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4. PHYSICS IN AND BEYOND 
THE PRAMEWORK OF STANDARD ~10DEL 

4,1. 1Vucleon spin and radiative corrections. 

Review on the Status of 
Spin Structure Function Measurements 

H.Bottcher 

DESY-1/H Zeuthen, Platanenallee 6, D-15735 Zeuthen, Ge'7T!any 

Results are presented on inclusive measurements of the spin :;tructure 
function 91 (x ). The world's data on spin-dependent deep inelastic scatter­
ing are summarized. Results from recent Next-to-Leading OrdEr (NLO) 
QCD analyses are given. They provide another suc.cessful test of QCD. 
The uncertainties arising from the low-x extrapolation of the inclusive 
data in absence of any measurement prevent firm conclusions about the 
spin structure of the nucleon. The NLO QCD analyses suggest a sizable 
gluon contribution to the nucleon spin. Proposals to directly ~robe the 
gluon polarisation are described. 

1 Introduction 

The main goal in spin physics is to reveal the spin structure of the nucleon by 
studying spin-dependent deep inelastic lepton-hadron scattering. The total spin 
of the nucleon can be written as the sum of contributions from its constituents 
[1] 

( 1) 

where ~E is the intrinsic spin carried by the quarks, ~LQ is the ar,gular momen­
tum of the quarks, ~9 is the spin carried by tqe gluons, and ~L9 is the angular 
momentum of the gluons. 

While in the framework of the Quark Parton Model (QPM) ~ E is predicted 
to be about 0.6 the European Muon Collaboration (EMC) ext ·acted a value 
of 0.06±0.047±0.069 from measurements of the spin structure function gf(x) 
performed in 1988 [2]. This discrepancy established the so calle :l 'spin puzzle' 
and stimulated a variety of experimental and theoretical activities worldwide. 
Recently it has been shown theoretically by investigating the Q2 dependence of 
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the angular momentum [3] that ~D.E + D.LQ -+'"'-' ~ and D.g + .6.L9 -+"' ~ in the 
limit Q2 -+ oo. 

However, the definition of these quantities is a matter of discussion as the 
distinction between quark and gluon fields depends on the gauge chosen. All 
experiments to date have extracted a value for D.E in the order of 0.3 [4] when 
analysing the data in the framework of the QPM and assuming SU(3) flavour 
symmetry. Recent NLO QCD analyses have shed more light onto the gluon 
contribution to the nucleon spin. However, all conclusions drawn so far concerning 
the spin composition of the nucleon suffer from the uncertainties arising from the 
low-x region where no data are available up to now. There is no final answer yet 
and after many years of intense studies both experimentally and theoretical, the 
question of how the spin of the nucleon is composed of its elementary constituents 
remains open. 

After giving an overview of the theoretical framework the status of the mea­
surements of the spin stucture function g1 (x) will be presented and recent results 
from NLO QCD analyses will be discussed with a short outlook onto initiatives 
to directly probe the gluon polarisation in the nucleon. 

2 Theoretical Framework 

2.1 Inclusive Cross Section for Spin-Dependent 
Deep Inelastic Lepton-Nucleon Scattering 

Deep inelast ic scattering (DIS) is the study of lepton-nucleon scattering at a 
sufficient h1gh momentum transfer. 
In lowest order Quantum Electro Dy­
namics (QED) the scattering process 
is described by the exchange of a vir­
tual photon (one-photon approxima­
tion). The basic Feynman diagram is 
shown in Fig. 1. 

The cross section for inclusive 
DIS of a lepton from a nucleon has 
the general form 

k 

q 

l' 

~- e4 E' 
dxdQ2 - l 67r2Q4 X E X uwwi'V> 

--------~~ ~ X 

(2) w.,.v 
N p 

where L11v is the leptonic and W 
jSV F" the hadronic tensor. The variables 1gure 1: Deep inelastic lepton-nucleon scat-

E and E' are the energies of the in- tering in lowest order QED. 
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coming and the scattered lepton, respectively, and Q2 = -q2 = --(k - k') ~ 
2EE'(1- cosO)) is the four-momentum transfer squared, with k and k' being the 
four-momenta of the incoming and the scattered lepton, respectively, and e the 
scattering angle (see Fig. 1). The leptonic tensor is exactly determined in QED 
while the hadronic tensor cannot be calculated yet and, therefore, i:l usually ex­
pressed in terms of structure functions. Both tensors have a symmetric and an 
antisymmetric part where the latter contains the spin information Discussing 
the theoretical framework further I closely follow Ref. [5]. 

In the one-photon approxima-
tion (see Fig. 1) the inclusive cross 
section for spin-dependent DIS 
can be written as the sum of a 
spin-independent term 0' and a 
spin-dependent term D.a involv­
ing the lepton helicity h1 = ±1: 

The spin-independent cross 
section is expressed in terms of two 
unpolarised structure functions F1 

and F2 which depend on Q2 and 
the Bjorken scaling variable x = 
Q2 /2Mv, where v = pq/M 

1~ 
E- E' is the energy transfer and M 
the nucleon mass. The variables 
p and q are the four-momenta of 
the target nucleon and the virtual 
photon, respectively. Its double 

SpiaPlane 

Sccttering Plane 

Figure 2: Definition of spin and scattering 
plane in polarised lepton scattering on a fixed 
polarised nucleon target. The figure has been 
taken from [5]. 

differential form as function of x and Q2 [6] is 

(4) 

where m1 is the lepton mass, y 1~ v / E, and 

(5) 

a variable which approaches zero in the Bjorken limit, i.e. when t;; 12 and v ap­
proach infinity at fixed x. 

The spin-dependent cross section can be expressed in terms of two polarised 
structure functions 91 and 92 which also are a function of x and Q: . When the 
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directions of the lepton spin and that of the nucleon spin form an angle 1/J (see 
Fig. 2) it can be written as [7] 

!::.a = cos 1/J!::.au + sin 1/J cos ¢t::.a .L, (6) 

where ¢is the azimuthal angle between the scattering plane and the spin plane. 
The scatteringylane is defined by the _three momentum vectors k and ft and the 
spin plane by k and the spin vector SN of the nucleon (see Fig. 2). For longitu­
dinally _polarised leptons the spin Sz is oriented along the incoming momentum 
vector k. The cross sections !::.au and !::.a .L refer to the two configurations where 
the nucleon spin is oriented (anti)parallel and orthogonal, respectively, to the 
lepton spin. The variable !::.au is the difference between the cross sections for 
anti parallel and parallel spin orientations and !::.a .L is the difference between the 
cross sections for opposite orthogonal spin orientations, i.e. at angles¢ and ¢+7r. 
The respective double differential cross sections as functions of x and Q2 are given 
by 

d2 t::.au = 16m:~2y [(1- ¥.- / 2Y2) 91(x, Q2) - / 2Y 92(x , Q2)] 
dxdQ2 Q4 2 4 2 

(7) 

and 

d3 !::.a .L _ 8a?y f 12y2 (y 
dxdQ2d¢ --cos ¢(jl'YY 1- y- -4- 291(x, Q2) + 92(x, Q2)) . (8) 

At beam energies E already as high as at SLAC and at the HERA lepton ring, 
1 becomes small since either x is small or Q2 is large and, hence, terms propor­
tional to -:r2 can be neglicted in first approximation. The structure function 91 is 
therefore best measured in the (anti)parallel spin configuration while 92 can be 
obtained from a measurement in the orthogonal configuration combined with a 
measurement of 91 · 

2.2 Cross Section Asymmetries 

Since the spin-dependent part of the cross section contributes only little to the 
total deep inelastic cross section it can best be determined from measurements 
of cross section asymmetries in which the spin-independent contribution cancels. 
The relevant asymmetries are 

A = !::.au and A = !::.a .L 
II 20' .L 20' , (9) 

which are related to the virtual photon-nucleon asymmetries A1 and A2 by 

Au = D(A1 + 17A2) and A.L = d(A2- ~At). (10) 
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The aymmetries A1 and A2 are defined by 

2 TL , 
d A 

_ a _ 91 '92 
an 2- -1---. 

a1; 2 + a3/ 2 F1 

The variables d, TJ , and € are kinematical factors given by 

d 

TJ 

€ = 

Jl- y- ,2y2/4 

I 
D, 

1- y 2 

1(1- y- r 2Y2 / 4) 
(1- y/ 2)(1 + r 2y/ 2)' 
1(1- y/ 2) 
1 + r 2y/ 2 ' 

(11) 

(12) 

and D is the virtual photon depolarisation factor determining the degree of po­
larisation transfered from the incoming lepton to the virtual photon. T he cross 
sections a1; 2 and a 3; 2 refer to the absorption of a transversely polarised virtual 
photon by a polarised nucleon for a total photon-nucleon angular momentum 
component along the virtual photon axis of 1/ 2 and 3/ 2, respectively, and aTL is 
an interference cross section. The depolarisation factor D is· a function of y and 
R = aL/ar , the ratio of the longitudinal and transverse photoabsorpt10n cross 
sections: 

D = y(2- y)(1 + r 2y/2) 
y2 (1 + 12)(1- 2m[/Q2) + 2(1- y- /2y2/4)(1 + R) · 

(13) 

The virtual photon-nucleon asymmetries A1 and ih are bound by posit ivity re­
lations [8]: 

(14) 

Using Eqs. (10) and (11) the longitudinal asymmetry A11 can be expressed as 
function of 91 and A2 , and when neglecting the term proportional to A2 the 
following relations are foun<;i 

(15) 

where F1 is usually expressed in terms of F2 and R: 

(16) 

These relations are used to evaluate A1 and 91 starting from the measur d longi­
tudinal asymmetry and using parametrisations for F2(x , Q2

) and R(x, Q2
). 
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Correspondingly one derives a relation which is used to evaluate the virtual 
photon-nucleon asymmetry A2 from the measured transverse and longitudinal 
asymmetries A11 and A_j_: 

A _ 1 (A _j_ A11 ) 
2 -1+17€ d+€D. (17) 

As seen from Eqn. (11), A2 has an explicit -y dependence and is therefore expected 
to be small at beam energies high enough. The Eqs. (11) and (17) are used to 
calculate 92 from the measured asymmetries. 

2.3 The Spin-Dependent Structure Function g1 

The spin structure function 91 contains information on the quark spin orientation . 
with respect to the nucleon spin direction. In the framework of the QPM it is 
given by 

1 n/ 

91(x) = 2 L:e;~q;(x) , 
i=l 

(18) 

where 

~q;(x) = (qi(x)- Q;-(x)) + (q;+(x)- q;--(x)), (19) 

and qi (q;-+) and qj (q;--) are the distribution functions of quarks ( antiquarks) with 
spin parallel and antiparallel to the nucleon spin, respectively, e; is the electric 
charge of the quarks of flavour i, and n1 is the number of quark flavours involved. 

In Quantum Chromo Dynamics (QCD) quarks interact by gluon exchange 
which gives rise to a weak Q2 dependence of the structure functions . According 
to the treatment in pertubative QCD the polarised structure function g1(x, Q2

) 

is given by [9] 

91(x,Q2
) - L ~ r _}!_ c; (:., a,(Q2))M::(y, Q2) 

1 n/ 2 1 d [ 

2 i=1 n! }., y y 

+ 2n1C9 (:.,a,(Q2))~9(y,Q2 ) 
y . 

