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The HERA ep-Collider

@ DESY/Hamburg

Js = 320 GeV

Halle Nord

HERA I [1994-2000]

e*p Scattering: L ~ 100 pb
ep Scattering: L ~ 15 pb™

2\ Stellingen

HERA II [2003++]

Int. Luminosity: 1000 pb™
e*-Polarisation ~50%
ZEUS [+ low energy ep-data]



Electron Electron

Hard Process
[Calculable]

U% : Scale
[defines spatial resolution ~ 1/p]
[should be greater Aqcp for pQCD]

Q?: photon virtuality
E; : trans. momentum of
final state part./jets

Proton Structure Proton
[Parameterized] Remnant

Proton
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Inclusive Deep-Inelastic Scattering

Electron (e*) Electron (et)

Q?: four-momentum transfer

[spatial resolution ~ 1/Q] 'Y QZ

x: fractional momentum Quark
of the struck quark
y = Q%/sx: Inelasticity X
[/s: cms energy]
—— _
Proton
Remnant

Proton Contribution only @ high y
Related to gluon density

>

d2 2To? 2 2 2
o _ 1-(1-y)] F£(x,Q%) — yv?F (x,Q \

[LO: FL:O]




Typical DIS-Event

[as seen by the H1 detector] Calorimeters
N Jet / Backward
" . . m = (scattered Quark)
"':ﬂ;' .
Electrons . -\\\ ﬂ

| Protons
=
ch‘lr‘rer'ed / 5
ectron Q

Q? = 4E_E,cos?(8/2)

Forward

Trackers
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HERA [& Fixed Target]
F,-Measurements

F(x. Q% = Z eixq(x, Q%)

Precision: 2-3% (bulk region)

Scaling violations at low x < 1072
dF2/dlogQ® ~ g(x,.Q%)-0s(Q°)

From NLO QCD Fits:

Quark densities
Gluon density
Strong coupling constant



Determination of PDFs

fitting DIS data from HERA and Fixed Target Experiments

Procedure:

* Assume parametric form
of parton distribution
functions at starting
scale Q5~0(5 GeV?).

[H1: 4 GeVZ; ZEUS: 7 GeV?].
[# Parameters: O(10)]

* Fit all data by evolving

the PDFs to higher Q2

Parametric Forms:
» xg(x) = axP(1-x)¢ (x)
- xu(x) = a'x?(1-x)¢ &(x)

e.g.: H1 - {(x) = 1+d./x +ex
ZEUS _ 7(x) =1

Yt
e

0.6

05 7T

2 2
ZEUS NLO QCD fit Q=10 GeV

oM7) =0.118

[ 1 tot. error
B2 uncorr. error

CTEQ 6M
MRST2001




xg(x.Q°) — Comparison of Results

L 2 2 H1 NLO-QCD fit
- =20 GeV .

20 = Q xg:a-xb-(l-x)“-(1+d\/x+ex) IndependenT f'TS
] ) FFN heavy-quark scheme Experimental errors only
- %,
: A Q=200 GeV’ total uncert. Different approaches
i /’/;,, ] exp. uncert. )

5E ////,% \ Different goals

9, Q

i ////’% é‘ ZEUS NLO-QCD fit [H1: g(x) & O, Zeus: PDFs]
- %}}}“ ,’//,:‘“ RT-VFEN heavy-quark scheme Par‘ame.rr. IC fo rms.
L //g“ /, ‘.‘ ' .
. A N\ 72 exp. uncert. Influgnce of choice

10 - ) D N to be investigated
L //////// :’::‘:”0 ,,"'l"‘"‘
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——i— CXperimental
uncertainty

....... theoretical
uncertainty

/

theoretical error

dominated by scale uncertainty

H1: NLO QCD fit
[Eur. Phys. J. C 21 (2001) 33]

ZEUS: NLO QCD fit
[Phys. Rev. D 67 (2003) 012007]

S. Bethke: World Average
[hep-ex/0211012]

J. Santiago, F.J. Yndurain
[hep-ph/0102247]

| 0.1 / 0.12l

NNLO a, from F

0.14 0.16
OLS(MZ)

moment analysis based on Bernstein polynomials

systematic error includes:

NNNLO correction estimate

higher twist effects

renorm. scale
uncertainty

exp. & model

uncertainty —
ZEUS: \
o= 0.1166 ~ 89325 +0.004

H1:
o, =0.1150 * 3891 *0.005

[World average: 0.1183 + 0.0027]
S. Bethke: hep-ph/0211012

NNLO (and still improved precision)
promises world beating a;from HERA



Determination of F

Contributes only @ high 'y
DIS cross section: /

do  2no? 2 2 2
i@ " xgr (T R -y Q)
F| ~ asg(x) - constrains xg(x)
Provides important QCD test
Reduced Cross Section Direct measurement requires
2 3 3 data at different cms-energies
NE - /FZ & =250CeV Indirect determination
AN ) possible assuming F, to be known
Ty -
I E
(o) -
L ~N P
- ® H196-97 FL FZ O-r'
0.5 4 BCDMS
- = gcgc'gt (H1) extrapolation method
0 n | ’ | also: derivative method

shape method



F, at fixed y=0.75

Wi=ys
F, extraction from H1 data (for fixed W=276 GeV) [yp cms-energy]
~ 1.2
g T QCD a, fit (H1) extrapol.
L= | [ ® H1preliminary —— QCD o, fit (H1)
= Hie —— GBW model (dipole)
@ OHle ——— MRST 2001

—— BKS model (GRV off—shell)

G 09 ey
Data in basic agreement with NLO QCD Fit to F, data.
New low Q? results provide additional constraints.



Direct F| -Measurement

using radiative deep-inelastic scattering data

0.4

0.2

-------------------------

-0.2

0.4 |

-0.6

A H196/97
| |

Q? = 5.5 GeV?

e ZEUS (prel.) ISR 96/97

— ZEUS NLO-QCD F,
B ZEUS NLO-QCDF,

10

-4

3
10

ISR reduces
ep cms-energy

y Electron
Electron

Quark

Remnant

Proton

Errors large
Data prefer small F_



DIS Cross Section @ High Q2

Influence
et e*(v,v) only @ highy
d*o (e .
e 2
q (:,:~:<:I<:;222 EEr ////:1: 2: - I’]‘>/ I:ii

Remnant

Proton

Neutral Current:
F; [ XZ q; +q]
XF3 ] XZ q;—q]

Use e*p/e’p data to extract xF3
Sensitivity to valence quark density

different contribution from xF3
for different lepton charge

Charged Current:
do(e") O x[d+i]
dG(e) O x[u+d

Use e'p/e’p data to disentangle
up-/down-quark content at high x



NC and CC Cross Sections

4
— :— ~N T || [ [ [ T T || [ [ [ E
> " - Hlep Hlep |
O = = Standard Model
%_ - ; 1(\31((31 gg_gg : E(Cj 31'88 1 describes cross sections
N ) Y3 over large range of Q?
g 10'1 _ H1 PDF 2000_; Electroweak 'unizfica‘rion'
3 - = NC 1 atflarge Q% ~ M,
3 0 y E
g . e
0 L . ] e'p/e’p cross sections
g 3 differ due to different
3 E quark contributions
10'5 i_ _ helicity structure of
g EW interactions
LF Vs=319GeV
10 | | | 1111 I| | | | 1l 1 11 I| | | |
10° 10°



NC Reduced Cross Section

= ‘ T T
r ® ZEUSep98-99

- O ZEUS e'p96-97

Vs=318 GeV

Vs=300 GeV

— ep ZEUS-S Vs=318 GeV

x=0.08 (X 1500)

= "
- ¢'p ZEUS-S +5=300GeV | 1/(xQ™)-dependence
1 removed

xF3 Extraction:

c"“(e) = &F + txF
c"“(e") = &F - ¢xF

0D [9(x, Q) -q(x, Q%]

At hllgh Q?: sensitivity
to valence quar'k densities

down to x ~ 10
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L. T R
/ 0.1 0.2 0.3 0.4 0.5 0.6
Valence like

VZ
xF;

Q? dependence
calculated to be small

Average over
different Q°-ranges

Uncertainty dominated by statistical errors
Needs more luminosity from HERA II



Jet Physics

Proton
Structure



Jet Physics

\/’/

Structure



Dijets in Photoproduction
The Structure of Real Photons (Q%=0)

500

=
(=]
o

ep /dx_ (pb)

dije
N
o
o

do
>
o

25 <E

T,max

< 35 GeV

® H1 data
NLO

— NLO (145

hadr)

0.2

0.4

0.6 0.8

* NLO describes data well
» Variation due to y-PDF small
- Large scale uncertainty

Further progress with reduction of
experimental and theoretical uncertainties 5
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Inclusive Yp Jet Cross Section

do/dE¥! (pb/GeV)

