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• Measurement of F2

• BFKL dynamics

• Event Shapes



HERA Accelerator

e+/e- beam - 27.5 GeV

Proton beam - 820/920 GeV



 HERA luminosity 1994 – 2000
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Luminosity available for physics
(ZEUS):

1994-97 ∼  48 pb-1 e+p
√s = 300 GeV

1998-99 ∼  17 pb-1 e–p
√s = 320 GeV

1999-2000 ∼  25 pb-1 e+p
√s = 320 GeV

Total ∼∼∼∼  90 pb-1

+ running until           
September 2000



 where        is the eP centre of mass energy

Lorentz scalars: y, Q2,x
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Naïve Quark Parton Model (QPM)



QCD Improved QPM

Leading order O(αs) modifies QPM picture:

There are 2 contributions:

• QCD Compton - the quark radiates a gluon before or after being
stuck by the virtual photon

• Boson Gluon Fusion - the virtual photon & a gluon inside the
proton produce a quark-antiquark pair
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HERA kinematic range

HERA extends the kinematic reach
of previous DIS expt:

• Q2  in range 10-1 to 105 GeV2

•  x down to 10-6

extension by two orders of
magnitude in both x and Q2



DIS NC X-section
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NLO QCD Fits
DGLAP predicts Q2 evolution of F2(x,Q2) for given parton densities

at Q2 = Q2
0

ZEUS fit
Q2

0= 7 GeV2

strange quark assumed 20% of sea
valence quarks from MRS(R2)

αs(MZ)=0.118

H1 fit
Q2

0 = 1 GeV2

strange quarks:
assume              param. from MRS
αs(MZ)=0.118
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• fixed flavour scheme - 3 light flavours, heavy flavours in NLO via BGF

• momentum sum rule

• quark counting rules



HERA
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H1 96 97 prel.

ZEUS 94

H1 QCD fit prel.

• strong rise of F2 at low x

• good agreement between
expts

• systematically dominated
(2-3%)  up to Q2 ≈1000
GeV2



0

2

4

6

8

10

12

14

16

1 10 10
2

10
3

10
4

10
5

x=0.65

x=0.40

x=0.25

x=0.18

x=0.13

x=0.08

x=0.05

x=0.032

x=0.02

x=0.013

x=0.008

x=0.005

x=0.0032

x=0.002

x=0.0013

x=0.0008

x=0.0005

x=0.00032

x=0.0002

x=0.00013

x=0.00008

x=0.00005

x=0.000032

(i=1)

(i=10)

(i=20)

Q2 /GeV2

F
2+

c i(x
)

NMC BCDMSSLAC

H1 94-97 e+p
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H1 96-97 preliminary

NLO QCD Fit

ci(x)= 0.6 • (i(x)-0.4)

NLO DGLAP fit gives
good description of the
HERA & fixed target
data

Scaling violation well
interpreted by QCD

No indication of
(log 1/x)n  corrections in
HERA regime
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Long standing controversy between µp
(NMC, E665) and νN (CCFR) data

H1 data overlap and extrapolate well to
µp data

CCFR data being re-analysed, with
new treatment of charm and
shadowing



H1 96-97
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Strong rise in xg as x↓

10% uncertainty at Q2=20
GeV2 & x=5×10-5

F2 rise at low x not
completely driven by the
increase of gluon density

from parton splitting

Gluon DeterminationGluon Determination
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Extraction of FExtraction of FLL

•  subtraction method

measure σr  at high y - for Q2 << MZ
2

fitted F2 at low y extrapolated to high y & subtract out FL

★  derivative method

assume

straight line fit to                      Q2 bins at y < 0.2
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Extraction of FExtraction of FLL

FL compatible with QCD
predictions

Both methods in agreement

Direct measurement needs
different beam energies or ISR
events

    ★  derivative                         •  subtraction



• Charm production dominated by
BGF diagram

  probe of the gluon density

• investigate via D*  production

Investigation of gluon via charm production
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Fc ≈ 25% at
low x & high Q2

Fc at Q2=1.8 GeV2  is
≈ 10%

Fc rising quicker than F2



DGLAP vs BFKL –forward π0 production
BFKL predicts greater forward π0 production than

DGLAP expectation

x; Q
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evolution fail to describe π0 data

adding resolved component to incoming
virtual photon improves description of
data

BFKL formalism gives good description
of data. Still question marks over
absolute normalisation



Event Shape VariablesEvent Shape Variables
Any ‘infra-red’ safe event variable <F> can be written as

powpert FFF +=

Log change of the strong
coupling const ∝  1/log(Q)

Power corrections or
hadronisation effects ∝  1/Q

1/Q corrections not necessarily related to hadronisation
BUT

soft gluon phenomenon at small momentum scales
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c1 & c2 are coefficients in the MS scheme

µR is the renormalisation scale taken to be Q
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Events more pencil
like as Q2 ↑

Non-pert corrections
decrease as Q2 ↑

Non-pert correction
for jet variables
smaller over all Q2

Data Data vs vs NLONLO
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Reasonable fit to
data

Closer examination
shows NLO

calculation (for B
in particular) has

wrong x
dependence
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Upgrade of HERA & DetectorsUpgrade of HERA & Detectors

• Magnets around beamline (including
inside detector vol)

• β functions reduced by factors of 4-5

• increased currents

 factor of 5 increase in luminosity

e-polarisation

forward tracking upgrade

new lumi detectors

microvertex detector(ZEUS)

improved tracking trigger (H1)
:
:

FTT

Lumi
-

BPC

CIP

FTD

Calo Jet Trigger

FST

GO GG



simulation of F2  with 1 fb-1 at
HERA

measurements of Fc and Fb  to
5%  & 10% respectively

stringent tests of QCD evolution

important expt. input to future hadron colliders !

precision on αs(MZ) 0.001

gluon density extraction to 1%



SummarySummary

• structure func precision a few %

• DGLAP evolution OK down to Q2≈ 1 GeV2

• Fc up to 25% of F2

• an indirect measurement of FL

• event shapes in reasonable agreement with NLO &
power corrections. Still outstanding questions

• HERA high luminosity running deliver 1 fb-1 per expt.
during 2001 → 2006