(20) 

+ c:s(;, a,(Q2))~qNS(y, Q~)]' 
where Cq and C9 are coefficient functions, ~9 is the polarised gluon distribution, 
and ~E and ~qNS are the singlet (S) and non-singlet (NS) combinations of the 
polarised quark and antiquark distributions 

nl 

~E(x, Q2) = L ~q;(x, Q2), (21) 
i=1 
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(22) 

The Q2 evolution of the structure functions in QCD follows the Dokshitzer­
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [10, 11, 12]. The polarised 
singlet and the gluon distributions are coupled by 

a.2(Q2) {1 dy [Pi/~·, a.(Q2))~L:(y, Q2) 
7r }., y y 

+ 2n1Pq9 (~,a.(Q2))~g(y,Q2)], (23) 

(24) 

whereas the non-singlet distribution evolves independently of th ~ singlet and 
gluon distributions: 

dl:Q2~qNs(x, Q2) = a,;~2) l d: p~s(~, a.(Q2))~~s (y, (}2). (25) 

The P;i are the QCD splitting functions for polarised parton distri )Utions. 
The quark and gluon distributions, the coefficient functions, anc the splitting 

functions depend on the mass factorization and on the renormalization scale. 
Setting both scales to Q2 at leading order the coefficient functions are 

~,NS(~,a.) = 0(1- ~), 
y y 

= 0. (26) 

In this case 91 decouples from ~g. Beyond leading order the C; and P;i depend 
on the renormalization scheme. In the M S scheme the complete set of coefficient 
functions and the polarised splitting functions Pqq and Pq9 up to order a; are 
given in [13] while the O(a;) corrections to the splitting functions P9q and P99 
can be found in [14] and [15].This formalism allows a complete NLO QCD anal­
ysis of the scaling violations of the spin-dependent structure func1 ions. In [16] 
the splitting and coefficient functions are transformed from the MS scheme to 
different factorization schemes. One of these other schemes is the Adler-Bardeen 
scheme which will be used later. 
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2.4 The First Moment of 9ll the Axial Quark Charges, 
and Sum Rules 

A powerful tool to study the moments of structure functions is provided by the 
Operator P roduct Expansion (OPE), where the product of the leptonic and the 
hadronic tensors reduces to the expansion of the product of two electromagnetic 
currents . At leading twist the only gauge-invariant contributions are due to the 
non-singlet and singlet axial currents [17, 18]. Leading twist means a twist-two 
process where the number of partons involved in the hard process on the parton 
level is two [19] . Considering only the three lightest quark flavours u , d, and s 
the axial current operator Ak can be expressed in terms of the SU(3) 1 flavour 
matrices >.k (k = 1, ... , 8) and >.0 = 2! as [18] A~ = 1jj~ -y5-y~' 'lj;. The proton 
matrix elements for momentum p and spin s, (ps i A~ Ips) are related to those of 
the neutron by assuming isospin symmetry and can be expressed in terms of the 
axial charge matrix elements for flavour q; . The first moment of g1 can be written 
as 

rf(n)(Q2) [ gf(n )(x, Q2)dx 

~f(Q2 ) c{'s(Q2) [+(-)aa + ~3as] J - - ~ ao + 12 9 
(27) 

where the a0 , a3 , and as are related to the axial charge matrix elements a; for 
the flavour q; by 

ao 

a a 

(au+ad+a,) 

(au- ad) 

as = (au+ ad- 2a,) . 

(28) 

The Cf and Cf' s are the singlet and non-singlet coefficient functions , respectively. 
already discussed. . 
It should be noted that au, ad, and a, have an implicit Q2 dependence. The matrix 
element a3 is under isospin symmetry equal to the neutron ,6-decay constant 
I9A/9v l. If exact SU(3)t symmetry is assumed for the axial flavour octet current, 
aa and as can be expressed in terms of the SU(3)t coupling constants F and D 
obtained from neutron and hyperon ,6-decays [23]: 

a3 = F + D and as = 3F- D. (29) 

The first moment of the polarised quark distribution for flavour q;, defined as 
L':,.q; = f L':,.q; (x)dx, is the contribution of that flavour to the spin of the nucleon. 
In the QPM a; is interpreted as L':,.q; and ao as !;,.E = !:,.u + t:,.d + !:,.s being the 
sum of the contribution of all quark flavours considered. 
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The Bjorken Sum Rule was derived by Bjorken in 1966 within the frame­
work of current algebra (20]. It follows directly from Equ. (27) and reads 

(30) 

This sum rule is considered by now to be a cornerstone of QCD. Its validation 
is therefore a crucial test of QCD. As a rigorous prediction it is subject to QCD 
corrections decribed by the non-singlet coefficient function C{'5 (Q2 ). T his func­
tion depends on the number of flavours and on the renormalization scheme. In 
the M S scheme it is given by 

1- cfs ( a,~Q2)) - cfs ( a,~Q2)) 2 

-cfs ( a,~Q2)) 3- O(cfS ) ( a,~Q2)) 4' (31 ) 

where the coefficients crs have been calculated up to the third order in a. (2( 
and an estimate exists for the O(n!) [22]. 

In the QPM the coefficient functions are equal to unity. Using Eqn. (29) 
which follows from assuming exact SU(3)1 symmetry Eqn. •(27) can be wtitten 
as 

( ) 1 5 1 n' n = +(-) 
12 

(F +D) + 
36 

(3F- D) + 3a. (32) 

This relation was derived by Ellis and Jaffe in 1974 and is therefore known 
as the Ellis-Jaffe Sum Rule (23]. With the additional assumption that a, = 0, 
which in the QPM means tls = 0, they obtained a numerical prediction for fi and 
r~ using the values for the coupling constants F and D calculated from neutron 
and hyperon ,8-decays (24, 25]. In 1988 EMC [2] measured a significant smaller 
value for ri than the predicted one. The interpretation of this result within the 
QPM implied that the contribution of the quark spins tli: to the proton spin is 
small. This fact was the origin of the well-known 'spin- puzzle '. 

In QCD the coefficient functions are no longer equal to unity and the Ellis­
Jaffe sum rule takes the form 

C +(-)- - + -(3F- D) NS [ 1 I 9A I 1 ] 1 
12 9v 36 

1 s +g-C1 (3F- D), (33) 

with the singlet coefficient function 
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Cf (Q2) = 1- cf ( a,~Q2 )) - ci ( a,~Q2 )) 
2

- V(cJ) ( a,~Q2 )) 
3 

(34) 

in addition to the non-singlet function C['8 The QCD corrections have been 
computed up to order V(a~) [18] and there is an estimate for the third order [26]. 
The Interpretation of a0 and the U(1) Anomaly: 
As already mentioned, in the QPM ao( Q2

) is interpreted as 6-L:, the contribution 
of the quarks to the nucleon spin. In QCD the U(1) anomaly causes a gluon 
contribution to a0 ( Q2

) [27, 28, 29] . This makes 6-L: dependent on the factorization 
scheme while a0 is not. The decomposition of a0 (Q2

) into 6-L: and a gluon 
contribution is scheme-dependent [30]. In the Adler-Bardeen (AB) factorization 
scheme [31 it is 

ao(Q2) = t.L:- nt a,(Q2) 6.9(Q2), 
27r 

(35) 

where the last term was originally identified as the anomalous gluon contribution 
or the U ( 1) anomaly. In this scheme t.L: is independent of Q2

, however, it cannot 
be obtained from the measured singlet axial moment a0 (Q2

) without an input for 
6.9(Q2). 

Recently, it was pointed out [32] that the total fraction of the nucleon spin 
carried by quarks, namely the suin of t.L: and the quark orbital angular momen­
tum Lq, is scheme-independent because of an exact compensation between the 
anomalous contribution to t.L: and to Lq· 

2.5 The Spin-Dependent Structure Function 92 

The spin structure function 92 can be understood from the spin-flip amplitude 
that gives rise to the interference asymmetry A2 ex: 91 + 92 (see Equ. 11). 
Wandzura and Wilczek have shown [34] that 92 can be decomposed as 

92(x, Q2) = 9fw (x, Q2) + g2(x, Q2). (36) 

The term 9~vw is a linear function of 91 : 

ww 2 ( 2 11 
( 2 dt 92 (x,Q) = -91 x,Q) + 91 t,Q )-. 

z t 
(37) 

The term g2 originates from a twist-3 contribution in the OPE [7] and is a mea­
sure of quark-gluon correlations in the nucleon [33]. In the QPM 92 vanishes in 
the simplest case where the masses and transverse momenta of the quarks are 
neglected. 
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3 Results from Inclusive Data on 
Spin-Dependent Deep Inelastic Scat~~ering 

3.1 Summary of Experiments 

The first in a series of experiment devoted to spin physics was perf01med at SLAC 
in 1975 [35]. About ten years ago the EMC experiment published the surprising 
result that the Ellis-Jaffe sum rule for the proton is violated [2]. In the QPM the 
EMC result implied that ~E, the contribution of the quark spins to the proton 
spin, is small and compatible with zero in contradiction to the expectations. This 
result initiated a number of new experiments at SLAC, CERN and OESY during 
the last years. All these experiments focused on high precision measurements 
of the spin structure function g1 (x,Q2 ) over the accessible kinematical range 
on proton, neutron, and deuteron targets. To date significant measurements 
of g1(x,Q2 ) exist for an x-range of 0.004 ~ x ~ 0.7. Table 1 st.mmarizes all 
experiments and their kinematics. 

Table 1. Summary of Experiments at SLAC, CERN, and OESY to measure 
spin-dependent deep inelastic scattering. 

experiment beam target type x-range Q 1-range ref. 
E80 (1975) 16 GeV e- H-Butanol 0.10-0.50 1-3 [35] 
E130 (1980) 16-23 GeV e- H-Butanol 0.18-0.70 : .. 5-10 [36] 
E142 (1992) 19-26 GeV e- 3 He 0.03-0.60 1-10 [37] 
E143 (1993) 10-29 GeV e- NHa/NDa 0.029-0.80 1-10 [38] 
E154 (1995) 49 GeV e- 3 He 0.014-0.70 1-17 [39] . 
E155 (1997) 49 GeV e- NHa/NDa 0.014-0.70 1-17 [40] 
EMC (1985) 100-200 GeV J..L- NH3 0.005-0.75 .. -200 [2] 
SMC (1992) 100 GeV J..L+ 0-Butanol 0.003-0.70 1-60 [41] 
SMC (1993) 190 GeV J..L+ H-Butanol 0.003-0.70 1-60 [42] 
SMC (1994) 190 GeV J..L+ 0-Butanol 0.003-0.70 1-60 [43] 
SMC (1995) 190 GeV J..L+ D-Butanol 0.003-0.70 1-60 [44] 
SMC (1996) 190 GeV J..L+ NH3 0.003-0.70 1-60 [5, 45] 

HERMES (1995) 27.5 GeV e+ 3 He 0.02-0.70 1-10 [46] 
HERMES (1996) 27.5 GeV e+ lH 0.02-0.70 1-10 [40] 
HERMES (1997) 27.5 GeV e+ lH 0.02-0.70 l-10 

Recent reviews can be found in [47] and [40]. In the following only results for the 
spin structure function g1 and its first moment will be discussed. 
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3.2 Experimental Procedure for Extracting 91 

The polarised structure function 91 is extracted from inclusive data on polarised 
DIS, where inclusive means that only information about the scattered lepton 
is used 1 . T he inclusive data are analysed according to the following general 
strategy: 

After having collected the experimental raw data certain quality and kine­
matic cuts are to be applied . A data sample of high quality is selected by cuts 
with respect to beam polarisation, target polarisation, and spectrometer perfor­
mance. Kinematical cuts are applied to exclude events from the resonance region 
(e.g. W 2 < 4 Ge V 2

), from the region with high radiative corrections (e .g. at 
HERMES y > 0.85), and from the region where the parametrisations used for 
F2(x, Q2

) and R(x , Q2
) are considered not to be valid (e.g. Q2 < 1 GeV2). From 

the selected data sample the experimental asymmetry 

fVtlJ. - w~ 

A ll = NtJJ. + Nt~ (38) 

is calculated in certain intervals of x and Q2 , where fVtlJ. and Nt~ are the number 
of events with antiparallel and parallel spin orientation of the incoming lepton 
and the target nucleon , respectively. The measured asymmetry An is related to 
the photon-nucleon asymmetry A1 according to Eqn. (11) through 

An = fPePTDA1 , (39) 

where f is the dilution factor accounting for possibly unpolarised target material , 
PB and PT are the beam and target polarisation, respectively, and D is the depo­
larisation factor (Eqn. (13)) . At this point QED radiative corrections using the 
standard procedure [48J .and nuclear corrections in case of a complex polarised 
target as ~He [49, 50] are to be applied . The spin structure function 91 (x,Q2) 

can then be calculated following Eqn. (15) and (16) by 

91(x, Q2) = ~ , _F2(x..:~2)~~" A1 (40) 

with the standard parametrisations for F2(x , Q2
) [51] and R(x , Q2

) [52] as further 
input. A new parametrisation for F2 has been derived in [45] . A parametrisation 
of R for the region x < 0.12 is given in [53]. 