(data-NLO)/NLO
= o
h o wm =

1
[y

— NLO QCD

1< njet <25 £
142 <W, <243 GeV -

|IIII|IIII|II_
ZEUS 98-00

LO QCD

jet energy scale uncertainty

- NLO uncertainty j ]

20

30

40

50

60

70 80 90
Eit (GeV)

Sensitivity

to o Sensitivity to

p- and y—s‘rruc’rure

\
oh'= Za %Zc Dpdf%

T\

Coefficient functions

Coefficient functions:
NLO calculation available

PDFs from global fits

Allows a4 extraction
by fl’r‘rmg cross section data



o Result from Jets

0.2 stat.
O ZEUS 98-00 ] V
0.18 I from o, (M,) = 0.1224 = 0.0001 %0005 *0005 | 00001
° [ — + )
: 5 Bethke 2002 ] as(Mz) = 0.1224 _ 55001
2 1 +0.0022
016§ i -0.0019 ™~ gxp.
N <G8 * ""00054
I ] - 0.0042
0.14 ] . \
I : theo.
0.12 ‘
i - Best value of g
: .~ from jets @ HERA
0.1 - T T T T Y S N R A A R

20 30 40 50 60 70
Elt (GeV)



—p—j— CXperimental

uncertainty

....... theoretical o

uncertainty

ZEUS: Inclusive jet cross sections in yp
[hep-ex/0212064]

ZEUS: Subjet multiplicity in DIS
[Phys. Lett. B 588 (2003) 41]

ZEUS: Jet shapes in DIS
[Contributed paper to ICHEP 01]

H1: NLO QCD fit
[Eur. Phys. J. C 21 (2001) 33]

ZEUS: NLO QCD fit
[Phys. Rev. D 67 (2003) 012007]

H1: Inclusive jet cross sections in DIS
[Eur. Phys. J. C 19 (2001) 289]

ZEUS: Inclusive jet cross sections in DIS
[Phys. Lett. B 547 (2002) 164]

ZEUS: Dijet cross sections in DIS
[Phys. Lett. B 507 (2001) 70]

S. Bethke: World Average
[hep-ex/0211012]

0.1 0.12

0.14 0.16 0.18

os(Mz)




3-Jet/2-Jet Ratio in DIS

Rs/p = Ogjet / Opjey

® Hidata  QCD:NLO (1+,,,)

i B o (M,)=0.118 +0.006
06 |- 1 gluon: CTEQ5M1 =15%
Y 05 <(x/E;)< 2

....... QCD: LO (149, )

0.4 i SRR Small scale uncertainty
5, Small influence of gluon PDF
Promises
0o | Mnje>25GeV precision measurement of O
|| | | | | | I| | | | L1 | | I|
2 3
10 10 10



Jet Physics

Testing perturbative QCD ...

.. at large Q° /

ho photon structure
proton PDF precisely known




Dijet and Trijet DIS Cross Section

do / dQ? (pb/GeV?)

data / theory

data / theory

-
o

—
o

—h

=y
o

o [y
o = N b

N

M > 25 GeV

n-jet

—— NLO(1+3,,,): O(c2)

————— NLO (1 +9, ) : O(c3)

® ZEUS (prel.) 98-00 Dijets
¥ ZEUS (prel.) 98-00 Trijets

|| Energy Scale Uncertainty

® Dijets /NLO : O(c.2)

7 NLO:0.5<(u/E;)<2

V  Trijets /NLO : O(c.3)

%z

k3 NLO:0.5<(u,/E;)<2

E;*"> 5 GeV
M > 25 GeV

Cross section
well described

by NLO



Azimuthal Asymmetry of Jets
[A clean test of perturbative QCD]

OUTGOING
POSITRON -

INCOMING
POSITRON"

”

" INCOMING

GLUON £
N

/' INCOMING
PROTON

PHOTON
D

Inclusive jets:

49 - A+Crros(2¢L,)

extra cos@term only if
q/g-jets are distinguished

Asymmetry predicted
to decrease with rising Q2

B
jet

(1/) do/d|¢

o
F

125 < @2 < 250 GeV 2

NN

250 < Q2 <500 GeV2

Q2 > 1000 GeV 2 ]

0.2

0.4F

0.2k

All @2

0

/2

TT

|¢jet | (rad)

/2 T

|¢jet ‘ (rad)

o ZEUS 96-97

] — NLO QCD DISENT (g =EZ,.,)

