies on QcD

- gluon distribution, QCD evolution
- jet production, heavy quarks

- low x physics

- diffraction, saturation?

2. electroweak physics

3. new particles and




1. QCD

Infinite momentum frame

Q2> 2 GeV?

x= Q?¥y*s (ﬂf&nentum fraction
of parton)

Electrons as probes for quark

Structure
-- parton densities, scaling

violations



1. QCD

Infinite momentum frame
Q2> 2 GeV?

x= Q?¥y*s (ﬂf&nentum fraction
of parton)

Electrons as probes for quark
Structure

-- parton densities, scaling
violations

Proton rest frame

r~2/Q

( size of dipole)

~1-> .01 fm

~50 fm!

At low x<(0.01 a color dipole of variable size 2/Q
interacts with the proton at high CM energy
sTP =W2 = Q%/x = 1000 + 90000 GeV?

Low x = high energy scattering!

Q2 steers the transition from hard collisions
( perturbative QCD) to soft hadron physics.

Fy(x, Q) = F, (W2, Q) = 4o Q2 * 077 (57 Q%)




Y*p cross section at high energy
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1. gluon distribution and o

data basis:
HERA F2

2 - Q%=2.7GeV?

Fixed target: : 1-2% (low Q2, high-x)
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large-x

em

F2 -logm(x)

| x=6.32E-5

x=0.000102
x=0.000161 —— ZEUS NLO QCD fit
,__,:-'i x=0.000253 H1 PDF at
a4y x=0.0004 200013
o x=0.0005
i x=0.000632 s H1 94-00
¥ T x=0.0008
‘ j. ' / 4 HI1 (prel.) 99/00
- I‘. x=0.0013 s ZEUS 96/97
A l’ =. s
4 - !‘ BCDMS
L ."‘o ,- »  x=0.0021
oW A 't o8
I o #
L ,i
[ 3 o~ x=0.0032 :
I ‘ . /..1’ .tf NIMC
R I o
a P e sa x=0.005
. -; , la’ ‘w",,{i
.{_.-F' o x=0.008
r’"‘y .__,_gr_p x=0.013
-"".-". x=0.021

e i B
= ;i!:‘-

rd_.-"'""' '!1-"”'14 x=0.032
W ™ .—' x=0.05
e |

_ﬁ___w__,_._ —magguewmugealyg s g x=0.08

.
o %
R

R LT N ._L__ x=0.13
: M wetetty o r' '] x—ll 18

—-—n,-.s...__..p_,_._.'_._.

—

= - TR,

"’*‘_'r'”'“i-'lw-r—-——l H1 x=0.4

e m e® - x=0.65
1 10 10° 10° 10* 10°
2 2
Q7 (GeV?)
6



1. gluon distribution and o
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Parton densities :should we determine them?

Why should the HERA experiments care about doing NLO fits themselves?
there is a whole industry: MRST, CTEQ.......

The problem is data selection and treatment of systematic errors:

a) different data sets simply don’t agree—> we don’t gain by combining them
we should rather choose “the best”

b) very often there are data point regions which are dominated by
systematic errors.. Does it make sense to use them?

¢) how can we treat systematic errors and determine the uncertainties
of the parton densities

HERA experiments have taken a leading role there...we determine
parton densities including their uncertainties

* we don’t have to separate the flavours in order to determine
the gluon density which is the main issue of HERA 8




gluons and og: minimal number of data sets

(H1)

Most radical approach by H1 for_

gluon density and o: C20t
2
1. choose the minimal necessary f’

number of data sets: 15 -

H1 and BCDMS (ep)
2. reject regions where the systematic

errors are dominant (BCDMS low v) 10 |

3. fit the size of systematic errors using
their functional form

as (M) = 0.1150  .0019

QCD Fits
M (H1 +BCDMS% total uncertainty

B (H1+BCDMS) exp. + a, uncert.
[] (H1 ;—BCDMS) exp. uncertainty
—{H]

b

+ .005 (th. Scale error NLO fit) o

L

will be reduced by new NNLO ( ag® ) analysis

H1 Collaboration



gluon and og: include also jet data (ZEUS)

q * jets directly sensitive to gluons
also at medium x~ 0.1
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gluon and og: include also jet data (ZEUS)

* jets directly sensitive to gluons
also at medium x~ 0.1

+ -
N q * reduction of o¢- gluon correlation
g \

p&éi p dominant
6 [ Q2='.-IG-(:V2-\ ” Q7 =25 GeV? 7
a2l | —

i ; /_- without jel data _i
1o [ with jet data ‘ =

=l Q=20 GOVJA/ =

Q7 = 2000 GeV?

d LELUS

= = =
[N T "S- )

0° = 10 GeV?