After· all these steps 91 is determined as function of x at an averaged mea­
sured Q~ characteristic for ·each experiment. In order to be able to compare the 
measurements of different experiments one has to evolve 91 (x, Q~) to a common 
value of Q5. T his is done either by assuming that A1 :::::: 9d F1 is independent of 
Q2 which is experimentally justified [54] or by an NLO QCD evolution. It should 

1Semi-inclusive data contain information about additional particles (e.g. the leading hadron) 
produced in the interaction. 
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be mentioned that in QCD the ratio 91/ F1 is slightly Q2-dependent because the 
splitting functions, with the exception of Pqq> are different for polari~ed and un­
polarised parton distributions. However, in regions dominated by vaknce quarks 
the Q2-dependence is expected to be small (55]. 

3.3 The Data on the Spin Structure Function g1 

At first the most recent and partly still preliminary data on 91 measured on 
proton and neutron targets will be presented. 
Proton data: 
The SMC experiment at CERN completed data taking on a polarised proton tar­
get in September 1996. 
The new data (45] are 
plotted in Fig. 3 to­
gether with data taken 
in 1993. There is no in­
dication anymore for a 
rise of gf at low x as 
seen earlier (42]. 

gP 
2.25 .-i1.------------

The HERMES ex­
periment at DESY used 
a polarised proton tar-
get in 1996/97. Pre­
liminary results on the 
asymmetry Af from 
the 1996 measurements 
are shown in Fig. 4 to­
gether with measure­
ments from E143. At 

1.75 

1.25-

0.75 

0.25 

0 93 

D 96 

• 93+96 

present only the sta-
tistical uncertainties of ·0·25 

10 
·2 10 ·

1 X 
the HERMES 1996 data Figure 3: SMC measurements of gf including the new 1996 
are shown since the data (45]. The shaded band indicates the systenatic uncer­
systematic errors are tainties. 
still a matter of de-
tailed investigations us-
ing systematic measurements performed in 1997. 

At SLAC the E155 experiment started data taking on polarised proton and 
deuteron targets beginning of 1997 and preliminary results on gfj Ff are shown 
in Fig. 5 together with the measurements from E143 and SMC. 
Neutron Data: 
The E154 experiment at SLAC has taken data on a polarised 3 He target which 
acts effectively as an polarised neutron target. The final results for 9? are shown 
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in Fig.6 toget her with a measurement from E142. These high quality data are 
comparable in precision with those on the proton. 
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Figure 4: Preliminary results on Af from HERMES compared with measurements of 
the ratio gf / Ff instead of Af from El43. 
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Figure 5: Preliminary results on gf j Ff from E155. Measurements from E143 and 
SMC are shown for comparison (40]. 

The HERMES experiment at DESY has also published final results on gf ob-
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tained in its commissioning year (1995) which are shown in Fig.7 compared with 
measurements from E154. 
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Figure 6: Final result on u? from E154 together with a measurement from E142 [39] . 
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Figure 7: Final results on A? and u? from HERMES compared with measurements 
from E154. 

Finally, in Fig.8 is shown a compilation done by SMC of the world data including 
preliminary results from HERMES, E154, and SMC 1996 running. 
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Figure 8: A compilation done by the SMC collaboration of data on g1(x) for proton, 
deuteron, and neutron including preliminary data from SMC(96), HERMES(95), and 
E154. 
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3.4 NLO QCD Analysis of the Data 

New and more precise data for the spin structure function 91 (x) a11d the calcula­
tion of the necessary coefficient and splitting functions opened up the possibility 
to carry out NLO QCD analyses of the scaling violation of 91 . Such analyses 
have been performed over the last years both by a number of theory groups 
[56, 16, 57, 58, 59] and by the experiments with each new updat•! of their data 
analysis [5, 45, 60]. In quoting results only two most recent analy!;es will be dis­
cussed, the one performed by Altarelli et al. [59] and the one pres ~nted by SMC 
[5, 45]. 

The general procedure is to start with a parametrisation of the i11itial polarised 
parton distributions at a certain reference scale Q~. The conventid form of such 
a parametrisation is [59] 

(41) 

where D.f stands for t:,.qNs, D.L:, and D.9, the non-singlet and siHglet polarised 
quark distributions and the polarised gluon distribution, respectively, and o.1, {31, 

/f, and 81 are free parameters. The normalisation factor N1 is ch•Jsen such that 
f D.f(x)dx, the first moment of D.f, is equal to TJt· It should be noted that the 
parameter O.f controls the low-x behaviour of the parton distributions. These 
distributions are then evolved using the DG LAP equatjons up to ;he. values of 
Q2 where the data are taken. 
The free parameters are de­
termined by a best fit to all 
data on 91 ( x) used. 

In the analysis presented 
in [59] particular care was 
taken in view of the small x 

~ 

" > 
ill 

" 0 
extrapolation. Four different ~ 

parametrisations A-D were ? 
chosen to probe the sensi- .;D 
tivity to different possibili-
ties for the parton distribu­
tions (for details see [59]). 
The data used were from 
CERN [2, 5] and SLAC [38, 
39]. The strong coupling 
constant was assumed to be 

.1/ 

' ' ' ' 

solid: fit A 

dashed: fit B 

dotted: fit C 

"'I 

dotdoshed: fit D 

'"] 

o.,(m,) = 0.118 ± 0.005 [61] x 
and the SU(3) octet axial Figure 9: The function ,lt(x) from (E9] showing the 
charge a

8 
= 0.579 ± 0.025 range of parametrisations allowed by the data. 

[25]. In Fig. 9 is shown g{'(x,Q~ = 10 GeV2 ) for the best fits Ising the four 
different parametrisations. It can be seen that g{'(x) is predicted tc· turn negative 
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at X :::; w-J which also holds for deuteron and neutron data. The polarised gluon 
distribution corresponding to the parametrisations A-D used in [59] is shown 
in Fig. 10. As in earlier analyses also this analysis suggests a significant gluon 
contribution to the nucleon spin. In [59] the large positively polarised gluon is 
considered to be the reason for driving the g{' distribution negative at small x . 
Experimentally the gluon polarisation is completely unknown. 
For the singlet first moments the following values have been obtained: 

6-E = 0.45 ± 0.04(exp):!::: O.OB(theor) (42) 

and 

6.g(Q2 = 1 GeV2
) = 1.6 ± 0.4(exp):!::: O.B(theor), (43) 

leading to a value of 

a0 (Q2 = .10 GeV2
) = 0.10 ± 0.05(exp) ~~:~~ (theor) (44) 

for the non-conserved singlet axial charge a0 . 

and 6-g according to Eqn. (35) 
The parameter a0 defined by 6-E 

illustrates the range of inter­
pretation of the 'spin puzz­
le'. The value above is com-
patible with zero which was 
the result of the EMC ex­
periment [2] about ten years 
ago. Not.e, however, t.hat 
when using a naive Regge ex­
trapolation at small x the 
value of a0 becomes signif­
icantly different from zero 
as will be d scussed later. 
There is evidence for a pos­
itive gluon polarisation, the 
amount of which is large 
enough to allow the con­
served singlet quark density 
6-E to be within one stan­
dard deviation of a8 "' 0.58 
[25] which in absence of all 
SU(3) and chiral breaking 
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Figure 10: The xAg(x) distributions from (59] corre­
sponding to the parametrisations A-D. All curves are 
consistent with the inclusive data used in the analysis. 

effects could be identified with the constituent spin fraction [23]. Although this 
could be considered as a physical explanation of the 'spin puzzle' due to the axial 
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anomaly, it has to be stressed that a real measurement of the gluon polarisation 
t:J.g is badly needed. 

The SMC experiment has updated [45] its previously presented NLO QCD 
analysis [ 5]. Here the method developed in [16] is used. The calculation is also 
performed in the AB factorization scheme. In a simplification of Eqn. (41) the 
quark singlet, non-singlet, and gluon polarised parton distributions are parametrised 
at Q~ = 1 GeV2 as · 

t:J.f(x, Q~) = NtTJfXa' (1 - x )i3t (1 + a1x), 

with the normalisation 

The parameter a was set to 
zero in the non-singlet and 
gluon distributions and the 
exponent f3 was additionally 
fixed to 4 for the gluon (for 
further details see [5, 45]). 
The data used came from 
SMC [44, 5], EMC [2] and 
E143 [38]. The result of the 
NLO QCD fit for gf is shown 
in Fig. 11. 
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The integral of the gluon 
distribution at Q2 = 1 Ge V 2 

was found to be t:J.g = 0.9 ± 
0.3(exp) ± l.O(theor), corre­
sponding to t:J.g "' 1. 7 at 
Q2 = 10 Ge V 2

. In this anal­
ysis the gluon contribution 
to the nucleon spin turned 
out to be also positive as in 

Figure 11: Published data sets on g{' vrith curves from 
NLO QCD fits at the measured Q2 for each data set. 
The fits were done by the SMC experiment [45] using 
the method developed in [16]. 

[59]. 

3.5 The First Moment of gf and Sum Rules 

For the SMC data the contribution to the first moment of the proton structure 
function gf at Q~ = 10 GeV2

, rf (see Eqn. (27)), from the m~asured range, 
0.003 < x < 0.7, is determined to be [45] 

1
0.7 

gf(x, Q~)dx = 0.139 ± 0.006(stat) ± 0.008(syst) ± 0.006( ~hear). 
0.003 
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To estimate the contribution to fi from the unmeasured high x region 0. 7 < x < 
1.0 a consta 1t value of Ai = 0. 7 ± 0.3 is assumed which is consistent with the 
data and sa1 isfies the upper bound A1 ::; 1. This conservative assumption leads 
to a value of 

1
1.0 

0.7 
gf(x, Q~)dx = 0.0015 ± 0.0006. (48) 

The main p10blem arises from the extrapolation into the unmeasured low-x re­
gion. The conventional method is to assume a constant g1 in agreement with a 
Regge-type Jehaviour. Alternatively, the low-x integral from the NLO QCD fit 
could be use<:!. In the case of the SMC proton data the difference is illustrated in 
Fig. 12. 
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Figure 12: SMC data 
(squares) for xgf as 
function of x. Shown 
is also the result of the 
NLO QCD fit ( contin­
uous line). Both at 
Q5 = 10 GeV2

• For 
x < 0.003 the extrapo­
lation assuming Regge­
type behaviour is in­
dicated by the dashed 
line. The insert is a 
close-up extending to 
lower x. The figure is 
taken from (45]. 