-~ LO QCD DISENT (u,=EE,e;)



Q? Dependence

of azimuthal asymmetry of jets

1 do 7] _ 1 B B
o d@’ = ﬁ[l + f1C°5((PJ'et) + szOS(ZCPJ'et)]
jet
f . a) Asymmetry from the cos q)it term
- o - - _ 0.0188
1 0.1 - - %Egciggigzn(u o f1 =-0.0273 4_'0.0175 [DGTG]
E NLO QCD prediction (2$,jet;;<un<2e$,jet) fl - -0.0003 t8881212 [NLO ]
0.0
i f, = +0.0947 *§3i3¢ [Data]
01 N f, = +0.0984 * 884 [NLO]
- Asymmetry from the cos 2¢B, term
fz 0.2 b) jet
N NLO pQCD calculation
0.1 7 in agreement with measurement
L AlG?
0.0f
| | 1 1 111 || | | |
10° 10°



Q2 Hard

Process
o QCD Dyggml cs

DGLAP evolution:

ki-ordering: kzm WL kztn « Q?
Gluon density: g(x,Q%)

kT:O

Correct?

BFKL, CCFM evolution:

hon-ki-ordering

Parton Gluon density: g(x,Q2Ky)
Cascad
ascade k-|- >0

possible.



Azimuthal Correlations

in inclusive dijet production

[}
etz \ A det AE
“ E
Inclusive =
Dijet selection 'E
azimuthal angle -~ 0 0 <
A@’ = { between two most
enhergetic jets More partons
with non-zero ky
Study:
S - dijet events with Ag < 120° * : NLO
= \—----
all dijet events _I\ Prediction
£- N
PN L
NLO: max. 3 jets -

ie. AQ'>120° - 5=0.

0 50 100 150
A¢* [Degrees]



[5<Q%*<10 GeV?]

[15<Q?<20 GeV?]

S
: [30<Q%*<50 GeV?]
0.1
—_— RAPGAP direct+resolved
----- RAPGAP direct
-
o] |
e | S
0L .
0.5 1 2 3 4

[10<Q?<15 GeV?]

e H1 Data

(Preliminary)

X [x 10°]

[20<Q?<30 GeV?]

[50<Q%*<100 GeV?]

NLO
_ ME: E.:.z, u$=70 GeV?
(Corr. for Hadronization)

S-Distribution

[Comparison with NLO and RAPGAP]

- NLO fails to describe

the S-distribution
[as expected due to AQ> 120°]

« LO Monte Carlo [RAPGAP]
[with ki-ordered parton emission]
- direct only: fails
- dir. + res.: fails at small x

- Substantial contribution
from partons/gluons
with non-zero ki



[5<Q%*<10 GeV?]

02} R T
e L S 5o
0 ! R
0.2 0.5 1
X [x 10°]
S ! [15<Q?<20 GeV?]
03}
02 e
0.1 *_|—|—
A !ig ..........
0 i L ‘
0.5 1 2
X [x 10°]
S I [30<Q%<50 GeV?]
03[
e H1 Data
0.2 7 (Preliminary)
0.1} |
[ s S
L L !
0.5 1 2 3 4

0.2

0.1

0.2

0.1}

[10<Q?<15 GeV?]

0.2 |

0.1}

""" LA T
........... l‘t
0.2 0.5 1
X [x 103]
. [20<Q*<30 GeV?]
i
...... b
L | .
0.5 1 2
X [x 10%]
- [50<Q?<100 GeV?]
- CASCADE - KMR
- —— CASCADE - JS2001
--------------------- ARIADNE
1 2 5
X [x 10°]

S-Distribution

[Comparison with ARTADNE and CCFM]

+ Best description of
S-distribution by ARTADNE

[non-ks-order parton emission (CDM)]

- CASCADE Monte Carlo
[incorporates CCFM evolution equations]
Fails for both avail. sets of

unintegr. gluon distributions
[difference: hardness of ki-spectrum]

Measurement provides
» Constraints on

unintegrated gluon density



Searches




Searches at HERA

Contact Interactions
Large Extra Dimensions
Compositeness

Excited Fermions
Ry-violating SUSY
Magnetic Monopoles
Odderons

Instantons

Leptoquarks

Lepton Flavour Violation
Isolated High P; Leptons
Multi-Lepton Events
Single Top Production
Flavour Changing NC

