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Overview

Part 1:
e \What is HERA?
e Kinematics

e Structure Functions and
QCD evolution

Part 2;
e Selected HERA Results:

e Structure Functions

e High Q2% and EW precision
measurements

e Jets and the strong
coupling ag

e Exotics (Pentaquarks et
al...)

© G. Larson: “The Far Side”
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What Is HERA?

like we've just been going in circles.”
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Physics @ Colliders

\// + Simple initial state

et l ' a- + Clean final states
+ Little background

\ - Limited energy
* e.g. LEP(200 GeV), ILC(1 TeV)

p__> 4_ =+ + High energy (no synch rad)
- Complicated initial state
/ \ - Large and complicated backgrounds

- e.g TEVATRON(2 TeV), LHC(14 TeV)

+ Unique initial state

_/_
- two accelerators
// \\ - HERA (300 GeV)
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HERA

e Highlights:

HERA delivered e Started operation in 1992
e 4 Experiments:

H1 and ZEUS (ep)

HERMES (e)

HERA-B (p) (until 2003)
s = 300 GeV (—>1997)
s = 318 GeV (1998 — )
e* and e beams

up to 60% lepton
polarization
1000 1200 1400

days of running e > 600 Mio ep collisions
recorded per experiment
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Physics Topics of HERA

e Proton Structure

e Parton densities
gluon density (xg(x))
Valence quark distributions
e QCD evolution

e Different evolution schemes
(e.g. BFKL)

e Strangeness and charm
° ¢

S
e Perturbative QCD

e Jets
Gluon density
s

e Multiparticle Observables:
Multiplicity distributions
Event chapess
Multiparticle Correlations

Border between pQCD and
non-perturbative QCD

Photon Structure

Diffraction

=

BSM and Exotics

Leptoquarks

Excited Quarks and Fermions
FCNC

MSSM Searches

R-parity violation SUSY
Contact Interactions

Spectroscopy
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Kinematics
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1 Bj”
(aka James Daniel Bjorken)

- & | %\\ 1
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... a guided tour
around the HERA
phase space ...

Copyr-ight 2 2881 United Feature Syndicate,
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Q2~5600

Scattered el

920 GeV

ﬁrent Jet
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HERA | Kinematic Range

] H1+ZEUS

[l HERMES

| E665

e Huge extension of
kKinematic reach:
® Xg: 6 orders
e Q2 6 orders

e Overlap with previous
(fixed target)
experiments

||| BCDMS

CCFR
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Very High Q?

Q% ~ 20000—GeV?, x ~ 0.6

‘W 208. GeV — sira

Scattered e
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27 5aGeVemm =

=slf

16.3 GeV 0.4 GeV
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Medium Q2

: Zeus Run 44699 Event 839 date: 15-02-2003 time: 18:43:32

E=175.73GeV E=86.90GeV E-p~=51.14 GeV E~106.68 GeV E,=69.06 GeV
E= 0.00 GeV p= 5.96 GeV p=-1.97GeV  p,=-562GeV p,=124.60 GeV
phi= -1.91 t= 3.22 ns t,= 242 ns t,=-100.00 ns t=295ns

pipe fc r\,{\ d rr\\mv |

/
jet.
\\'V

rJllﬁ (J e PE
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Structure
Function
Formalism

See e.g. David J Griffiths: “Introduction to elementary particles”, New York, 1987

L5 O THE
.

UMIOST

Copyr-ight 2 2881 United Feature Syndicate, Ihc.
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oc/cMOTT

. W=2 GeV
x — W=3 GeV
s+ —— W=3.5 GeV

N ELASTIC
“\_SCATTERING

a2 (Gev/e)?

SLAC-PUB-650
hugust 1969
{EXP) and (TH)

OBSERVED BEHAVIOR OF HIGHLY INELASTIC
ELECTRON-PROTON SCATTERING

M. Breidenbach, J. I. Friedman, H. W. Kendall

Department of Physics and Laboratory for Nuclear Science, *
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

E. D. Bloom, D. H. Coward, H. DeStaebler,
J. Drees, L. W. Mo, R. E. Taylor

stanford Linear Accelerator Center, Stanford, California 94305

e Deep inelastic:
o W >> My

® XF, ~const.
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VOLUME 22, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JANUARY 1969

HIGH-ENERGY ELECTROPRODUCTION AND THE CONSTITUTION OF THE ELECTRIC CURRENT *

C. G. Callan, Jr.,T and David J. Grossi
Lyman Laboratory, Harvard University, Cambridge, Massachusetts

(Received 18 November 1968)