{o.oo3 2 +0.002 ± 0.002 ( Regge) 
lo.o gf(x,Qo)dx = -0.011 ± 0.011 (QCD) (49) 

The corresponding values for the first moment of gf over the entire x range at 
Q5 = 10 GeV 1 are 

fP(Q2 =' 10 GeV2) = 0.142 ± 0.006 ± 0.008 ± 0.006 (Regge) ( ) 
1 0 0.130 ± 0.006 ± 0.008 ± 0.014 (QCD) ' 50 
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where the first error is statistical, the second is systematic, and the third arises 
from extrapolation and theoretical uncertainties. 

Sum rules have been derived for the first moment of the polarised structure 
function g1(x) which are calculated according to Eqn. (27). A>suming exact 
SU(3) 1 symmetry and an unpolarised strange sea which corresponcs to assuming 
a, == ~s == 0 Ellis and Jaffe have predicted [23] for the first moment a value of 

r~(Q~ == 10 GeV2
) == 0.170 ± 0.004. 

The value extracted 
from the measurement 
is smaller and violates 
the Ellis-J affe predic­
tion by more than 2a. 
This is also demon­
strated in Fig. 13 taken 
from a previous SMC 
publication [5] where 
results from other ex­
periments are shown in 
addition. It should be 
noted that this conclu­
sion holds also for the 
neutron and deuteron 
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data. . . . Figure 13: Comparison of the experimental results for r~ 
Combmmg the1r pro- with the prediction of the Ellis-Jaffe sum rule ·shaded band). 

ton with the deuteron The figure has been taken from (5]. 
data [44] SMC derived 
the first moment for the neutron and obtained a value for the Bjorken sum over 
the full x range using the Regge-type extrapolation of 

r~- r~ == o.I95 ± o.o29, 

which agrees with the theoretical prediction at Q~ == 10 GeV2 of 

r~- r~ == ~I 9A I c["5 == 0.186 ± o.oo3 
6 9v 

(52) 

(53) 

within la. It should be noted, however, that the experimental t.ncertainty of 
about 15% in the case of the SMC analysis is still relatively large. il.n alternative 
test of the Bjorken sum rule has been performed in [59] using the ~LO QCD fit 
already discussed above by fixing the value for a, and leaving 9A! gv free. The 
data used there came from SMC and SLAC. Hence, the Bjorken sum rule was 
confirmed again within la, but now with a better accuracy of abo11t 8 %. 
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The relat ion between ff, 
r~, rf, and the Bjorken sum 
at Q6 = 5 GeV2 is illus­
trated in Fig. 14. As can be 

0.1 ,--- Q5 = 5 GeV 2 

seen, proton, neutron , and 0 
deuteron results confirm the 
Bjorken sum but disagree 
with the Ellis-Jaffe sum rule. 

The violation of the Ellis­
Jaffe sum rule is not really 
surprising smce it is con­
nected with the assumption 
!1s = 0 which is not justified 
neither theoretical nor ex­
perimentally. As will be dis­
cussed below measurements 
rather indicate a slight neg­

ative polarisation for the 
strange sea. In contrast the 
Bjorken sum rule is funda­
mental , derived in 1966 from 
current algebra [20] before 
QCD became the standard 
model of strong interactions. 
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Figure 14: Comparison of the combined experimental 
results for rf, rr, and rf with the prediction of the 
Bjorken and the Ellis-Jaffe sum rules at Q5 = 5 GeV2

. 

The Ellis-Jaffe prediction is indicated by the black el­
lipse inside the Bjorken sum rule band. The figure has 
been taken from [5] . 

As a rigorous prediction of QCD it is nowadays even used to determine the strong 
coupling constant a, . Its violation would throw serious doubts on the validity of 
QCD. It is an experimf:!ntal challenge to further reduce the experimental uncer­
tainties in determining the Bjorken sum. 

3.6 The Axial Quark Charges 

Considering only the three lightest quarks u, d, and s contributing to the proton 
spin the firs t moment of gf. can be expressed in terms of the axial charge matrix 
elements according to (see Eqn. (27) ). 

rf(Q2
) = Cf~Q

2

) ao(Q2
) + Cf':~Q

2

) [aJ +~as] . (54) 

Assuming exact SU(3)t symmetry the flavour singlet axial charge a0 (Q2 ) = 
au + ad + a, can be calculated from the experimentally determined first moment 
rf and from the relations a3 = 9A/9v = F + D and as = 3F - D, where F 
and D are the SU(3)J coupling constants calculated from neutron and hyperon 
,6-decays to be 9A/ gv = F + D = 1.2601 ± 0.0025 [24] and F / D = 0.575 ± 0.016 
[25] . The coefficient functions Cf and Cf'5 are available to 3rd order in a, [18]. 
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Using the relations given in Eqn. (29) the individual axial quark charges au = ~u, 
ad = ~d, and a, = ~s can be calculated. This has been done by SMC for the two 
iow-x extrapolation approaches of determining rf adopting the I u-ger value of 
the third uncertainty from the QCD analysis (see Eqn. (50)) for both approaches. 
The results together with the first moment ff are given in Table 2. 

Table 2. Results for the first moment rf and the axial quark charges at 
Q~ = 10 GeV2 from the SMC proton data [45]. 

Quantity Regge approach QCD approach 
fP 

1 0.142 ± 0.017 0.130 ± 0.017 

ao 0.34 ± 0.17 0.22 ± 0.17 

au 0.84 ± 0.06 0.80 ± 0.06 

ad -0.42 ± 0.06 -0.46 ± 0.06 

a, -0.08 ± 0.06 -0.12 ± 0.06 

As can be seen, both approaches are fully compatible within thE given experi­
mental errors which are the statistical and systematic errors co.nbined. The 
singlet axial charge a0 (Q2) amounts to about 0.3 in both approaches with are­
latively large experimental 
error. There are indications 
for a slightly negative polar­
isation of the strange sea al­
though compatible with zero 
within 20'. 

0.8 

0.4 

In the QPM the axial 
coupling a0 (Q2 ) is identified ..Z 0 

with ~I:, the quark spin 
contribution to the nucleon 
spin. In QCD the U(1) 
anomaly leads to a gluon 
contribution to ao(Q2

) which 
makes ~I: scheme depen-
dent. In the Adler-Bardeen 
scheme the decomposition of 
a0 ( Q2

) into ~I: and ~g is 
given in Eqn. (35) with ~I: 
being independent of Q2 . 

The determination of ~I: 
and the various ~q; from the 

-0.8 

L-L----~2--~--~0~--~2----~ 

Figure 15: Quark spin contributions to the proton 
spin as a function of the gluon contrit ution at Q~ = 
5 GeV2 in the Adler-Bardeen scheme. The figure has 
been taken from [5]. 

measured ao and a; requires an input value for ~g. The allowed ·ralues for ~I: 
and the ~q; at Q~ = 5 GeV2 are shown in Fig. 15 as function of .'lg. It can be 
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seen that a value of L\g( Q5) as high as 2 would allow t.:E to be '"" 0.57, a value 
consistent with the constituent quark spin fraction in the nucleon suggested by 
the QPM, and L\s rv 0, the value assumed by Ellis and Jaffe in deriving their sum 
rule [23]. In other words, a restoration of the expectations from QPM appears 
possible but would require a rather high value of L\g. So only a direct measure­
ment of L\g would clarify the situation while a measurement of L\s would already 
help to pin down the range for L\g. 

4 Conclusions 

From the analysis of inclusive data on polarised DIS the following conclusions 
can be drawn: 

• The present data are accurate enough to allow NLO QCD analyses of the 
scaling violation of the spin-dependent structure functions . These NLO 
analyses provide another successful test of QCD. 

• The Bjorken sum rule is found to be confirmed within 1<T, although this 
presently only represents an accuracy of about 10%. 

• The Ellis-Jaffe sum rule is violated by more than 20". This is not really 
surprising since its theoretical prediction is connected with the assumption 
of L\s = 0. The data rather indicate a slightly negative total polarisation 
of the strange sea. A value of L\s = 0 would require a value of L\g as high 
as 2 to be consistent with the data. 

• From the NLO analyses there is evidence for a positive total gluon polarisa­
tion i!]. t he nucleon . • The presently possible range of the gluon polarisation 
turned out to be large enough to allow L\E to be consistent with the con­
stituent quark spin fraction suggested by the QPM and L\s to be consistent 
with zero. Hence, direct measurements of the gluon polarisation are badly 
needed to resolve the situation. 

• The conclusions from the NLO analyses are sensitive to the low- x extra­
polation used. The values for the singlet axial charge of the nucleon a0 ex­
tracted from the different analyses range between about 0.3 and compatible 
with zero. The situation can only be clarified by dedicated measurements 
in the low-x region which at the same time would increase our knowlegde 
about the gluon polarisation significantly. 

5 Outlook 

There are several implications of the NLO QCD analyses which are to be probed 
experimentally 
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• Measure g{' in the region x S 10-3 , predicted to be negative, to venry lL~ 
behaviour driven by the positive gluon contribution. The only possibility 
to do this is with a polarised proton beam in HERA which may happen, if 
feasible, beyond the year 2005. 

• Measure the polarisation of the sea, in particular ~s(x). Th1s would allow 
to draw conclusions on ~g according to the dependency shown in Fig. 15 . 
The measurement of semi-inclusive spin-dependent deep inelastic scattering 
allows a decomposition of the different components of the quark spin. There 
are proposals to extract information on the strange sea polarisation [62, 63] 
which will be pursued by the HERMES experiment beginning 1998. 

• Measure the polarisation of the gluon directly. Several experi ent3..1 efforts 
are launched to measure spin- dependent charm production which should 
probe the gluons via the photon-gluon fusion process . A summary of ap­
proved projects and proposals presently in discussion is given in Table 3. 

Table 3. Summary of possible future initiatives to directly probe the gluon 
spin. 

experiment status x 9 range fJ(~g f g) ref. 

HERMES 1998 ,..._ 0.3 ~ 0.4 / year [64] 

STAR/ PHENIX ~ 2000 ~ 0.05-0.3 ~ 0.01-·0.3 [65] 

COMPASS ~ 2000 ,..._ 0.15 ~ .1 [66] 

E156 deferred ~ 0.1- 0.5 ~ 0 02 [67] 

HERA- ep pre-proposal stage ,..._ 0.02- 0.2 ,..._ .1 [68] 

HE RA-N pre-proposal stage ,..._ 0.01-0.4 ,..._ .1 [69] 

APOLLON deferred ,..._ 0.4 ~ 0.1 [70] 

An upgrade of the HERMES spectrometer is under way to enhance charm 
detection which could provide first direct information on the sign of the 
gluon polarisation by about the year 2000. The planned experiments at 
CERN (COMPASS at the SPS muon beam) and BNL (STAR and PHENIX 
at RHIC) will provide significantly more precise information in the early 
years of the next decade. 
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Radiative Corrections to Moller Scattering of 
Polarized Particles 

N. M. Shumeiko, J.G. Suarez 
National Scientific and Education Center of Particle and 

High Energy Physics attached to Byelorussian State University 

Abstract 

Principal contributions to QED radiative effects for Moller scat­
tering of polarized particles are investigated both on the Born level 
and taking into account radiative corrections (RC). Scattering on 
the case of longitudinal and transversal polarized targets is also 
considered. In a general way the expressions for differential cross 
section and polarization asymmetry (PA) have been defined, andre­
spective graphics for longitudinal and transversal polarization asym­
metries and also for radiative corrections to asymmetry are pre­
sented. All quantities are presented in terms of covariant variables. 
The ultrarelativistic approximation was applied for calculations. 
The results of a computer run are presented. 

1 Introduction 

For a wide serie of experiments in SLAC (E-142,E-143,E-154,E-155), 
it is neccesary to know the polarization of electron beam. For this aim 
a single arm Moller polarimeter is utilized . In order to extract (with de­
sirable accuracy) beam polarization Pb we need to calculate theoretically, 
taking into account the experimental conditions, the quantities CJth and 
Ath - theoretical meaning of cross section (CS) and polarization asym­
metry. If the experimental data for polarization asymmetry (Ameas) and 
target polarization (Pt) are known, the ratio 

A meas = PbPtA th, (1) 

allows to find the polarization of electron beam. 
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2 Method of Calculation 

The Moller (e- + e- -+ e- +e-) scattering CS of order O(a 3) can be 
written in the form (within the QED treatment) 

(2) 

where each a0 ,v,R ~ daa,v,nfdy, andy~ 1- E'/E, where E(E') is the 
energy of the initial (scattered) electron. a0 is the Born (non radiative) 
contribution of order O(a2

). av is the contribution of the diagrams with 
an additional virtual photon (V-contribution). It is constitued by contri­
butions of vacuum polarization (sum over all generations of leptons and 
quarks), vertex renormalization and two-photon exchange diagrams. an 
is the contribution of nonobservable (internal bremsstrahlung) photon ra­
diation (R-contribution). an can be divided into three parts: ak is finite 
when k-+ 0 (k is the photon momentum), aH is the contribution of "hard 
photons", and it is also finite, and as is the contribution of "soft pho­
tons". The latter contains infrared divergences. All ak, aH and as may 
be calculated in a standard way (see, for example, [1]-[2]). According to 
the method of re/.[1], the infrared divergence vanislies when the infrared 
divergent part of av (denoted as o~, see, for example, [1]) is summed with 
the infrared divergent part of an (denoted as of, see, for example, [1]). 

As it is wellknown, the linear, exchangable and interfering diagrams 
give contribution to Moller scattering. For this reason the expression for 
differential cross section and polarization asymmetry are presented as a 
sum of three parts: 

and 

da = L dn1 

dy I dy' 
(3) 

A= 'EA1, (4) 
I 

where l=l,e,i. In our calculations the differential cross section is presented 
as 

~(ok + 0~-y)a~ + a~·u +a~·"+ ~(ol + o>- + o. + ofl)ao + a!/·u +a!/·", 
~ ~ 

(5) 
where a0 =a:+ a:, and a:·" are the spin-independent and spin-dependent 
Born contributions. Overt and Ovoc are the spin-independent finite factor­
ized contributions of vertex and vacuum polarization corrections. a!;!!m 
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are the spin-independent and spin-dependent contributions attributed to 
anomalous magnetic momentum. o~:J are the spin-independent and spin­
dependent corrections due to two-photon exchange. ok can be written in a 
standard way. For references see [3]. a~,u,p are the spin-independent and 
spin-dependent cotributions of infrared free part of R-contribution. o, o, 
Ofl and 0.\ are spin-independent factorized corrections derived from the 
infrared divergent vertex contribution, finite "soft-photon" contribution, 
finite "hard-photon" contribution and the sum of infrared divergent parts 
in Rand V contributions (oA). af.u and af,, are the spin-independent and 
spin-dependent corrections of infrared free part of hard-photon contribu­
tion. All contributions ar(j defined in a standard way, (see, for example, 
references [1, 3]). 

The longitudinal and transversal polarization asymmetries are, usu­
ally, defined as 

and 

A,= .. , ' 
at-+ -at+­

At - -.,.---___,.­
- at-+ +at+-' 

(6) 

(7) 

The arrows show the polarization of the beam and the target, respectively. 
The corrected polarization asymmetry is presented as 

u " " u 
AQED _ A ( ~(~" _ ~u )) p _ u a oaR- a oaR 0( 2) ( ) 

- o 1 + 7r u27 u27 +aamm a<>mm + (a:)2 + a ' 8 

• • def def 
where A0 IS the Born asymmetry, and A0 = A,o or Ao = Ato. a~mm 
and a:mm are the spin-dependent and spin-independent contributions due 
to anomalous magnetic momentum. (a:a~ - a~a}i)/(a:)2 is due to R-

t 'b t' Wh u F,u + H d P F,p + H con n u IOn. ere an= an a 2,u an an= an a 2,,. 

The radiative correction to asymmetry is defined as 

3 Results 

AQED 
0QED = __ -1. 

Ao 
(9) 

In this section the results of calculations of polarization asymmetry 
both for longitudinally and transversally polarized target and radiative 
corrections to asymmetry are presented. Numerical calculations have been 
carried out with the help of FORTRAN code created by the authors. For 
analytical calculations REDUCE code has been utilized. Graphics for 
asymmetries and radiative corrections can be seen in figures 1-4. Obtained 
results are presented in table 1. 
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y Aol Aot A, At 
.10 -.41282 .13334E-02 -.48454 .11093E-02 
.20 -.66387 .29711E-02 -.72840 .27305E-02 09.720 
.30 -.81058 .43023E-02 -.86688 .40466E-02 06.946 -05.147 
.40 -.88520 .51717E-02 -.93473 .49056E-02 05 .595 -05.194 
.50 -.90438 .55191E-02 -.95268 .52324E-02 05.340 -05.823 
.60 -.87293 .53009E-02 -.92673 .49923E-02 06.224 -05.233 
.70 -.78220 .44700E-02 -.84584 .41523E-02 08.136 -07.233 
.80 -.61358 .30365E-02 -.68504 .26956E-02 11.647 -11.224 
.90 -.32977 .11483E-02 -.38357 .79126E-02 16.315 -31 .092 
.99 -.04891 .63291E-02 -.05877 .15068E-02 20.148 -338.07 

Table 1: Results of calculations of Born asymmetries Aol,ot. corrected asym­
metries A1,t and radiative corrections to asymmetry t51,t for b th longitu­
dinally and transvesally polarized tagets correspondingly, for SLAC kine­
matics. E=50 Gev. 

4 Conclusions 

The calculation of the differential cross section and polarization asym­
metry to Moller scattering will in the future allow to find beam polar­
ization. For this aim it is neccesary to measure polarization asymmetry 
with high accuracy. Iteration procedure for theoretical calculation of po­
larization asymmetry can be improved, and that will lead to the increase 
of the accuracy when beam polarization is measured . As we can see, the 
corrections without cuts are very large (in any ocasion abou t 20%) , al­
though they will be considerably reduced when the experimental cuts will 
be taken into account. Analysis of the corrected polarization asymmetries 
in the case of longitudinally and transversally polarized targets show that 
in a wide kinematical range corrections are considerable. In this paper the 
results of calculations of differencial cross section and polariz tion asym­
metry have been presented taking into account only the contribution of 
linear diagrams. Results, in which the contribution of exchangable and 
interfering diagrams are considered will be presented in the future. For 
a more accurate calculation of polarization asymmetry it is eccesary to 
utilize a Monte Carlo generator for Moller scattering, and the contribution 
of correction due to external radiation of beam particles withi the target 
must be taken into account. This is an object for future invest igations. 

37 



References 
[1] Bardin D.Yu., Shumeiko N.M. Nucl . Phys. 1977. v.B127. p.242. 

Bardin D.Yu., Shumeiko N.M. 1976. Dubna Preprint 172-10113 
[2] Bardin D.Yu., Shumeiko N.M. 1976. Dubna Preprint p2-10114 
[3] Kahane J. Phys. Rev. 1964. 135. B.975. 
[4] Kukhto T.V., Shumeiko N.M., Timoshin S.l. Nucl . Phys. 1987. G.13. 

p.72 

38 



A 
0 

-0.1 

-0.2 

-0.3 

-OA 

-0.5 

-0.6 

-0.7 

-o.a 

-0.9 

-1 

y 

Figure 1: y-dependence of the born asymmetry (daslied line} ar.d corrected 
asymmetry (solid line} in the polarization Moller scattering for 3LAC kine­
matics. E=50Gev.Longitudinally polarized target. 
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Figure 2: The QED radiative corrections to asymmetry without experimen­
tal cuts for longitudinally polarized target. 
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Figure 3: y-dependence of the born asymmetry (dashed line} and corrected 
asymmetry (solod line} in the polarization Moller scattering for SLA C kine­
matics. E= 50Gev. transversally polarized target. 
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Figure 4: The QED radiative corrections to asymmetry without experimen­
tal cuts for transversally polarized target. 
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An investigation of the proton spin in deep inelastic cattering 
induced by charged current 

S.l.Timoshin 
Come/ Polytechnic Institute, Belarus 

The cross sections of virtual W-boson absorbtion by polarized nucleon are 
calculated . The virtual W-boson-nucleon asymmetries A,(x) and As(x) are 
obtained . The possibilities to extract the information about the nucleon spin 
structure are discussed for the polarized deep inelastic scattering (DIS) of 
neutrino and electrons on nucleons. 

In order to study nucleon spin stucture it has been recent ly proposed 
[1] to use the processes of neutrino DIS on polarized nucleons. T he analysis 
of the possible polarization effects was performed using a set of observable 
quantities . In particular several schemes for determination of quark flavors 
contributions to the nucleon spin were proposed. 

In this paper the other approach is considered to investi ate nucleon 
spin in reactions of DIS induced by charged current 

(1) 

(2) 

The total cross section of virtual W-boson absorption by polarized 
nucleon has been calculated. The cross sections u1; 2(3; 2) and u _1; 2(-3; 2) 
(the total angular momentum of W-boson-nucleon system is ±1/2 and 
±3/2 respectively) are in the scaling limit only. They are 

Ut/2(3/2)"" F,(x)- F3(x)/2 ± g,(x) =f Ys(x), 

U-t/2(-3/2)"" F,(x) + F3(x)/2 ± Yt (x) ± gs(x) . (3) 

With formulae (3) we can obtain two virtual W-boson-nucleon polari­
zation asymmetries 

A,(x) = (ut/2 + U-t/2)- (u3/2 + u-3;2) = 2xg1(x ) 
(ut/2 + U-t/2) + (u3/2 + u-3/2) F2(x) ' 

(4) 

A ( ) 
_ (ut/2- u-1/2)- (u3/2- u-3/2) _ 2xg6(x ) 

6 X - - ---,'--''--:'-
(al/2- U-t/2) + (u3/2- u-3/2) xF.1(x) · 

(5) 

41 



For the process ( 1) the observable asymmetries Av,u( x, y) [ 1 J can be 
expressed th rough the asymmetries (4),(5) 

A -(x ) = y{ A~'u(x)F;·:(x) ± Y1 A~·:(x)F{'u(x) (6) 
v,v , Y +p,"·"( ) ± _ F"·"( ) , Yt 2 X Yt 3 X 

where x and y are the usual scaling variables, y1 = 1 - y, yf = 1 ± y:, 
Within quark parton model (QPM) g~;~(x) are obtained in the form 

g~;~(x) = L ~q;(x) ± L ~q;(x). (7) 
q, q, 

Here q; = ( u, c, t)d, s, b and q; = ( J, :S, b)u, c, lin the case of ( anti)neutrino . 
scattering. 

Consider the deutron polarized targed. Then 

9rd(x) = grd(x) = 1/2(~q(x) + ~q(~)](l- 3/2wv) (8) 

and for the processes of leptoproduction we have 

18/5gt(x) = (1/2(~q(x) + ~q(x))- 3/5~s(x)J(1- 3/2wv), (9) 

where ~q(x) = ~u(x) + ~d(x) + ~s(:r), wv = 0.05 is the D-wave state 
probability of the deuteron. Comparing (8) and (9), we obtain approximate 
equality 

gt(x) ~ 5/18grd(x), 

and in a simtlar way to unpolarized case (2] 

Ff(x) ~ 5/18F{d(x). 

(10) 

(11) 

Therefore using (4), (10) and (11), we come to the conclusion that 

(-)d d 
A1" (x) ~ A1(x), (12) 

where At( x) is virtual asymmetry of leptoproduction. 
Now consider the other spin-dependent structure functions (SSF) g6 ( x). 

From (7) we obtain 

9;d,vd = 1/2(~q(x)- ~q(x) ± (~s(x) + ~s(x))](1- 3/2wv) (13) 

g~d + g~d = [~q(x)- ~q(x)](1- 3/2wv) = [~qvat(x)(1- 3/2wv} 

g;d- g~d = [~s(x)- ~:S(x)](1- 3/2wv). (14) 
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When expressions (14) are integrated over x, the contributions of 
valence ( L':iqval) and strange quarks to the nucleon spin are given by 

L':iqval = (r~d + r~d) 1- 3
1
/2wv, (15) 

!:is+ !':is = 1/2(f"d - rvd) '1 (16) 6 6 1- 3/2wv' 

where rj = Jd 9i(x)dx. 
The individual contributions of u and d quarks can be obtained if some 

additional measurable quantity is used, e.g. a3 = 9A/ gv = F + D = 1.2573 
[3]. Within QPM 

a3 = (L':iu + L':iu)(L':id + L':id) . (17) 

Since L':iq + L':iij = 36/5 1 _~~Ln' then from (16),(17) we have 

L':iu + L':iu = 1/2[(36/5rt - r~d + r~d)(1 - 3/2wv) + 3], 

L':id + L':id = 1/2[(36/5rt- r~d + r~d)(1- 3/2wv)- a3]. (18) 

The SSF 9~d,vd(x) can be found using (5),(6) and taking into account 
(12) . 

Now let us discuss briefly the process (2). All results obtain d above for 
the reactions (1) are the same as for the process (2) with the substitution 

F v v ~ pe- e- . F" v ~ pe+ e+ 
i , 9; ~ i 9; , i , 9; ~ i 9; . 

Then the asymmetries of processes (1) and (2) are correlated 

A,.,,;;(x,y) = Ae+,e-(x,y); A~::(x) = A~~s'"-(x). 

Thus, in this paper the spin effects are considered in polarization DIS 
(1) and (2) induced by charged current. The cross section of virtual W­
boson absorption by polarized nucleon is calculated. The asymmetries 
A1(x) and A6(x) are obtained. The way to estimate the contributions of 
valence and individual quarks to the proton spin is suggested. 
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On e-loop electroweak correction to polarization 

deep inelastic (~) N-scattering 
V.A. Zykunov 

Gomel Polytechnic Institute, Belarus 

The total electroweak radiative correction (EWC) of 0( a 3 ) to the cross sections 
of the inclusive processes of deep inelastic scattering (DIS) of (anti)neutrino on 
the longitudi nally and transversely polarized nucleons with the weak charge 
current was calculated. ThE: on-shell renormalization scheme and Feynman 
gauge are used. The numerical calculations of the longitudinal polarization 
asymmetries taking into consideration electroweak corrections have been made. 

1. The intensive experimental and theoretical investigations of spin effects 
in high-energy physics have been carried out in last decade. First of all 
it concerns to the problem of proton spin, which has appeared after EMC 
experiment [1]. Notwithstanding the impressive successes in the solution 
of this problem in experiments at CERN and SLAC [2] by the investigation 
of the traditional processes of IN-DIS (I= e, p.) the possibilities of another 

deep inelastic reactions, e.g. \;J N -DIS [3], are studied actively. 
Although there are the technical difficulties in the neutrino experiments 

with the polarized targets, these experiments can be realized in the near 
future. Therefore the serious basis for the expedience of the experimental 
investigation of the neutrino reactions in spin physics is necessary. 

For this aim in [3] the neutrino DIS on the polarized targets in the Born 
approximation were considered. The several schemes for the extraction of 
the contributions of the quarks' flavors in the nucleon spin were suggested 
with the help of the measurable observables (the cross sections and the 
asymmetries) . 

Naturally, the next step is the calculation and the investigation of the 
influence of the radiative effects on the measurable observables in polarized 

(~) N-DIS. However in [4] only the one-loop electroweak correction to these 
processes (induced by w ·-boson exchange) was calculated in the unitary 
gauge within the renormalization scheme on mass shell . 

In the present paper the total EWC (the one-loop virtual correction 
and the contribution of the bremsstrahlung) to the cross sections of the 
inclusive processes of (anti)neutrino on the polarized nucleons DIS with the 
weak charge current was calculated. The calculations were done within the 
i:enormalizat ion scheme on mass shell but in Feynman gauge, since, in the 
first place, the unitary gauge has some defects [5] and, secondly, it's of 
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great interest to compare the results of the ' calculations of EWC tn the 
various approaches. 

2. The cross sections of the processes 
(-) ( ) v, (k1 ,0) + N(p,mN)---+ I+ (k2 ,mt) +X (I= It, e) (1) 

are · given in order O(a3
) within the quark parton model by the cross 

sections of the subprocesses of (anti)neutrino scattering on the polarized 
(anti )quark 

(-) (-) (+) (-) v, (k1,0)+ qf (pl,mJ)---+ I (k2,mt)+ QJ• (p2,mf') (2) 
multiplied by a parton densities. In the brackets 4-momenta nd masses 
of the particles are given. 

The cross sections ( 1) are written traditionally in the form 

~0' I ~0' Ia d2u IP (3) 
dxdy <;;-> = dxdy <;;-> + dxdy <;;->' 

where x, y are the scaling variables and Y = -q2 = -(k1 - k2 )
2

. Here 
the indexes 'a' a.nd 'p' refer to the scattering of (a.nti)neut rino on the 
unpolarized nucleons a.nd to the polarization part of the cross section (3) 
for the case of longitudinally (p = II) or transversely (p = j_) ~ola.ri;~;ed 
nucleons. 

They were obtained in order O(a3
) in the following way 

d2u lm d
2
uB lm d

2
uf{ lm Jluh lm 

dxdy <;;-> = dxdy <;;-> + dxdy <;;-> + dxdy <;;->' 
where m = a,p. 

(4) 

The first term of ( 4) factorizes into virtual one-loop correction 6 1-toop 

and the corrections relating to the bremsstrahlung of the soft photons 6~ 
and h•oft multiplying the Born cross section. The term 6~ as infrared 
divergence, which was extracted with using of the covariant method [6] 
and was canceled in the sum of the corrections 61-toop and 6A: 

61-loop + 6~ = h{_loop = 61-loop(A
2

---+ z
2
), 

where z = ~' SN = 2pk1 , x1 = 1- x. 
ml' 

The first term in ( 4) has the form 
d2uB lm 11'0'2 { 
-d d = 2 4 S M4 'LJB~) )oFm(x)(1 + h{_loop + h,,oft)+ 

X Y <;;-> 8 w 0 W d(u) v q 

+ L(B~>_}oFm(x)(1 + h{_loop + 680ft)}, (5) 
u(d) v 9 

where Sw = Jl - c~ is the sine of the weak mixing angle, Cw = Mw / M z, 

pa!P(z) = J+(z) +/- f-(z) are the parton densities, 
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B~9 = B~ = S2 ,B~q = 8~9 = X 2, 

Bll = - B!L = pll S2 Bll = - Bll- = pll X 2 
vq vq N ' vq vq N ' 

B i Bi i mN ( 2S2) vq = - 'iiq = PNS r.;-v -ml , 
NVYP 

B i Bi l. mN x2y ilq = - vq = PN S r.;-v2 , 
NVYP 

p",. is the degree of the nucleon polarization, y1 = 1 - y, S = ~SN, X = 
~SNYti Mw, Mz are the masses of the heavy gauge bosons, ~ is the 
parameter of the quark parton model. The index "0" means the replacement 
~-+X. 

The corrections Ot-loop and O•ofl from (5) are given in [8]. They were 
produced by t he results of the papers [5,7] and the natural approximations 

S X Y M
2 M2 • 2 2 2 (/ f' <-l <-l <-l <-l) y M2 

, , , W• w ~ m 1,mf',m1 , = u, d, s, c , ~ w· 
The second and the third terms in ( 4) are the contributions of the hard 

bremsstrahlung and are obtained in the form 

d2 tolm 3 1 dt { B~l (B~l )o 
--..!!.Ji = - 4° 41-" LJ(Y,v)[~Fm(O- ~q Fm(x)J 
dxdy (~J 2swMw z (- x d(u) S 

B~,_ (B~,_)o 
+ ~J(Y,v)[ ;qFm(()- ~q Fm(x)J}, (6) 

u(d) o 

where 

J(Y, v) = Q~- cqQIQJLx + cqQIQf' X: yLA 

2 Y 2m}, 
+Q1 - Q,Q,.-

8 
Lu + Q1,-, 

X T 

X 2 (X + Y)l S} 
L x = ln-2- 2 , LA = In 2 , Lu = ln-2-, 

m 1m 1 m 1r m 1r 

r = v + m},, v = S- X - Y + m} - m},, 
Q; is the charge of the fermion j in the proton's charge units, c9 = + 1 ( -1) 
for the vq, vq (vq, i7q)-scattering, 

d2aF' m a3y 11 d({ (-l (-) <-l 
dx:y (-) =- g

8
4 M4 T L:!v,.; 9

- QiV;~ 9 + Q}vq:aqJm~(() 
v w W z \ d(u) 

<-L <-L <-L } + ~[v,.; q- QJV;~ q + Q}vq:a qJm Fm(() . 
u(d) 

(7) 
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The contribution of the hard bremsstrahlung was obtained by the 
integration over the whole phase space of an unobserved real photon that 
was made analytically. The expressions for the quantities V are given in 
[8] . 

3. The numerical calculations of the asymmetries A±(x, y) and A 11,u(x, y) 
from [3] have been made for the estimation of the EWC infl ence to the 

(-) 
measurable observables in the processes (1) for v,_. N -DIS on the deuteron 
target at the energy of (anti)neutrino E = 100 GeV. The parton densities 
[9] are used . 