B NC and CC
nE L \ —— ZLUS JETS iprel)y 84 (0

wraw - £0nstrain
arks

gluon fractional error

& & &
5 b W
T
Bl
77T

0.6

04

0.2

jets constrain gluon x



strong coupling from HERA

HERA average: 0.1186 = 0.0011 (exp.) £ 0.0050 (th.)
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Parton dynamics at low x physics?

A step beyond the oversimplified treatment of pQCD

DGLAP approximation
terms in the - - —
evolution of [ Ol In(Q?) ]" [ Olg In(Q2) * In(1/x) ™ [ Ol In(1/x) ]"
splitting functions

~— B

BF@approximation

Do we need the Lipatov effect (Lipatov Pomeron) to describe
HERA data at low x?

* inclusion of the In(1/x) terms leads to a strongly rising
v*p cross-section at high energy or equivalently to
F, ~x  for x>0 with 2=0.5 and enhanced gluon radiation

For very high parton densities the cross section must saturate! | 1




low x results

* the scaling violation of F,(x,Q2) are not specific enough to detect the presence
In(1/x) terms, they also show no evidence for saturation (Q? > 2 GeV?)
-2 we have a solid basis for transfering HERA PDFs to LHC
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* the scaling violation of F,(x,Q2) are not specific enough to detect the presence
In(1/x) terms, they also show no evidence for saturation (Q? > 2 GeV?)
—> we have a solid basis for transfering HERA PDFs to LHC

* > look for final state partons « a low x parton comes from a cascade
of subsequent radiations
DGLAP approximation:
Ky, << Kp, <<Ky; .. (few hard jets near
i c proton direction)
Q Vi BFKL approximation:
e’ g X, << X, << X; ... (hard forward jets
P and more partons with high k, expected)
Ty (A. Mueller)
Frwee Xis 1, KT is1
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do/dx (pb)

data/NLO

-
o

ey
o

low x dynamics: Forward jets

~ ZEUS 05

cmeteoed |

Area of study for the last 10 years
* excess of jets at low x in ‘BFKL phase space region’
(similar results from forward n’ and energy flow)
* huge corrections from LO-> NLO (o2) at low x
NLO includes the 3-jet topology for the first time
- what happens in NNLO (o 3) ??



low x dynamics: Forward jets

§ — ~In(1/x)

remnant

(b)

Will be answered by
H1 analysis

3- and 4 — jet events at low x
compared to NNLO

Wait for summer
conferences

Area of study for the last 10 years

* excess of jets at low x in ‘BFKL phase space region’
(similar results from forward n’ and energy flow)
* huge corrections from LO-> NLO (o2) at low x
NLO includes the 3-jet topology for the first time
- what happens in NNLO (o 3) ??

NNLO fixed order includes 4-jet topologies

and therefore In(1/x) terms for the first time

(1 gluon can be radiated over the whole
phase space)

= We have to find agreement at some level!




3. Diffraction: the structure of the Pomeron

PROTON-PROTON ELASTIC SCATTERING

P’

P
Pomeron /vﬁ il

B ——

do/dt §
for large s:
Oy = b s
ds/dt ~ s 2* et g f
A=0/(0)-1=0.0808 | =
(soft Pomeron) T

z 4
FOUR.MOMENTUM TRANSFER SOUARED, [tl (Ge¥?)

{{GeV?2]

p-p scattering at high energies:
total cross section and elastic scattering

G~ Im [ A (t=0)]~ s*(*-]
p

Y

We don’t understand this process where
we exchange energy, momentum but no
Quantum numbers or charges (color)

In QCD exchange has to be described by
(several) quarks and/or gluons
Neither pQCD nor lattice calculations work

18



diffractive scattering
at HERA (~10% of all events)

| 1. elastically scattered proton!
* (would be best, but low acceptance)

2. no ,forward energy*
(rapidity gap event)
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Q*s q

P P Rapidity gap
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omfcm

Basic facts on diffractive events at HERA
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1. the ratio of diffractive to standard DIS events is
constant vs. energy W, ... 2?? simple message ??

2. We can determine diffractive quark and

gluon densities of the proton by deep inelastic
scattering as usual but with the additional
requirement that the proton is elastically scattered.
( scattering off partons in the Pomeron)

gluons by the analysis of scaling violations
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densities to predict other

processes?

QCD factorisation?




Prediction of other diifractive hard processes?
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Prediction of other diifractive hard processes?
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diffraction: QCD factorisation in yp ?

direct ¥ (DI1S-like) hadron-like
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from hard to soft physics: do we see saturation?

*We measure high energy scattering
= @ { r~1/Q  of a color dipole with the proton

= *We can choose the transverse size
of the dipole via Q?

v

| - === = o 7P (x,Q2)~ F,(x,Q2)/Q?
e
g

HT,L(E,QE] = fdﬂrlldu |III’T|,_-:,(e:nz:,r)|E o (z?-rz) , F2

dipole WF in / dipole-p cross-

the photon (calc.) section

. 1 1 i
O M = o [d*r [ do [Urs(e,r)]* 6% (3,r%)

diffraction (F,P)

the distribution profile of

the gluons in the proton
and their transverse
momentum distibution




the dipole —p cross section: the

Ryx)_,
W\NCO: r~2/Q

&(z,7*) = o {1 ~ P (_%)} 1

— —

oqq = TrZINc r2 Og ( ”2)\)(\9()(:”2),’

—_— - -

X

perturbative QCD predicition
for small dipole sizes ~r?

R,(x) ~(1/x)*: average gluon distance at
which saturation sets in. Depends also on
transverse gluon profile T(b).

o (mb)

~r? (perturbative) saturation

S i l
P |
R o -
s —

01 02 03 04 05 06 07 08 09 1
r (fm)
simplest version: Golec-Biernat ,
Wiisthoff 99 © Ry(x)= (x/x)* ¥ 1 GeV?
improvements: + Bartels, Kowalski

26



the dipole —p cross section: the

&(z,7") = oo {1 B (_4?5-(2))} 1

Ryx)_,
W\NCO: r~2/Q
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| DLBE [1.1)

s TS
o.qq = 1T2/Nc r2 aS ( HZ) \Xg(XQPZ),\

X

perturbative QCD predicition
for small dipole sizes ~r?

R,(x) ~(1/x)*: average gluon distance at
which saturation sets in. Depends also on
transverse gluon profile T(b).

confront to data: Fits to F, at x<10 -2

to determine free parameters:
2 x,=3104 A=0.15,

describes transition to soft physics!

— IF— Zgl, m = 20 MeV
--— IP— Sad, mh“-:!l'l:llj et



successes of dipole saturation model

1. describes F, at small x and transition
to small Q2

10 } ———rrr— e

O, (1b]

2. predicts ‘geometric scaling’ of F,
at small x
F,(x,Q2) = F, (Q% R(x)) egiv.
dimensionless variable
67’ P = og7"P (Q**R\*(x) )

10 —
-

' ZEUS BPT 97 o
3. predicts the ratio " gt s N
DIS diffractive/ DIS = constant i ’hu'f’l*"' Man > 3es ’ " E
VS. energy ' 2 "o ]
-> this was one of the simple messages '
of the data which are not easily explained e T T T T e
4. detailed predictions concerning diffractive T= Q% Ry*x)

processes (needs more theoretical work to make use of
strong constraints)

This is of course no proof of saturation but several disconnected
effects are successfully predicted...

—> very appealing though not compelling

very much discussed and worked on in Heavy lon community (e.g. RHIC) 28
(Color Glass Condensate), unfortunately less so in our community



Summary QCD: next steps?

- HERA delivers the decisive information about the gluon distribution

- it has delivered the data to guide theory how to describe

low energy QCD e.g. the transition from hard to soft physics

this has triggered large theoretical progress regarding

dynamic QCD evolution, saturation, understanding of diffraction and
high energy scattering...

unfortunately theoretical situation is not very transparent —
—>difficult to present in a convincing and appealing way
—>but every effort is justified

QCD is the most beautiful example of a gauge theory - so we better

learn to understand it where it shows its genuine features best

next forseeable steps of new quality :
- measure impact paramter dependence of dipole cross section
( started already by diffractive vectormeson production at high t)
- Measure gluon-gluon correlations in the proton > DVCS
- instantons..

- see next talk
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how does the proton-proton scattering look like at high energy?
S=F E / edge area increases due to the evolution
cm of soft gluons which become
% = - -,5' visible (active) at high energy

proton gets blacker and inceases its size with increasing CM energy

l

Profile function

1-2 T T T T T T T T T T T T T T
i | | | A& = 101 GeV
HERA-energy [ s =10 GeV ——. ]
‘} 1 TR s L '\."'E = ig: geg """ ]
cblack™ bt LHC e b,

O N Vs =108 Gev - ]
—_ V3 =107 GeV --
5 V& =10% GeV - i
= 1 example:
& ; model of Pirner, Shoshi, Steffen ,2002

] could be consolidated much better
LN ] by HERA measurements and
N Ny et ST their theoretical interpretation
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2. electroweak physics
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3. new physics at HERA?

- we have finally seen the spectacular events
for which we have buildt our detector: (H1)

- leptons, missing energy, jets-
(but we suffer from the ‘ALEPH syndrom’)

standard model process is single W-production

e rate too high (for H1)

* excess events are not W-like

* excess grows with increasing statistics
at (HERAII) with same rate!

events with P, >25 GeV
16 events / 5.3 expected (4.5 W)

_E 7 events/ 5.7 expected (HERA 1)
S

—>Hope, but more data needed
(should be settled since a long time)

Events

- next talk, thank you
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