The asymptotic behavior of electroproduction cross sections is shown to contain infor-
mation about the constitution of the electric current.
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PHYSICAL REVIEW D VOLUME 20, NUMBER 7 1 OCTOBER 1979

Ko

Experimental studies of the neutron and proton electromagnetic structure functions

A. Bodek,* M. Breidenbach,’ D. L. Dubin, J. E. Elias,! J. I. Friedman, H. W. Kendall, J. S. Poucher,
E. M: Riordan,! and M. R. Sogard'
Physics Department and Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

D. H. Coward and D. J. Sherden
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 23 March 1979)
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XF, (x) = Z & (Qi (X) + ai (X))

'f the Prokoa 1s

A quark

Thraa valence guearka
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HERA Results for F,

Sample F, data

Dramatic Scaling Violations!
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NC Cross Section and Structure

Functions
g=k- ¥ Q%=—g?=—(k—k")?
current jot X: momentum fraction
of the struck parton
y=Q?2/xs

o NC(X’QZ)

d*one (e p) _

dxd Q°

Contribution only important at high Q?
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x = 0.000050, i = 21
x = 0.000080, i = 20
x= 000013, i= 19
x = 0.00020, i = 1§
x= 0032, i =17 ~ BCDMS

x = (L0050, i= 16

L
P amns ¥
»

o £ jastdprchont.ony
5.1 0 w44 Bfecm sy

ﬂ..-.

x = 0.00080,i=15

» Hle'p
= ZEUS e'p

o NMC

x=0.0013,i= 14

x = 0.0020, i = 13

x = 00050, i = 11

x = 0.0080, i = 10

. x=0013,i=9

x=0.020,i =8
x=0032,i=7

x = 0.050,i =6

sigamop Pshfa ® x=0.080,i=3

w e .-“".E‘! .! x-ﬂ.l3,i-4

.-,.-I....l-!lll-.ulo."! % £ x=0I8i=3

_—— " X
ﬁti‘m?ma T
e gl
¢ EW“,

H1 PDF 2000

extrapolation

w

v i; ;f“'ﬂ.ﬂii-g
i ii‘iig;'! 3 #i I x=040,i=1

ﬁﬁf# ; h 1 x =065, im0

F, vs Q?

e Note:

e Enormous range
of data (5 orders
in Q%2and 8 orders
in X)

e Approximate
scaling at high Q2

e Scaling violations
at low Q2

H1 Collaboration
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Q’=2.7 GeV?
® ZEUS 9%/97

1 9%6/97
NMC,
BCDMS, E665
ZEUS NLO QCD
Fit (prel.2001)
1 NLO QCD Fit

Q’=6.5 GeV*

Q’=8.5 GeV*

Q=10 GeV?

Q’=12 GeV?

Q=15 GeV?

Q=18 GeV?

F, VS Xg;

e Dramatic rise a low X,
e Note previous picture:

Thas valence quarks
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Structure Function
Evolution

Laboratory peer pressure
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Reminder:
Nomenclature/Kinematics

d’o Ara’ o — : e : i ,
dO:  xO° {_ Vi, (x,07) 3+ Y F, (x, 07 ) Y XFy(x,07)

et

= (0 in the QPM

Z° Exchange
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What QCD tells about

Splitting functions:
Can be calculated

DGLAP Equation:

* Integral-Differential equation for the
dependence of q(x,Q?%), g(x,Q?) on Q?

* Need an initial condition!

(a®b)(x) = jdya(ﬁj@
Y)Y
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QCD Fits

e Make an ansatz at a fixed value of Q%= Q2

xq(x,0,)= Ax"(1-x) {l + Dfx + EIJ

e \\rite F, simpler:

F, ~ 4/9 (U+U) + 1/9 (D+D)
with

e Ignore F; and F, (for the moment)
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Parton Distribution Functions

to structure functions: @)

(b)

~ 4/9 (U+U) + 1/9 (D+D)

2 (U-U)+ (D-D)

E—=——= HI1 FDF 2000
E=—43 ZEUSSPDF

CTEQé.1

IIIIIIIIIII|III|
IIIIIIIIIIIlIIII
IIIIIIIIIIIlIIIIIII
H1 Collaboration

| NI _.,I |||||||| | |||||||I |
107 172 1!

2 2 X
H1 PDF 2000: Q™ =4 GeV"

Fitto H1 data
experimental errors
model uncertainties

Fitto H1 + BCDMS data
parton distribution

, - 3uiOS)

L 1 |||||||| | |||||||I |
10~ 10~ 10

e
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.. another way to look at it ..
Sample F, data

0O Hi
e /EUS

hadron+hadron

Hadron-hadrc
scattering re

hc

Fyoc x*at small X Observation of hadron to parton transition
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