The influence of the total correction to the asymmetries A+ and A 11 

does not practically depend on x and y and the difference ~A = A- A born 

does not exceed -1%. The dependence of value I~A+I on y is considerable. 
So, it reaches 10% at x ~ 0.6 and y = 0.01, and with the increase of y it 
vanishes. At large x this correction does not differ from zero over the full 
range of y. The value I~Aul is small at y -4 0 over the full range of x, and 
with the increase of y reaches 2.5% at x = 0.1 and 26% at x = 0.9. 

Thus, we have obtained formulae for the total one-loop EWC to the 
inclusive processes (1) in quark parton model. The. analysis of tpe results 
of the numerical calculations of EWC to the polarized asymmetries shows 
that in the certain part of the kinematical range these corrections for some 
asymmetries may reach a few tens of per cents. 
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4.2. Search for new physics and particles 

Phenomenological Aspects of 
Weak-Scale Supersymmetry 

Alfred Bartl 

Vienna University 

• Introduction 

• Motivation for supersyinmetry 

• Minimal SUSY Model 

• Breaking of SUSY 

• Search for SUSY particles 

e+ e- collisions 
pp collisions 
ep collisions 

We concent rate on phenomenological aspects of SUSY 
H. Eberl, S . Kraml, T. Gajdosik, W. Jvfajerotto, W. Porod, A . Bar tl 

"Minimal" SUSY eXtension of Standard Model (MSSM) 

Spin 0 Spin ~ Spin 1 
Sneut rino Vt Neutrino lit 

Slepton JL,R Lepton l 
Squark qL,R Quark q 

Higgs H1 
Higgs H2 

H±, H~ , Hg, Hg 
H, 11 , A 

Photino 1 
Wino vir± 
Zino Z0 

Gluino g 
Higgsino H1 

Higgsino H2 
--"- - 0 
H~ , Hl2 

w±&if± __, x± i = 1 2 . , , 
charginos 

1, Z0&ii~, 2 -+ x?' i = 1...4 
neutralinos 
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Figure 1: Gauge interactions 
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Figure 2: Yukawa Interactions from Superpotential 

:VIatter fie ld ---+ chiral superfield 
'lj; ---+ <ll"' (A , 1/;

0
, F ), where A - scalar , 'lj;0 - Weyl, F - auxili ary. 

Higgs scalar ---+ chiral superfield 

Vector field ---+ Vector superfield V~' ---+ V "' (V~', A, D), where V~' -
vector , A - Weyl, D - auxiliary. 

Gauge interaction of one chiral superfield with gauge vector 

superfield: 

1 - + L
9 

= --F:vFa~<v + iAaa~< D~<Aa + (D~<A) (D~' A)+ ixa~' D~<x 
4 50 



+igh (A+ ;..ayaX- x_)..aya A)- V(A, A+). 

F;, =a~" V,a- a, v: + grbcv;v,c 

D~">.a = a~";.. a + grbcv; ;..c 

D~"x = a~"x- igV~"aTax 

Open questions in Standatd Model 
Origin of electroweak symmetry breaking 
Scalar Higgs field 
Origin of masses (Mw = 80GeV) 
Unification of gauge couplings (MauT ~ 1016GeV) 
GUT --7 how to stabilize mass of Higgs? fine-tuning problem 
how to relate highly different scales? 

MauT"" Mw 

hierarchy problem 
SUSY solves fine-turning problem and hierarchy problen in GUT 
If scalar Higgs field is elementary, then SUSY may be )nty consistent 

framework in a GUT 
Radiative symmetry breaking: 
Electroweak U(2) * U(l) spontaneously broken simuLaneously with 

SUGRA 

Theoretical "merits" of SUSY 

• SUSY algebra is only non-trivial extension of space- ;ime symmetry 
in relativistic quantum field theory 

• Local SUSY --7 supergravity (hope for a finite theory of quantum 
gravity) 

• Superstrings + fermions --7 SL;SY below MPlanck 

• Non-renormalization theorems 

From these follows the specific motivations for weak-scale SUSY 
Supersymmetric extension of Standard model. 
Eliminates quadratic divergencies of scalar Higgs field. 
Mass of an elementary scalar field would "naturally" be G(MauT) -;­

G(MPlanck) 
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SUSY is the only way we know that renders J\!!Higgs ~ lTeV , maybe 
even j\1/Higgs ~ Mweak· 

In SUSY GUT: 

6.M'i£igg s ~ 
H 

./- ........... 

H-~ 0 I H 
........... _./ 

H 

__ 
0

w,z __ 

H H 

__ 
0

t,b, ··· __ 

H H 

H 
./- ........... 

I \ 
\ I 

--~~~--
H H 

__ Q __ 
H H 

t b 000 

;.-1............_ 

--~ 'r--
H .........__./ H 

H 

--0--H H 

--Owz __ 
H H 

t b 00 0 

) 1.., 
./ ........... 

I \ 
\ I 

--~~~--
·H H 

Figure 3: ex ln J\!I{;uT [0(102 GeVf) ...;- 0(103 GeV) 2
)] 

SUSY -t Cancellation of quadratic divergence 
Large mtop(~ 60Ge V) -t M'i£iggs < 0 for one of the Higgs states. 
Radiative breaking of SU(2) * U(l) is a derived consequence of SUSY 

breaking. 
Experim ental hint: gauge coupling unification . 
Extra b onus: good candidate for cold dark matter (lightest SUSY 
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particle LSP is stable if RP is conserved) 

Unification of gauge couplings A madi et a!. 1991 

SUSY 2nd order 1d
7 

......... 60 

~27 :::i. 
'-' 
I •• 50 

<::s ~ 26 

40 
~25 , 

a;'(.u.) 1 30 
~ ... 

. 20 

I 
10 a;'(.u) I 

a) I 
0 j 

10
3 

10
5 

10
7 0 

10
11 10'3 1d

5 Mcu~d 7 10" 

SUSY threshold J..L [Gevl 

Unification of gauge couplings m minimal SUSY Bagger et a!. 

1996 

(') 

<:S 

C\1 0.075 
ti 

<:S 0.050 

0.025 

0. 000 '-'---';;-'-'--.J-,--'---'--+-'--'-~::-'---l.~-::--'L...J 
100 

Approximate SUSY threshold Q ( Ge V) 
(all MSSM particles) 

Maur 
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SCSY must be broken between i'vfw and iV!Ptank 

Minimal Supersymmetric Standard Model MSSM: 
S:'vi particles + "super partners" 

-2 Higgs doublets to cancel anomalies . 
Break SUSY by adding "soft-breaking" terms 
lv/1, /v/2, lvh gaugino masses 
m h , min ' ffiH 1 , mH2 , • • squark, slepton, Higgs masses 
A j k trilinear couplings of scalar fields 
B - bilinear Higgs coupling 
altogether ~ 105 new parameters. 
If true, tremendous task for for experimentalists to measure all relevant 

parameters. 
'vVe need a theory of soft- breaking terms. What is the mechanism of 

SUSY breaking? 
Hints for SUSY particle masses: 

• Gauge couplings unification at i'vfcuT ~ 1016Ge V works if lOOGe V ::;. 
A!(SUSY )::;. lOTeV 

• Naturalness:. M(SUSY) ::;.1TeV 

If J;f(SUSY ) increases, :\ISSM ..__. SM, but MSSM becomes more and 
more " unnatural" , fine-tuning reintroduced. 

Assumption: All"soft" parameters are unified at McuT 
Paradigm model: Constrained MSSYI (CMSSM) minimal SUGRA 

(YISGYI), MLES ... 
Parameters m 0 , m 1; 2 , Ao, Bo, fLo at i'vfcuT 
GUT scale ..__. ( renormalization group eqs.) ..__. weak scale 
Radiative EW symmetry breaking: B..__. tan B, p, 2 

..__. M} 
Standard set of CMSSM parameters: 

mo, m 1; 2 , A0 , tan B, sign (p,) 

Theoretical background: 
Break SU GRA in "hidden sector". Hidden sector field develops , 

typically at M,..... lOllGeV 
Gravity is "messenger" of SUSY breaking to visible sector: 

Jvf 
lvfsusY "' jVf~tanck 
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CMSSM can be tested experimentally. If wrong: possible to disprove 
Implemented in ISASUSY, SUSYGEN ... 
Barger et al, de Boer et al, Kane et al, Drees-Nojiri, P okorski et al, 

Ross-Roberts ... 

Minimal Supersymmetric 
Standard Model (MSSM) 

q' l' l/ ij, l, v 
g g 

w±,zo,'"'( 
H± , h0 , A0 , H 0 

w± .za ::v 
l l I 

if±' if?' if~ 

Parameters 

M, M', J.L, tan f3 = v2
, 

V1 

miiL,R' miL,R' mv, mo 

mA, A .. . , mt, mb 

Unification relations: 

R-parity conserved, X~ assumed LSP 

charginos 
-± . 1 2 Xi ,z = , 
x?, i = 1...4 
neutralinos 

m- = ~lvf ~3M 
g "'• 

M' = §.tan2 GwM ~ M 
3 2 

Further constrains: RGE & boundary conditions (GUT) 

L = Lsusy + Lsoft 

Superpotential 
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1 fJ2W 
LYuk = -2 BA;BAj 1/J;'l/Jj + h.c. 

+) + 1 + V(A, A = F; F; + 2Da Da 

F.- __ aw 
.- 8A; 

Da = -gA+TaA 

Lsoft introduced by SUSY breaking 
At Mx:::::: 1016 GeV: . 

Lsoft = LM + Ls 

LM = -~NJ(Aa A a+ ~a ~a) 
2 

Ls = -m~ A; 1
2 -BJ.Lh1h2- A (hElech1- hDijd.Ch1- huijuch2) 

m 0 :::::: m3/2 

Higgs Sector: 

2 

VH = J.Li I Hl 1
2 +J.L~ I H2 1

2 +BJ.Lma(HlH2+h.c.)+ 8 g2 e (I H2 1
2 

- I Hl 1
2? 

. . cos - w 

At scale Mx: J.L i = J.L~ = J.L 2 + m6 
SU(2) * U(1) breaking: J.LiJ.L~ < B 2J.L 2m6 
Stability: J.L i + J.L~ 2: 2 I BJ.Lmo I 

~\.2 
!J?, 

I 
I -~--

- ----~---------------------

ffiw 

I 
I 
I 
I 
I 
I 

ll2
l 
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Top quark loop : 
t 

H~--o--Hl 
t 

works ifm1 ~60GeV. 

Minimum of v'i:;- at < H?, 2 >= hvu 
2122 2 2 2 2 

mw = 2_9 (L't + v2) . mH± = mw + mHJ' 

m2 = ~ [m2 + m2 ± /(m2 + m 2 )2 -4m2 m2 cos 2 23] H1 ,H2 2 H3 Z V H3 Z Z H3 . . 
tan f3 = v2/v1, I mH± 12': mw, I mH1 12': mz, I mH2 IS m z I cos 23 I 

H~ ---+ h 0 , H~ ---+ H0
, HJ ---+ A. 0 

RGE's 
Masses of squarrks and sleptons: 
1st and 2nd generation : 

m~ = m~ + 0.79 JV! 2 + 0.50m~ cos 2/3 

m~L = m~ + 0.79M2
- 0.2Sm~ cos 2;3 

m~R = m~ + 0.23k/2 - 0.23m~ cos 2;3 

mL = m~ + 10.8AJ2 + 0.36m~ cos 2,8 

m~R = m~ + 10.1M2 + 0.15m~ cos 2;3 

m~L = m~ + lO .SJ\1/2 - 0.43m~ cos 2/3 

m~R = m~ + lO.liv/ 2 - 0.07m~ cos 2/3 

3rd generation : 

m~ 
L 

m~ 
L 

m2-
E 

m2-
Q 

2 mo 
m2-

Q 
~ m·­
D 

.H[ = ( 
m? + m2 

IL t 

-mt(At + p.cot/3) 
-mt (At + p.cot.t3) 

m? +m2 
IR t 
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i'v![ = ( 
mgL + m~ -mb(Ab + 11. tan {3) 

-mb(Ab + 11. tan (3) mgR + m~ ) 
bL - bR mixing non negligible for tan ;::: 10. 

