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Throughout this section units are used in which � � c � �� The
following conversions are useful� �c � ��	�
 MeV fm� ��c�� � ��
��
�GeV�� mb�

����� Lorentz transformations

The energy E and 
�momentum p of a particle of mass m form a
�vector p � �E�p� whose square p� � E��jpj� � m�� The velocity of
the particle is � � p�E� The energy and momentum �E��p�� viewed
from a frame moving with velocity �f are given by
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where �f � �� � ��f �
���� and p

T
�pk� are the components of p

perpendicular �parallel� to �f � Other �vectors� such as the space�
time coordinates of events� of course transform in the same way� The
scalar product of two �momenta p� � p� � E�E� � p� � p� is invariant
�frame independent��

����� Center�of�mass energy and momentum

In the collision of two particles of masses m� and m� the total
center�of�mass energy can be expressed in the Lorentz�invariant form

Ecm �
h
�E� �E��

� � �p� � p��
�
i���

�

�
h
m�

� �m�
� � �E�E���� ���� cos ��

i���
� �
����

where � is the angle between the particles� In the frame where one
particle �of mass m�� is at rest �lab frame��

Ecm � �m�
� �m�

� � �E� labm��
��� � �
��
�

The velocity of the center�of�mass in the lab frame is

�cm � plab��E� lab �m�� � �
���

where plab � p� lab and

�cm � �E� lab �m���Ecm � �
����

The c�m� momenta of particles � and � are of magnitude

pcm � plab
m�

Ecm
� �
����

For example� if a ���� GeV�c kaon beam is incident on a proton
target� the center of mass energy is ����� GeV and the center of mass
momentum of either particle is ��� GeV�c� It is also useful to note
that

Ecm dEcm � m� dE� lab � m� �� lab dplab � �
��	�

����� Lorentz�invariant amplitudes

The matrix elements for a scattering or decay process are written in
terms of an invariant amplitude �iM � As an example� the S�matrix
for �� � scattering is related to M by

hp��p�� jSj p�p�i � I � i����� ���p� � p� � p�� � p���
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The state normalization is such that

hp�jpi � ��������p� p�� � �
����

����� Particle decays

The partial decay rate of a particle of mass M into n bodies in its
rest frame is given in terms of the Lorentz�invariant matrix element
M by
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jM j� d�n �P � p�� � � � � pn�� �
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where d�n is an element of n�body phase space given by
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This phase space can be generated recursively� viz�

d�n�P � p�� � � � � pn� � d�j�q� p�� � � � � pj�

� d�n�j�� �P � q� pi��� � � � � pn�����
�dq� � �
�����

where q� � �
Pj

i��Ei�
� �

���Pj
i�� pi

����� This form is particularly

useful in the case where a particle decays into another particle that
subsequently decays�

������� Survival probability� If a particle of mass M has mean
proper lifetime � �� ���� and has momentum �E�p�� then the
probability that it lives for a time t� or greater before decaying is
given by

P �t�� � e�t� ��� � e�Mt� ��E � �
���
�

and the probability that it travels a distance x� or greater is

P �x�� � e�Mx� ��jpj � �
����

������� Two�body decays�
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p2, m2

P, M

Figure ����� De�nitions of variables for two�body decays�

In the rest frame of a particle of mass M � decaying into � particles
labeled � and ��
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where d� � d	�d�cos ��� is the solid angle of particle ��
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������� Three�body decays�

p1, m1
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P, M p2, m2

Figure ����� De�nitions of variables for three�body decays�

De�ning pij � pi � pj and m�
ij � p�ij � then m�

�� �m�
�� �m�

�� �

M��m�
��m�

��m�
� and m�

�� � �P � p��
� � M��m�

�� �ME�� where
E� is the energy of particle 
 in the rest frame of M � In that frame�
the momenta of the three decay particles lie in a plane� The relative
orientation of these three momenta is �xed if their energies are known�
The momenta can therefore be speci�ed in space by giving three Euler
angles �
� �� �� that specify the orientation of the �nal system relative
to the initial particle ���� Then
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Alternatively
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where �jp��j� ��
�� is the momentum of particle � in the rest frame of

� and �� and �� is the angle of particle 
 in the rest frame of the
decaying particle� jp��j and jp�j are given by
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�Compare with Eq� �
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If the decaying particle is a scalar or we average over its spin states�
then integration over the angles in Eq� �
����� gives
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This is the standard form for the Dalitz plot�

��������� Dalitz plot� For a given value of m�
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Here E�
� � �m�

�� �m�
� �m�

����m�� and E�
� � �M��m�

���m�
����m��

are the energies of particles � and 
 in the m�� rest frame� The scatter
plot in m�

�� and m�
�� is called a Dalitz plot� If jM j� is constant� the

allowed region of the plot will be uniformly populated with events �see
Eq� �
������� A nonuniformity in the plot gives immediate information
on jM j�� For example� in the case of D � K��� bands appear when
m	K�
 � mK�	���
� re�ecting the appearance of the decay chain
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Figure ����� Dalitz plot for a three�body �nal state� In this
example� the state is ��K�p at 
 GeV� Four�momentum
conservation restricts events to the shaded region�

������� Kinematic limits� In a three�body decay the maximum
of jp�j� �given by Eq� �
������� is achieved when m�� � m� �m��
i�e�� particles � and � have the same vector velocity in the rest
frame of the decaying particle� If� in addition� m� � m��m�� then
jp

�
jmax � jp

�
jmax� jp

�
jmax�

������� Multibody decays� The above results may be generalized
to �nal states containing any number of particles by combining some
of the particles into �e�ective particles� and treating the �nal states
as � or 
 �e�ective particle� states� Thus� if pijk��� � pi� pj � pk� � � ��
then

mijk��� �
q
p�ijk��� � �
���
�

and mijk��� may be used in place of e�g�� m�� in the relations in
Sec� 
���
 or 
���
�� above�
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Figure ����� De�nitions of variables for production of an
n�body �nal state�

����� Cross sections

The di�erential cross section is given by

d� �
�����jM j�


q
�p� � p��� �m�

�m
�
�

� d�n�p� � p�� p�� � � � � pn��� � �
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�See Eq� �
������� In the rest frame of m��lab��

q
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�m
�
� � m�p� lab � �
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while in the center�of�mass frame

q
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�m
�
� � p�cm

p
s � �
����b�
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������� Two�body reactions�
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Figure ����� De�nitions of variables for a two�body �nal state�

Two particles of momenta p� and p� and masses m� and m� scatter
to particles of momenta p� and p� and masses m� and m�� the
Lorentz�invariant Mandelstam variables are de�ned by

s � �p� � p��
� � �p� � p��
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and they satisfy
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The two�body cross section may be written as
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In the center�of�mass frame

t � �E�cm �E�cm�
� � �p�cm � p�cm�

� � p�cm p�cm sin���cm���

� t� � p�cm p�cm sin���cm��� � �
��
��

where �cm is the angle between particle � and 
� The limiting values
t� ��cm � �� and t� ��cm � �� for �� � scattering are
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In the literature the notation tmin �tmax� for t� �t�� is sometimes
used� which should be discouraged since t� � t�� The center�of�mass
energies and momenta of the incoming particles are
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s�m�

� �m�
�

�
p
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� E�cm �
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�

�
p
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For E�cm and E�cm� change m� to m� and m� to m�� Then

pi cm �
q
E�
i cm �m�

i and p�cm �
p� lab m�p

s
� �
��
�

Here the subscript lab refers to the frame where particle � is at rest�
�For other relations see Eqs� �
������
�����

������� Inclusive reactions� Choose some direction �usually the
beam direction� for the z�axis� then the energy and momentum of a
particle can be written as

E � m
T
cosh y � px � py � pz � m

T
sinh y � �
��
��

where m
T
is the transverse mass

m�
T
� m� � p�x � p�y � �
��
��

and the rapidity y is de�ned by
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�
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Figure ����� Argand plot showing a partial�wave amplitude a�
as a function of energy� The amplitude leaves the unitary circle
where inelasticity sets in �� � ���
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Under a boost in the z�direction to a frame with velocity ��
y � y� tanh�� �� Hence the shape of the rapidity distribution dN�dy
is invariant� The invariant cross section may also be rewritten

E
d��

d�p
�

d��

d	 dy p
T
dp

T

�� d��

� dy d�p�
T
�
� �
��
��

The second form is obtained using the identity dy�dpz � ��E� and the
third form represents the average over 	�

Feynman�s x variable is given by

x �
pz

pzmax
� E � pz

�E � pz�max
�pT � jpzj� � �
��
��

In the c�m� frame�

x � �pz cmp
s

�
�m

T
sinh ycmp
s

�
����

and
� �ycm�max � ln�

p
s�m� � �
����

For p	 m� the rapidity �Eq� �
��
	�� may be expanded to obtain

y �
�

�
ln

cos������ �m��p� � � � �

sin������ �m��p� � � � �

� � ln tan����� �  �
����

where cos � � pz�p� The pseudorapidity  de�ned by the second line
is approximately equal to the rapidity y for p	 m and � 	 ���� and
in any case can be measured when the mass and momentum of the
particle is unknown� From the de�nition one can obtain the identities

sinh  � cot � � cosh  � �� sin� � tanh  � cos � � �
��
�

������� Partial waves� The amplitude in the center of mass for
elastic scattering of spinless particles may be expanded in Legendre
polynomials

f�k� �� �
�

k

X
�

���� ��a�P��cos �� � �
���

where k is the c�m� momentum� � is the c�m� scattering angle� a�
� ��e

�i�� � ����i� � 
 � 
 �� and �� is the phase shift of the �th

partial wave� For purely elastic scattering� � � �� The di�erential
cross section is

d�

d�
� jf�k� ��j� � �
����

The optical theorem states that

�tot �
�

k
Im f�k� �� � �
����

and the cross section in the �th partial wave is therefore bounded�

�� �
�

k�
���� ��ja�j� 


����� ��

k�
� �
��	�

The evolution with energy of a partial�wave amplitude a� can be
displayed as a trajectory in an Argand plot� as shown in Fig� 
����
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The usual Lorentz�invariant matrix element M �see Sec� 
��

above� for the elastic process is related to f�k� �� by

M � ���ps f�k� �� � �
����

so

�tot � � �

�plabm�
ImM �t � �� � �
����

where s and t are the center�of�mass energy squared and momentum
transfer squared� respectively �see Sec� 
������

��������� Resonances� The Breit�Wigner �nonrelativistic� form for
an elastic amplitude a� with a resonance at c�m� energy ER� elastic
width �el� and total width �tot is

a� �
�el��

ER �E � i�tot��
� �
�����

where E is the c�m� energy� As shown in Fig� 
��	� in the absence of
background the elastic amplitude traces a counterclockwise circle with
center ixel�� and radius xel��� where the elasticity xel � �el��tot�
The amplitude has a pole at E � ER � i�tot���

The spin�averaged Breit�Wigner cross section for a spin�J resonance
produced in the collision of particles of spin S� and S� is

�BW �E� �
��J � ��

��S� � ����S� � ��

�

k�
BinBout�

�
tot

�E �ER�� � ��tot�
� �
�����

where k is the c�m� momentum� E is the c�m� energy� and B in and
B out are the branching fractions of the resonance into the entrance and
exit channels� The �S � � factors are the multiplicities of the incident
spin states� and are replaced by � for photons� This expression is valid
only for an isolated state� If the width is not small� �tot cannot be
treated as a constant independent of E� There are many other forms
for �BW � all of which are equivalent to the one given here in the
narrow�width case� Some of these forms may be more appropriate if
the resonance is broad�

−1/2 1/20

Im A

Re A
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xel/2

1

Figure ���	� Argand plot for a resonance�

The relativistic Breit�Wigner form corresponding to Eq� �
����� is�

a� �
�m�el

s�m� � im�tot
� �
�����

A better form incorporates the known kinematic dependences�
replacingm�tot by

p
s�tot�s�� where �tot�s� is the width the resonance

particle would have if its mass were
p
s� and correspondingly m�el byp

s�el�s� where �el�s� is the partial width in the incident channel for
a mass

p
s�

a� �
�ps�el�s�

s�m� � i
p
s�tot�s�

� �
���
�

For the Z boson� all the decays are to particles whose masses
are small enough to be ignored� so on dimensional grounds
�tot�s� �

p
s���mZ � where �� de�nes the width of the Z� and

�el�s���tot�s� is constant� A full treatment of the line shape requires
consideration of dynamics� not just kinematics� For the Z this is done
by calculating the radiative corrections in the Standard Model�
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����� Leptoproduction

See section on Structure Functions �Sec� �� of this Review��

����� e
�
e
� annihilation

For pointlike� spin��	� fermions� the di
erential cross section in the
c�m� for e�e� � ff via single photon annihilation is �� is the angle
between the incident electron and the produced fermion� Nc � � if f
is a lepton and Nc �  if f is a quark��

d�

d�
� Nc

��

�s
�
�
� � cos� � � ��� ��� sin� �

�
Q�
f � �����

where � is the velocity of the �nal state fermion in the c�m� and Qf is
the charge of the fermion in units of the proton charge� For � � ��

� � Nc
����

s
Q�
f � Nc

����Q�
f nb

s
� �����

where s is in GeV� units�

At higher energies� the Z� �mass MZ and width �Z� must be
included� If the mass of a fermion f is much less than the mass of the
Z�� then the di
erential cross section for e�e� � ff is

d�

d�
� Nc

��

�s

n
�� � cos� ��

h
Q�
f � ���vevfQf � ���a

�
e � v�e��a

�
f � v�f �

i
� � cos �

�����aeafQf � ���aeafvevf
��

����

where

�� �
�

�� sin� �W cos� �W

s�s�M�
Z�

�s�M�
Z�

� �M�
Z�

�
Z

�

�� �
�

��� sin� �W cos� �W

s�

�s�M�
Z�

� �M�
Z�

�
Z

�

ae � � � �

ve � � � � � sin� �W �

af � �T�f �

vf � �T�f � �Qf sin
� �W � �����

where T�f � �	� for u� c and neutrinos� while T�f � ��	� for d� s� b�
and negatively charged leptons�

At LEP II it may be possible to produce the orthodox Higgs
boson� H � �see the mini�review on Higgs bosons� in the reaction
e�e� � HZ�� which proceeds dominantly through a virtual Z�� The
Standard Model prediction for the cross section �� is

