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OverviewOverview
Part 1:Part 1:

What is HERA?What is HERA?
KinematicsKinematics
Structure Functions and Structure Functions and 
QCD evolutionQCD evolution

Part 2:Part 2:
Selected HERA Results:Selected HERA Results:

Structure FunctionsStructure Functions
High QHigh Q22 and EW and EW precision precision 
measurementsmeasurements
Jets and the strong Jets and the strong 
coupling coupling ααSS
Exotics (Exotics (PentaquarksPentaquarks et et 
alal……))
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What is HERA?What is HERA?

© G. Larson: “The Far Side”
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Physics @ Physics @ CollidersColliders

ee++ ee--

pp±± pp±±

pp++ ee±±

++ Simple initial stateSimple initial state
++ Clean final statesClean final states
++ Little backgroundLittle background
-- Limited energyLimited energy
•• e.g. LEP(200 GeV), e.g. LEP(200 GeV), ILC(1 ILC(1 TeVTeV))

++ High energy (no synch High energy (no synch radrad))
-- Complicated initial stateComplicated initial state
-- Large and complicated backgrounds Large and complicated backgrounds 
-- e.ge.g TEVATRON(2 TEVATRON(2 TeVTeV), ), LHC(14 LHC(14 TeVTeV))

++ Unique initial stateUnique initial state
-- two accelerators two accelerators 
-- HERA (300 GeV)HERA (300 GeV)
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HERA: HERA: TheThe onlyonly eepp Collider on Collider on 
thethe PlanetPlanet

s ≈ 320 GeV
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HERAHERA
Highlights:Highlights:

Started operation in 1992
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
> 600 Mio ep collisions 
recorded per experiment
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Physics TopicsPhysics Topics of HERAof HERA
Proton StructureProton Structure

PPartonarton densitiesdensities
gluon density (xg(x))gluon density (xg(x))
Valence quark diValence quark distribstribuutionstions

QQCD evolutionCD evolution
Different evolution schemes Different evolution schemes 
(e.g. BFKL)(e.g. BFKL)
SStrangenesstrangeness and charmand charm
ααSS

Perturbative QCDPerturbative QCD
JetsJets

Gluon densityGluon density
ααSS

Multiparticle Observables:
Multiplicity distributions
Event chapess
Multiparticle Correlations

Border between pQCD and 
non-perturbative QCD
Photon Structure
Diffraction
EW
BSM and ExoticsBSM and Exotics

LeptoquarksLeptoquarks
Excited Quarks and FermionsExcited Quarks and Fermions
FCNCFCNC
MSSM SearchesMSSM Searches
RR--parity violation SUSYparity violation SUSY
Contact InteractionContact Interactionss
……

Spectroscopy
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KinematicsKinematics

© Gary Larson, The Far Side
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““BjBj”                          ”                          
((akaaka James Daniel James Daniel BjorkenBjorken))
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… a guided tour … a guided tour 
around the HERA around the HERA 
phase space …phase space …
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HERA I HERA I KinematicKinematic RangeRange

Huge extension of 
kinematic reach:

xBj: 6 orders
Q2: 6 orders

Overlap with previous
(fixed target) 
experiments
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Very High Very High QQ22

Very clean eventsVery clean events
Very high energy Very high energy 
electron (> electron (> EEbeambeam ))
Very collimated jetVery collimated jet
Electron forwardElectron forward
Activity around the Activity around the 
beam pipe forward beam pipe forward 
(proton remnant)(proton remnant)

e-

27.5 GeV

P
920 GeV

Scattered e-

Current Jet

6.0,GeV20000 22 ≈≈ xQ
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Scattered e-

Very Low Very Low QQ22

Little activity in main Little activity in main 
detectordetector
Electron backward Electron backward ––
seen in special seen in special beampipebeampipe
calorimetercalorimeter
Electron energy close to  Electron energy close to  
EEbeambeam

No jet structureNo jet structure
Activity around the beam Activity around the beam 
pipe forward (proton pipe forward (proton 
remnant)remnant)

e-

27.5 GeV

P
920 GeV
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Medium Medium QQ22

e-

27.5 GeV

P
920 GeV

Scattered e-

Scattered e-

JetJet and electron in main Jet and electron in main 
detectordetector
Well isolated electronWell isolated electron
Well collimated jet Well collimated jet 
Activity around the beam Activity around the beam 
pipe forward (proton pipe forward (proton 
remnant)remnant)

Jet
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Structure Structure 
Function Function 

FormalismFormalism
See e.g. David J Griffiths: “Introduction to elementary particles”, New York, 1987
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Deep inelastic:Deep inelastic:
W >> MW >> MPP

xF2 ≈≈ constconst..

~ 
xF

2
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HERA Results for HERA Results for FF22

Dramatic Scaling Violations!

Sample F2 data
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NC Cross Section:
NC Reduced cross section: ),(~ 2QxNCσ

Dominant contribution

Sizeable only at high y (y>~0.6)

Contribution only important at high Q2

Q2=−q2=−(k−k’)2

x: momentum fraction 
of the struck parton

y=Q2/xs

NC Cross Section and Structure NC Cross Section and Structure 
FunctionsFunctions
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FF22 vsvs QQ22

Note:Note:
Enormous range Enormous range 
of data (5 orders of data (5 orders 
in in Q2 and 8 orders and 8 orders 
in in x)
Approximate Approximate 
scaling at high scaling at high Q2

Scaling violations
at low Q2
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F2 vs xBj
Dramatic rise a low xBj

Note previous picture:
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Structure Function Structure Function 
EvolutionEvolution
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Reminder:      Reminder:      
Nomenclature/Kinematics Nomenclature/Kinematics 

= 0 in the QPM

Z0 Exchange
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What QCD tells about What QCD tells about 
FF22(x,Q(x,Q22)) ??
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DGLAP Equation:
• Integral-Differential equation for the 

dependence of q(x,Q2), g(x,Q2) on Q2

• Need an initial condition!

Splitting functions:
Can be calculated 
in pQCD
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QCD FitsQCD Fits

Make an Make an ansatzansatz at a fixed value of at a fixed value of QQ2 2 = Q= Q00
22

Write Write FF22 simpler: simpler: 

Ignore Ignore FF33 and and FFLL (for the moment)(for the moment)

_                  _
F2 ~ 4/9 (U+U) + 1/9 (D+D)

with
_     _  _       _    _  _
D = d+s U = u+c
U = u+c D = d+s
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Parton  Distribution  FunctionsParton  Distribution  Functions
QCD fits to structure functions:

_                  _
F2 ~ 4/9 (U+U) + 1/9 (D+D)

_                  _     
Valence quarks:

2 (U-U) +       (D -D)
_     _  _       _    _  _
D = d+s U = u+c
U = u+c D = d+s

% precision except for gluon :
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…… another way to look at it …another way to look at it …
Sample F2 data

Observation of hadron to parton transition

Hadron-hadron 
scattering results

hc/Q =    6.3  2.0  0.6  0.2  0.06 0.02   fm

F2∝ x-λ at small x

Proton Charge radius
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