Many limits — Excess seen in two areas



High P, Leptons

with missing Transverse Momentum

MT(uv) = 22.6 GeV

o Pry=2776eV

Clear Signaturel

Py miss = 43.5 GeV




Electron

P?,( Distributions o

Dominant

of h'gh P-|- L€P1'0ﬂ SM contribution

W-Production X
Quark'
H1: Excess in e/p-channel w
. N epton
ZEUs: Excess in 1-channel i (
uar
Neutrino
- — Electrons & Muons w 10 = Taus —— 1
= 2 ‘E E ® ZEUS (prel.) 94-00 -
5 10 =N, =18 o % \?VM | i
= ~ data S . _ony
5 = 12.4=+]. Hl T 1 :_i L L ------- Single Top MC |
10" ZEUS
; — N
10'2__ "L i
3|
10 g %7
0 20 40 60 80 100




High Py Leptons at High Py

Data/Expectation comparison

H1
94-00 e*p (104.7 pb™1)

Electrons
obs/exp. (W)

Muons
obs/exp. (W)

Taus
obs/exp. (W)

25 < P <40 GeV

PX > 40 GeV

1/0.94 +0.14 (0.82)
3 /054 +0.11 (0.45)

3/0.89 £0.14 (0.77)

3/055+0.12 (0.51)

ZEUS
94-00 e*p (130.1 pb™l)

Electrons
obs/exp. (W)

Muons
obs/exp. (W)

Taus
obs/exp. (W)

P£ > 25 GeV

P{ > 40 GeV

2/290 838 (45%)

0/0.94 815 (61%)

5/275 35} (50%)

0/0.95 233 (61%)

2/0.12:835 (83%)

1/0.06 381 (83%)




Anomalous Top Production in FCNC

Viuz

- HERA

e+p - etX
[very sensitive To Ky,

- LEP
e'e” - tfu
* TEVATRON
top decay —, Yq,Zq

ZEUS

Kwy - Vuz €Xclusion region
(hep-ex/0302010)

> Myp = 170 GeV
M, = 175 GeV
M, = 180 GeV

> Excluded by H1 (prel.)
(Contributed paper to ICHEP(2)

—> Excluded by CDF
(Phys Rev Lett 80 (1998) 2525)

Kicy = Viez =()

-
-
*
A J

L )
+

Excluded by L3
(Phys Lett B 549 (2002) 290)

'4
- E EEEEEEEEEEE NS EE NN

-I“
E=ar




Multi-Electron
Production

Multi-Electron Event

Selection:

+ 2 electrons with
Pi*> 10 GeV (5 GeV)
[with 20° < 6 < 150°]

* 3rd electron (if any)
with E3 > 5 GeV (10 GeV)
[with 5° < 0 < 175°]

Observation of 6 events
with M¢, > 100 GeV



Multi-Electron Analysis

Events

Events

H1 Preliminary

[ @ H1Data115pb™

:_ GRAPE ﬁze

40 :_[XE NC-DIS

60

+Compton L.

2e

T

20 40
I:,:adrons (GeV)
3e

20 40

E-P, (GeV) @S@W)

P:adrons (GeV)

Good overall description of data by MC prediction



Multi-Electron Analysis

H1 Preliminary

2102 1 S 150 —
§ . l:;]hi?:féll5;e E 2 Mc(e:e/:Pi). DATA M12 > 100 Gev H]. Pr‘el.
- 10 . - +NC%r-TI1Dplt%n ¥ i : ’ .’\. Data SM
o B .
1 2e 3 | 025:005
o |
.. 3e 3 0.23:0.04
Excess @ high M,.>100 GeV
1 ] 1 ] 1
100 150
v ey Mi2>1006eV  ZEus Prel.
~ Data SM
% 150 B 3e L vic(erape)BO0XL
o 2e 2 0.77+0.08
‘jf 100 | 3e 0 0.37+0.04
;’l—
or be Needs confirmation
EatRl with HERA II data
0 | | |

0 50 100 150
M, (GeV)




Summary

Proton Structure

Improved precision — F, error ~2-3% (bulk)
PDF extraction — extraction of xF3
F|_ measurements provide important QCD test.

QCD Tests and a,-Measurements

O results competative — NNLO DIS promises world beating 0
pQCD tests using azimuthal jet asymmetries

QCD Dynamics

Study of azimuthal jet separation
provides constraint on unintegrated gluon distributions

Searches at HERA

Excess seen for: Isolated leptons, multi-leptons
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