��e�e� � HZ�� �
���

��
� �Kp

s
�K

� � M�
Z

�s�M�
Z�

�
� �� � sin� �W � � sin� �W

sin� �W cos� �W
�

�����
where K is the c�m� momentum of the produced H or Z�� Near the
production threshold� this formula needs to be corrected for the �nite
width of the Z��

����� Two�photon process at e�e� colliders

When an e� and an e� collide with energies E� and E�� they emit
dn� and dn� virtual photons with energies 
� and 
� and ��momenta
q� and q�� In the equivalent photon approximation� the cross section
for e�e� � e�e�X is related to the cross section for �� � X by
�Ref� ��

d�e�e��e�e�X �s� � dn� dn� d����X �W �� �����

where s � �E�E�� W
� � �
�
� and

dni �
�

�

�
�� 
i

Ei
�


�i
�E�

i

� m�
e


�
i

��q�i �E�
i

�
d
i

i

d��q�i �
��q�i �

� �����

After integration �including that over q�i in the region

m�
e


�
i 	Ei�Ei � 
i� � �q�i � ��q��max�� the cross section is

�e�e��e�e�X �s� �
��

��

Z �

zth

dz

z

�
f�z�

�
ln

��q��max

m�
ez

� �

��

� �

�

�
ln

�

z

���
����X �zs� �

f�z� �
�
� � �

�
z
��

ln
�

z
� �

�
��� z�� � z� �

z �
W �

s
� �����

The quantity ��q��max depends on properties of the produced
system X � in particular� ��q��max � m�

� for hadron production

�X � h� and ��q��max � W � for lepton pair production �X � �����
� � e� � ���

For production of a resonance of mass mR and spin J �� �

�e�e��e�e�R �s� � ��J � ��
����R���

m�
R

�
�
f�m�

R	s�

�
ln

sm�
V

m�
em

�
R

� �

��

� �



�
ln

s

m�
R

���
�����

where mV is the mass that enters into the form factor of the �� � R
transition� mV � m� for R � ��� �� f�������� � � �� mV � mR for
R � cc or bb resonances�

����� Inclusive hadronic reactions

One�particle inclusive cross sections Ed��	d�p for the production
of a particle of momentum p are conveniently expressed in terms of
rapidity �see above� and the momentum p

T
transverse to the beam

direction �de�ned in the center�of�mass frame�

E
d��

d�p
�

d��

d� dy p
T
dp

T

� ������

In the case of processes where p
T
is large or the mass of the produced

particle is large �here large means greater than �� GeV�� the parton
model can be used to calculate the rate� Symbolically

�hadronic �
X
ij

Z
fi�x�� Q

�� fj�x�� Q
�� dx� dx� b�partonic � ������

where fi�x� Q
�� is the parton distribution introduced above and Q

is a typical momentum transfer in the partonic process and b� is
the partonic cross section� Some examples will help to clarify� The
production of a W� in pp reactions at rapidity y in the center�of�mass
frame is given by

d�

dy
�
GF �

p
�


� �

�
cos� �c

�
u�x� � M

�
W � d �x��M

�
W �

� u�x� � M
�
W � d �x��M

�
W �

�
� sin� �c

�
u�x� � M

�
W � s �x� � M

�
W �

� s�x��M
�
W � u �x��M

�
W �

��
� ������

where x� �
p
� ey� x� �

p
� e�y� and � � M�

W 	s� Similarly the
production of a jet in pp �or pp� collisions is given by

d��

d�p
T
dy

�
X
ij

Z
fi�x� � p

�
T
� fj�x�� p

�
T
�

�
� bs db�

dbt
�
ij

dx� dx� �� bs� bt � bu� � �����



��� Cross�section formulae for speci�c processes ���

where the summation is over quarks� gluons� and antiquarks� Here

s � �p� � p��
� � ������

t � �p� � pjet�
� � ������

u � �p� � pjet�
� � ������

p� and p� are the momenta of the incoming p and p �or p� and bs� bt �
and bu are s� t� and u with p� � x�p� and p� � x� p�� The partonic
cross section bs � �db��	�dbt � � can be found in Ref� �� Example� for the
process gg � qq�

bs d�
dt

� ��s
�bt � � bu��

�bs
�

�

�bt bu � �bs �
�
� ������

The prediction of Eq� ����� is compared to data from the UA� and
UA� collaborations in Fig� ���� in the Plots of Cross Sections and
Related Quantities section of this Review�

The associated production of a Higgs boson and a gauge boson is
analogous to the process e�e� � HZ� in Sec� ���� The required
parton�level cross sections ���� averaged over initial quark colors� are

��qiqj � W�H� �
���jVij j�
� sin� �W

� �Kp
s
� K

� � M�
W

�s�M�
W ��

��qq � Z�H� �
����a�q � v�q �

��� sin� �W cos� �W
� �Kp

s
� K

� � M�
Z

�s�M�
Z�

�
�

Here Vij is the appropriate element of the Kobayashi�Maskawa matrix
and K is the c�m� momentum of the produced H � The axial and
vector couplings are de�ned as in Sec� ����

����� One�particle inclusive distributions

In order to describe one�particle inclusive production in
e�e� annihilation or deep inelastic scattering� it is convenient
to introduce a fragmentation function Dh

i �z�Q�� where Dh
i �z�Q��

is the number of hadrons of type h and momentum between zp and
�z � dz�p produced in the fragmentation of a parton of type i� The
Q� evolution is predicted by QCD and is similar to that of the parton
distribution functions �see section on Quantum Chromodynamics
�Sec� � of this Review��� The Dh

i �z�Q
�� are normalized so that

X
h

Z
zDh

i �z�Q��dz � � � ������

If the contributions of the Z boson and three�jet events are
neglected� the cross section for producing a hadron h in e�e�

annihilation is given by

�

�had

d�

dz
�

P
i e

�
i D

h
i �z�Q��P
i e

�
i

� ������

where ei is the charge of quark�type i� �had is the total hadronic cross
section� and the momentum of the hadron is zEcm	��

In the case of deep inelastic muon scattering� the cross section for
producing a hadron of energy Eh is given by

�

�tot

d�

dz
�

P
i e

�
i qi�x�Q

�� Dh
i �z�Q

��P
i e

�
i qi�x�Q

��
� ������

where Eh � �z� �For the kinematics of deep inelastic scattering�
see Sec� ����� of the Kinematics section of this Review�� The
fragmentation functions for light and heavy quarks have a di
erent
z dependence� the former peak near z � �� They are illustrated in
Figs� ����a and ����b in the section on �Fragmentation Functions in
e�e� Annihilation� �Sec� �� of this Review��
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Jet Production in pp and pp Interactions
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Figure ����� Transverse en�
ergy dependence of the inclusive
di�erential jet cross sections
in the central pseudorapidity
region� The error bars are either
statistical �D� �� statistical and
pT dependent �UA��� statisti�
cal and energy dependent from
unsmearing �UA��� uncorrelated
�CDF�� or total �R	
�� un�
certainties� Comparison of the
di�erent experimental results
is not straight forward� since
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di�erent jet reconstruction algo�
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with a size R
�� for all their
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Direct � Production in pp Interactions

 (GeV/c)Tp
0 20 40 60 80 100 120

)2
 (

pb
/G

eV
3

 /d
p

σ3
E

 d

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

10
3

10
4

|<0.9)η at 1.8 TeV, |pD0 (p

, CTEQ5MT=EµNLO-QCD, 

|<0.9)η at 1.8 TeV, |pCDF (p

|<2.5)η at 1.8 TeV, 1.6<|pD0 (p

|<0.9)η at 630 GeV, |pD0 (p

|<2.5)η at 630 GeV, 1.6<|pD0 (p

 at 24.3 GeV, <y>=0.4)pUA6 (p

=0)ηR806 (pp at 63 GeV, 

=0)η at 630 GeV, pUA1 (p

=0)η at 630 GeV, pUA2 (p

Figure ����� Transverse
energy dependence of isolated
photon cross sections� The error
bars are either statistical �CDF��
uncorrelated �D� �� or total
�UA�� UA�� R	
�� uncertainties�
D�� Phys� Rev� Lett� 
��
���	
� ��

��� CDF� Phys� Rev�
D��� ���� ������� UA�� Phys�
Lett� B���� ��� ���		�� UA��
Phys� Lett� B���� �	� ���		��
UA�� Phys� Lett� B�

� �	�
������� R
��� Z� Phys� C���
��� ���	��� Next�to�Leading
order QCD predictions are
shown for pp at ��
 GeV and
��	 TeV� �Courtesy of V�D�
Elvira� Fermilab� �

��



��� Plots of cross sections and related quantities ���

Di�erential Cross Section forW and Z Boson Production
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Pseudorapidity Distributions in pp Interactions
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Figure ����� Charged particle pseudorapidity distributions in pp collisions for �� GeV � ps � �	

 GeV� UA� data from the SppS are taken
from G�J� Alner et al�� Z� Phys� C��� � ���	��� and from the ISR from K� Alpg�ard et al�� Phys� Lett� ���B� ��� ���	��� The UA� data are
shown for both the full inelastic cross�section and with singly di�ractive events excluded� Additional non single�di�ractive measurements are
available from CDF at the Tevatron� F� Abe et al�� Phys� Rev� D��� ���
 ����
� and Experiment P��	 at the SppS� R� Harr et al�� Phys� Lett�
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Average HadronMultiplicities in Hadronic e�e� Annihilation Events

Table ����� Average hadron multiplicities per hadronic e�e� annihilation event at
p
s � �
�

������ ��� and ��
��

 GeV� The rates given include decay products from resonances with c� � �

cm� and include the corresponding anti�particle state� Correlations of the systemaic uncertainties
were considered for the calculation of the averages� �Updated July �

� by O� Biebel� LMU�
Munich��

Particle
p
s � �� GeV

p
s  ����	 GeV

p
s  �� GeV

p
s  ������� GeV

Pseudoscalar mesons�

�� ���� 
�� �
��� 
�� ������ 
��� ������ 
���

�� ���� 
�� ��	�� 
��	 ����� 
���

K� 
��
� 
�
� ���	� 
�
� ������ 
�
�� ��	�� 
���

K� 
���� 
�
� ���	� 
�
� ��
��� 
�
�� ���
� 
���

� 
��
� 
�
� 
���� 
�
� ��
��� 
�
	


�����	� 
�
�� 
�
� 
���� 
��
 
����� 
�
�


D� 
���� 
�
��k� 
���� 
�
� 
����� 
�
��

D� 
���� 
�
��k� 
���� 
�
� 
����� 
�
�


D�
s 
���� 
�
��k� 
���� 
��
�a� 
����� 
�
��

B�� B�
d � � 
����� 
�
���b�

B�
s � � 
�
��� 
�
���b�

Scalar mesons�

f���	
� 
�
��� 
�

� 
�
�� 
�
��c� 
����� 
�
��

a���	
�� � � 
���� 
����d�

Vector mesons�

����
�� 
���� 
�
� 
�	�� 
�
	 ������ 
�
�	

����
�� � � ���
� 
����d�

���	�� 
��
� 
�
	 � ��
��� 
�
��

K��	���� 
���� 
�
� 
���� 
�
� 
����� 
�
��

K��	���� 
���� 
�
� 
���� 
�
� 
���	� 
�
��

	��
�
� 
�
��� 
�

� 
�
	�� 
�
�� 
�
���� 
�

��

D���
�
�� 
���� 
�
��k� 
���� 
�
� 
������ 
�

���j�

D���

��� 
���� 
�
��k� 
���� 
��� �

D�
s������� � � 
��
�� 
�
�	�f�

B� �g� � � 
��		� 
�
��

J�
��S� 
�


�
� 
�



��k� � 
�

��� 
�


��h�


��S� � � 
�

��� 
�


��h�

� ��S� � � 
�


��� 
�



��h�

Pseudovector mesons�

�c�����
� � � 
�

��� 
�

���h�

Tensor mesons�

f�����
� 
�
�� 
�
� 
���� 
�
� 
����� 
�
�


f �������� � � 
�
��� 
�

�

K�
� ����
�� � 
�
�� 
�
� �

K�
� ����
�� � 
���� 
�
� 
�
	�� 
�
���h�

B�� �i� � � 
���	� 
�
��

D�

s� � � 
�

��� 
�

�����

D��

s� � � 
�

	�� 
�

�����

Baryons�

p 
����� 
�
�� 
���
� 
�
�
 ��
�	� 
�
�� ����� 
��	

 
�
	
� 
�

� 
��
�� 
�
�
 
������ 
�

�� 
���� 
�
�

�� 
�
��� 
�

	 � 
�
��� 
�
��

�� � � 
�
	�� 
�
�


�� � � 
��
�� 
�
��

�� � � 
����� 
�

�

�� 
�

��� 
�


� 
�
���� 
�

�� 
�
��	� 
�

�


��������� 
�
�
� 
�
�
 � 
�
	�� 
�
��

����	��� 
�

�� 
�

� 
�
��� 
�

� 
�
��
� 
�

��

����	��� 
�

�� 
�

� 
�
��� 
�

� 
�
���� 
�

��

����	��� 
�
�
�� 
�

�
 
�
��� 
�

	 
�
���� 
�

�	

�����
�� 
�

��� 
�


� � 
�

��� 
�


�

�� 
�


�� 
�


� 
�
��� 
�

� 
�

��� 
�


�

�
c 
��

� 
�
�
�j� 
���
� 
�
�
 
�
�	� 
�
��

�
b � � 
�
��� 
�
��

���
c � ��

c 
�
��� 
�

� � �

����
� 
�

	� 
�

� � 
�
���� 
�

��



��� Plots of cross sections and related quantities ���

Notes for Table �����

�a� B�Ds � ��� ���� was used �RPP������

�b� The Standard Model B�Z � bb�  
���� was used�

�c� xp  p�pbeam � 
�� only�

�d� Both charge states�

�e� B�D���
�
�� � D����� B�D� � K���� has been used �RPP�


��

�f� B�D�
s � D�

S ��� B�D�
s � 	���� B�	 � K�K�� have been used

�RPP���	��

�g� Any charge state �i�e�� B�

d � B�
u� or B�

s ��

�h� B�Z � hadrons�  
���� was used �RPP������

�i� Any charge state �i�e�� B��

d � B��
u � or B��

s ��

�j� The value was derived from the cross section of �
c � p�K� assuming the

branching fraction to be ����� 
���� �RPP������

�k� �had  ����� 
�
�� 
��� nb �CLEO� Phys� Rev� D��� ���� ���	��� has
been used in converting the measured cross sections to average hadron
multiplicities�

��� Assumes B�D�
s� � D��K� � D��K��  �

� and B�D�

s� � D�K�� 
����

References for Table �����
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Figure ���	� Average multiplicity as a function of
p
s for e�e� and pp annihilations� and pp and ep collisions� The indicated errors are

statistical and systematic errors added in quadrature� except when no systematic errors are given� Files of the data shown in this �gure are
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Figure ����� World data on the total cross section of e�e� � hadrons and the ratio R�s�  ��e�e� � hadrons� s����e�e� � ����� s��
��e�e� � hadrons� s� is the experimental cross section corrected for initial state radiation and electron�positron vertex loops� ��e�e� �
����� s�  �����s���s� Data errors are total below � GeV and statistical above � GeV� The curves are an educative guide� the broken one is
a naive quark�parton model prediction and the solid one is ��loop pQCD prediction �see �Quantum Chromodynamics� section of this Review�
Eq� ������ or� for more details� K� G� Chetyrkin et al�� hep�ph�������	� p��� Eqs� ��������� Breit�Wigner parameterizations of J�
� 
��S��
and � �nS�� n  ���� are also shown� Note� The experimental shapes of these resonances are dominated by machine energy spread and are not
shown� The full list of references to the original data and the details of the R ratio extraction from them can be found in hep�ph�������
�
Corresponding computer�readable data �les are available at http���pdg�ihep�su�xsect�contents�html� �Courtesy of the COMPAS�Protvino�
and HEPDATA�Durham� Groups� March �

�� Corrections by P� Janot �CERN� and M� Schmitt �Northwestern U���
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R in Light�Flavor� Charm� and Beauty Threshold Regions

Figure ����� R in the light��avor� charm� and beauty threshold regions� Data errors are total below � GeV and statistical above
� GeV� The curves are the same as in Fig� �
��� Note� CLEO data above � ��S� were not fully corrected for radiative e�ects� and
we retain them on the plot only for illustrative purposes with a normalization factor of 
�	� The full list of references to the original
data and the details of the R ratio extraction from them can be found in hep�ph�������
� The computer�readable data are available at
http���pdg�ihep�su�xsect�contents�html �Courtesy of the COMPAS �Protvino� and HEPDATA �Durham� Groups� March �

���
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Annihilation Cross Section NearMZ

 

 

Figure ���
� Combined data from the ALEPH� DELPHI� L�� and OPAL Collaborations for the cross section in e�e� annihilation into
hadronic �nal states as a function of the center�of�mass energy near the Z pole� The curves show the predictions of the Standard Model with
two� three� and four species of light neutrinos� The asymmetry of the curve is produced by initial�state radiation� Note that the error bars have
been increased by a factor ten for display purposes� References�

ALEPH� R� Barate et al�� Eur� Phys� J� C��� � ��


��
DELPHI� P� Abreu et al�� Eur� Phys� J� C��� ��� ��


��
L�� M� Acciarri et al�� Eur� Phys� J� C��� � ��


��
OPAL� G� Abbiendi et al�� Eur� Phys� J� C��� �	� ��

���
Combination� The Four LEP Collaborations �ALEPH� DELPHI� L�� OPAL�

and the Lineshape Sub�group of the LEP Electroweak Working Group� hep�ph���������

�Courtesy of M� Gr�unewald and the LEP Electroweak Working Group� �

��



��	 ��� Plots of cross sections and related quantities

MuonNeutrino and Anti�Neutrino Charged�Current Total Cross Section
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Figure ����� �T �E� � for the muon neutrino and anti�neutrino charged�current total cross section as a function of neutrino energy� The error
bars include both statistical and systematic errors� The straight lines are the averaged values over all energies as measured by the experiments
in Refs� ���� �  
����� 
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�� �
����� 
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Table ����� Total hadronic cross section� Analytic S�matrix and Regge theory suggest a variety of parameterizations of total cross sections
at high energies with di�erent areas of applicability and �ts quality�

A ranking procedure� based on measures of di�erent aspects of the quality of the �ts to the current evaluated experimental database� allows
one to single out the following parameterization of highest rank�� 

�ab  Zab � B log��s�s�� � Y ab
� �s��s�

�� � Y ab
� �s��s�

�� � �ab  Zab � B log��s�s�� � Y ab
� �s��s�

�� � Y ab
� �s��s�

��

where Zab� B� Y ab
i are in mb� s� s�� and s� are in GeV�� The scales s�� s�� the rate of universal rise of the cross sections B� and exponents

�� and �� are independent of the colliding particles� The scale s� is �xed at � GeV�� Terms Zab � B log��s�s�� represent the pomerons� The
exponents �� and �� represent lower�lying C�even and C�odd exchanges� respectively� Requiring ��  �� results in somewhat poorer �ts� In
addition to total cross sections �� the measured ratios of the real�to�imaginary parts of the forward scattering amplitudes �  Re�T ��Im�T � were
included in the �ts by using s to u crossing symmetry and di�erential dispersion relations� Global �ts were made to the �

��updated data
for p�p�p� ��p� ��p� K�p� �p� and �� collisions� Exact factorisation hypothesis was used for both Zab and log��s�s�� to extend the universal
rise of the total hadronic cross sections to the �p � hadrons and �� � hadrons collisions� This resulted in reducing the number of adjusted
parameters from �� used for the �

� edition to ��� and in the higher quality rank of the parameterization� The asymptotic parameters thus
obtained were then �xed and used as inputs to a �t to a larger data sample that included cross sections on deuterons �d� and neutrons �n�� All
�ts were produced to data above

p
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The �tted functions are shown in the following �gures� along with one�standard�deviation error bands� When the reduced �� is greater than one�
a scale factor has been included to evaluate the parameter values� and to draw the error bands� Where appropriate� statistical and systematic
errors were combined quadratically in constructing weights for all �ts� On the plots� only statistical error bars are shown� Vertical arrows
indicate lower limits on the plab or Ecm range used in the �ts�

One can �nd the details of the global �ts �all data on proton target and �� �tted simultaneously� and ranking procedure� as well as
the exact parameterizations of the total cross sections� and corresponding ratios of the real to imaginary parts of the forward�scattering
amplitudes in the recent paper of COMPETE Collab� �� � Database used in the �ts now includes the recent OPAL and L� �LEP� �� data�
highest energy data for ��p and ��p from SELEX�FNAL� experiment� � p from ZEUS�DESY�� cosmic ray p p data from the Fly"s Eye
and AKENO�Agasa�� and � p data from Baksan experiments� The numerical experimental data were extracted from the PPDS accessible
at http���wwwppds�ihep�su������ppds�html� Computer�readable data �les are also available at http���pdg�lbl�gov� �Courtesy of the
COMPAS group� IHEP� Protvino� August �

��� On�line �Predictor� to calculate � and � for any energy from �ve high rank models is also
available at http���nuclth���phys�ulg�ac�be�compete�predictor�html��

References�

�� J�R� Cudell et al� �COMPETE Collab��� Phys� Rev� D�	� 
��
�� ��

���

�� G� Abbiendi et al� �OPAL Collab��� Eur� Phys� J� C��� ��� ��


��

�� M� Acciarri et al� �L� Collab��� Phys� Lett� B	��� �� ��

���

�� U� Dersch et al� �SELEX Collab��� Nucl� Phys� B	��� ��� ��


��

�� S� Chekanov et al� �ZEUS Collab��� Nucl� Phys� B���� � ��

���

�� R�M� Baltrusaitis et al� �Fly"s Eye Collab��� Phys� Rev� Lett� 	�� ��	
 ���	���

�� M� Honda et al� �Akeno Collab��� Phys� Rev� Lett� ��� ��� �������

	� G�M� Vereshkovet al� �Baksan Collab��� Phys� Atom� Nucl� ��� ��� ��

�� �Yad� Fiz� ��� ��� ��

�� �



��� ��� Plots of cross sections and related quantities

10
-4

10
-3

10
-2

10
-1

1

10

10 2

1 10 10
2

10
3

10
4

pp, pp

πśp, π+p
➚

K śp, K +p

γp

γγ

➘
Σśp⇓

⇓

⇓

√s GeV

T
ot

a l
 c

ro
ss

 s
ec

t io
n 

(m
b)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  

pp

pp

⇓

√s GeV

104103102101.6

0.2

0.1

 0.0

-0.1

-0.2

π+p

πśp

⇓

Re (T)
Im (T)
_____

√s GeV

104103102101.6

K +p

K -p

⇓

√s GeV

104103102101.6

Figure ������ Summary of hadronic� �p� and �� total cross sections� and ratio of the real to imaginary parts of the forward hadronic
amplitudes� Corresponding computer�readable data �les may be found at http���pdg�lbl�gov�xsect�contents�html� �Courtesy of the
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Figure ������ Total and elastic cross sections for pd �total only�� np� pd �total only�� and pn collisions as a function of laboratory beam momen�
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Figure ������ Total and elastic cross sections for ��p and ��d �total only� collisions as a function of laboratory beam momentum and total
center�of�mass energy� Corresponding computer�readable data �les may be found at http���pdg�lbl�gov�xsect�contents�html� �Courtesy of
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Figure ������ Total and elastic cross sections for K�p and K�d �total only�� and K�n collisions as a function of laboratory beam momentum
and total center�of�mass energy� Corresponding computer�readable data �les may be found at http���pdg�lbl�gov�xsect�contents�html�
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Figure ����	� Total and elastic cross sections for K�p and total cross sections for K�d and K�n collisions as a func�
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found at http���pdg�lbl�gov�xsect�contents�html� �Courtesy of the COMPAS group� IHEP� Protvino� August �

���


