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Intr oduction and motiv ation



Why stud y heavy quarks?

New par tic les decay often decay to beauty (and charm) quarks

Make measurements of CP violation

Precise measurements of electr oweak parameter s

To under stand and probe QCD in as much detail as possib le

Parton densities of proton and photon need to be
precise . �� future collider s, � � , ��� ��� and 	 	 , ...

QCD-production rate should be accuratel y under stood
whic h can be a significant backgr ound to “ne w” physics
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Why stud y heavy quark production?

Example of why the heavy quark production
rate needs to be under stood (ATLAS TDR)

Consider 
� 
� 
�� with � 
�� � 
� 
 production at
the LHC

Even requiring four 
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�� � few �
Backgr ound from gluon splitting to 
� 
 and
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�� disco very possib le if QCD backgr ounds
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How well is the QCD backgr ound kno wn?



Perturbative QCD formalism
For generic collision between two hadr ons producing a heavy quark,

� � � ! � " � "  #

Cross section can be written as;
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A convolution of the par ton densities and shor t distance cross section
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Perturbative expansion in mass of heavy quark, �

Larger � Q faster convergence

Mass needs to be “treated” consistentl y

“Massive” scheme - �SR TVU � R , no heavy quarks in hadr on ( � � � " � " )

“Massless” scheme - �SR TVW � R , active heavy quarks in hadr on (also � " � � " )



Fragmentation of heavy quarks
Sprays of hadr ons and leptons are measured in the
detector

Tag� 
�X mesons (X Y � Z [ [ = ) and " � \] �

Calculation is in terms of final state par tons

The two need to be “matc hed” to perf orm a
comparison

Reliant on non-per turbative models, suc h as Lund,
cluster , to describe the fragmentation

NLO QCD calculations usuall y add on a Peterson
function

Are the models and current parametrisations correct?

� Measure the fragmentation function

� Make measurements where the effects are reduced; jets, high energy



Where heavy quark production is measured

LEP

100 GeV ��� � ^ ��� 100 GeV

_` = 200 GeV

4 experiments

HERA

27.5 GeV � � ^ � 920 GeV

_` = 320 GeV

2 experiments

TeVatron

980 GeV

� � � ^ � 980 GeV

_` = 1.96 TeV

2 experiments

All use general purpose detector s

The physics of the experiments at each collider is diff erent, but the production
of heavy quarks is essentiall y the same...



Generic nature of production

LEP HERA Tevatron
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Structure functions of
proton and photon

Direct sensitivity to the
gluon content

Hard scatter �
Dynamics of NLO QCD

Implementation of
diagrams and dynamics
into programs

Fragmentation

Description of par ton-
hadr on transition

Non-per turbative , but
essential.



Beauty production at the Tevatron Run I

Significant disa greement with QCD

Extrapolation to the the 
 quark level �

Measurement of� hadr ons gives more reliab le results

Led to impr ovement in theor y
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Experimental methods for tagging heavy quarks

Reconstruction of hadr on mass resonances

Decay to lepton and its transver se momentum
relative to the quark

Use of a ver tex detector - weak decays, long-
lived

K
-

π+

π+

K
-

D0 D0

d 0

PV

D has finite impact parameter

Secondary Production

D points back to PV

Direct Production

B

Experiments use diff erent methods depend-
ing on their apparatus, but in general have
the same techniques
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Latest results - structure functions
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Charm contrib ution to the proton structure function
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Charm production represents a significant amount of the inc lusive cross section



Charm contrib ution to the photon structure function
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Charm production expected to proceed
via EM coupling to photons

Evidence for production via hadr onic
structure of photon

Note structure functions are not
measured; there are extrapolations:

� detector has limited acceptance ,

� T , no � pq rs q out 
�v w w

� total cross sections are
“measured” using MCs

o � x K x wy z{| � o � } ~ 4 � wy z{|

o � } ~ 4 � w � �
� o � x K x w � �

� Extrapolation factor s vary; up to
� 10-20

But they are intuitive ...



Charm from the photon
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Charm cross section measurements



Charm in deep inelastic scattering at HERA
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ZEUS collaboration gets better agreement...



Charm in 	 	 collisions
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“Dang erous” total cross sections

Easy comparison over many
experiments

Rigor ous comparison possib le with
cooperation



Charm in photopr oduction at HERA
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CDF’s impressive charm signals
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CDF charm cross sections
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CDF charm cross sections

)  [GeV/c]0(DTp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

)  [GeV/c]0(DTp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

CDF Run II preliminary
 Data/Theory Cross Section0D

)  [GeV/c]
+

(DTp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

)  [GeV/c]
+

(DTp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

CDF Run II preliminary
 Data/Theory Cross Section+D

)  [GeV/c]
+

(D*Tp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

)  [GeV/c]
+

(D*Tp
5 10 15 20

D
at

a/
T

he
or

y

0

0.5

1

1.5

2

2.5

CDF Run II preliminary
 Data/Theory Cross Section+D*

Predictions are belo w the data.

General shape agreement.

Uncer tainties are large for firmer
conc lusions.



Charm discussion
In general, NLO QCD is belo w the measurements of charm production but
compatability within uncer tainties

Still complicated convolution (PDF � Hard scatter � fragmentation)

Uncer tainties are often large, but for data they are decreasing rapidl y

Independent ways of measuring
fragmentation

Measurements insensitive to
fragmentation (e.g. jets)
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Open beauty measurements



Beauty in £ £ collisions
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Open beauty measurements at HERA
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New TeVatron beauty measurement
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Beauty discussion

Situation not as clear as a few years ago

Many diff erent kinematic regions measured
and assumptions made

Significant work on fragmentation issues

Data still generall y higher than NLO QCD, but
some less than other s...
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Diffractive open-c harm production

Diffractive processes contrib ute ¯ ° ± ² to the total DIS cross section

Events have clear experimental signature - large rapidity gap

QCD factorisation has been proven (Collins)
for these class of events ³ can measure
“diffractive par ton distrib utions”

Evolution with ´Sµ accor ding to DGLAP
equations

Extract par ton densities and predict charm
production
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Charm contrib ution to diffractive structure function

Data sho w sensitivity to the par ton
density parametrisations

Some parametrisations are ruled out

One parametrisation consistent with
data

Factorisation appr oach works
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Summar y

Increasing number of high precision measurements of heavy quark production

Complicated mix of experimental, phenomenological and theoretical issues

Hard to summarise . The theor y does not adequatel y describe the data

Many more measurements to come from HERA and the TeVatron

Sor t out before turning on the LHC?