Constrained MSSM ( CMSSM) 
Minimal !V = 1 Supergravity together with Renormalization Group 

Equations 

Different assumptions about boundary conditions lead to restrictions 
on soft- breaking parameters 

Radiative electroweak breaking 
Gauge couplings unification at McuT 
Yukava couplings .unification (>.b = At) at AleuT 
Proton decay 
Dark matter density 
b--+ s + ~( 
Naturalness 

de Boer et al: "Low tan(J" "High tan/3" solution 
Kane et al: m~ ~ 146Ge V in general 
expect 76Ge V ~ m~ ~ 107Ge V for mt = 135Ge V 
also lODGe V ~ 1VI, m 0 ~ 400Ge V most probable 
Pokorski. et al: M, m0 ;::: 200Ge V for tan (3 = 30, mt = 120Ge V 
M ;:::50GeV,m0 ;:::200GeV for tan/3 = 40,m1 = 160GeV 
Kelley et al: MSSM and "flipped" SU(5) 
Arnowitt et al: m~ < 105GeV,m -± < lOOGeV possible 

x, 
Barbieri et al, Barger et al, Borzumati, Dress et al, Ellis et al, .. : 
h0

, xt, i, l may be in LEP II reach. 
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Evolution of SUSY particle masses Bagger et al. 

Sp;article Mass ( Ge V) 
(Mass2 [GeV2]) 
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10 
weak scale Q (GeV) 

59 



Argumert for constraining SUSY masses: 
Naturalness 
Barbieri- C:iudice: 
Mz depends om EWSB, therefore on "soft" SUSY parameters 

Define: C(M~, p) :=J -J!rr 8:~ J p any SUSY parameter z p 

C(M~,p) [sa measure of sensitivity of J'vfz on p 
Demand: :J(M~, p) < 10 for example 
Anderson- Castano take 

(.M2 ) ·- C(l'vi1, P) 
I z,p .- C 

as a meas11re of naturalness, with 

c-1 = J:~ dppf(p)C- 1 (M~,p) 
I:~ dppf(p) 

f(p) : prohability density of p, e.g. f(p) = 1 or f(p) = 1/p 
P± : expected range of parameter p 
This give!: m9 ;::; 800Ge V, mq ;::; 700Ge V, mx;t ;::; 250Ge V, "most 

natural" valu,~s are m 9 ~ mq ~ 250Ge V 
LEP2 range is "most natural". This is true, however, only in CMSS.YI. 

Preseqt mass limjts 

LEP: 
Charged ~ USY particles: 

m ;:::_ 60- 80Ge V, mx7 ;:::_ 13Ge V, mx~ ;:::. 60- 80Ge V 

Higgs: mho :;;: 62Ge V, (mAo <, 62Ge V) 

Tevatron: 

m 9 <,l73GeV 
m 9 <, ~:16Ge V 
mq ;:::_ l 50Ge ~/ 

if. tan f3 = 4, 11 = -400Ge V 
if 
if 

m 9 = mq 

m9 < -500GeV 

40GeV;::; rni
1 

;::; lOOGeV excluded if mi
1

- mx7 ;:::_ 30GeV, t 1 -+ Cx? 
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Which parameters of ?viSS:\1 are excluded by experin e!lt'
1 
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e+ ; t 1 

I 

\ 
e \ fl 

The 95% C.L. excluded regions assuming that the t1 decays into ex?. 
(a) The excl uded regions in the (0i, miJ plane. T he solid line shows the 

limit fo r a mass difference 6m(= mi
1

- mxo) 2 lOGeV, and the dotted litie 
fo r 6m 2 5GeV. The cross hatched region has already been excluded by the 
search at LEP l. 

(b) The excluded regions in the ( mi
1

, mx?) plane, for a mixing angle of t1 

of 0.0 (solid line) and 0.98 rad (dot ted line) . The cross hatched region has 

already been excluded by the search at LEPl. The singly hatched region has 
been excluded by DO Collaboration. The dash-dotted straight line shows the 

kinematic limi t for the il ~ex? decay. 
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Basic principle of MSSM particle searches: 
Rp = (- )3B+L+25 conserved 
SUSY particles produced in pairs 
Lightest SUSY particle is stable and only weakly interacting (like 

neutrino) 
A SUSY particle decays into LSP and known particles (maybe in 

cascades) 

Signal for SUSY: Events with missing energy-momentum carried 
by the invisible LSP. 

Machines: 
e+e- : LEP, SLC, e+e- LC (NLC, JLC, CLIC) 
pp : Tevatron p- p, LHC, Eloisatron 
e- p : HERA, LEP /LHC 

Strategy: 
Look for excess of events for characteristic final states (compared to 

S:Vl prediction) 

Search for SUSY 

p - p Collisions: 
Strongly interacting SUSY particles: Gluino, Squarks 
Neutral Higgses (Wilczek mechanism, g- g fusion quark loops) 
Sleptons, Charginos, N eutralinos (via Drell-Yan, smaller cross sections). 

e+ - e- Annihilation: 
Neutral and Charged Higgses 
Electro-weakly interacting SUSY particles: 
Sleptons, Sneutrinos, Squarks, Charginos (W±- if± mixings) 
N eutralinos ( i - Z0 

- if? mixings) 
Also in 1 -{, e± -{, e-- e- reactions 

e - p Collisions: 
Associated production of Slepton-Squark, Slepton-Chargino or Neutralino 
Squark pairs (gluon fusion) 
Neutral Higgs (r- g fusion)? 
(If f?-p: single squark production via eqij coupling) 

SUSY at Hadron colliders 
p- p: Tevatron, ..fi ~ 2TeV (CERN SppS) 
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p- p LHC, Js;::::;; 14TeV (Eloisatron ?) 

pp---+ gg +X, pp ---+ ijq +X, pp ---+ gij +X, 

have largest cross sections of all SUSY particles (Barnett et al, Baer et al) 
Gluino g, squarks ij, decay into charginos xt and neutralinos x?, until 

X~ (LSP) is reached (Bartl et a0 
Also associated production with xt, x? is possible: 

pp---+ 9xt + X,[Jx? +X, ijxt +X, ijxf + X(Baer et al) 

Drell-Yan production: 

-±-o X-+-- X -o-o X PP ---+ X Xi + , Xi Xi + , Xi Xi + , 

pp ---+ [+ [- + X. .. (Barbieri et al, Baer et a!) 

May be detectable at LH C if m :::;_ 200Ge V, large tl background. 

SUSY Higgses MSSM 

Tree level: m"t± lo= m?v + m~ 

m~,H lo= ~ [m~ + m~ =f j(m~ + m~)2- 4m~m~ cos2 2,8] 

m w,mA < mH±,mh < mz < mH,mh < mA < mH 

Rad. cor rection: 
m~ = m~ lo +.6°,m"t± = m"t± lo +.6±, (J. Ellis et al, R. Barbieri et 

al, Y. Dkada et al, S. Pokorski et al, H. Haber et al, A. Yamada ... ) 
.6° ex ;f- _6± ex m 2 

mw ' t 

mh could go up to 120Ge V, h0 could be beyond LEP200 reach, and in 
mass region not easily accessable at LHC 

mA < mh possible, mif± < mw possible. 
At EE500: If no Higgs particle is found , then MSSM is disproved , but 

SUSY is not disproved. 
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LEP2 
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SUSY in e+e- collisions (SLC, LEPI & II, KEK) 

+ - -o~o ~o~o ~o~o ~o-o 

e e -+X tXt, XtX2, XtXJ, X2X2, ·· 
e+e--+ xix!, 

+ - -+ -- - + -- - + -- - = - -=. 
e e -+ eL,ReL,R> f-LL,Rf-LL,R> rL,RrL,R> vv, qL,RqL,R> .. 

x? not seen (lightest SUSY particle) 

Characteristic signatures from SUSY particle decays: 

-o z+ + [- + -0 X;-+ Xt, 

~± 
VL + Xt 

i = 2,3 
-o - -o -o - -o X; -+q+q+xt,X; -+v+v+xt, 

x?-+, + x~, x?-+ h(A) + ~t 
(Barbieri et al, Ellis et al, Hidaka et a/, Bartl et al, Chen et a0 

Candidates for lightest visible SUSY particle (LVSP): x~, eR, ji q, r1, t1 , b1 , \.g. 

e+e--+ xix!-+ z+ + z- + x~ + x~ two-sided events 

e+e--+ xtx!-+ z+z- + x~ + x~ one-sided events 

Canonical signature for SUSY: Missing E, p 
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SU SY at LEP200 

Js = 190C eV J L ~ 500pb- 1 

e+ + e- ---t xt + xj 

e Xi ,-V"' 
e+ -+ 

Xi /\

IV -+ 

e+ Xi 

+ -o -o e + e- ---+ Xi + Xj 
-+ --e+ + e- ---+ eL ,R + eL ,R 

e+ + e- ---+ ile +lie 

e j eL ,R c\/·L,R 
I 

+(t ~ u) 

\ 
e+ \-+ eL,R !\~ e+ '('L,R 

e+ + e- ---+ ii!,R + ii£,R, iiL,R + qL,R> [tr + t1, hr + b1 , mixing] 
M ain Standard Model background 

e+ + e- ---+ w+ + w- Chen et al. Phys . Rep . 
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LEP2 Report 
0" (e+e- --+ xtx1)· 
Chargino production cross section at LEP2, Js = 190GeV, as a function of 

mx.t· We show the ranges obtained by varying iVh,JJ., tan/3 and m.;. throughout 
the parameter space, requiring m.;. > 45GeV. The solid and dotted lines 
correspond to the maximum production rates. The dashed (dash-dotted) line 
corresponds to the minimum cross section if m;;. = 2TeV (m;;. = 200GeV). 
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Possible TEVATRON Upgrades 

Run "18": Peak luminosity:::::::: 2* 1031 cm- 2s-1 , 18 months---+ lOOpb- 1 

Main injector: L:::::::: 1032 cm-2s- 1 , Run "II" 2fb-1 

CDF, DO: proposed upgrades 
Ideas how to bridge time between LEP and LHC: 
TeV*: L:::::::: 2 * 1032 cm-2s-1 Run "II- stretch" ---+ lOfb- 1 

Incremental CDF and DO upgrades 
TeV33: L:::::::: 1033cm- 2s- 1 ---+ 25fb- 1 -:-lOOjb- 1 ? CDF, DO? 
SUSY mass reach expected: 

f L = 2fb- 1
: m9/ii ;S 390Ge V, mi :S 150Ge V, mx± ;S 210Ge V 

f L = 25fb- 1
: m 9/ii:::::::: 400Ge V, mi :S 180Ge V, mx± ;S 25( Ge V 

TeV*, TeV33 y3 = 2TeV 

P'P ____. x~x~x ____. t±t+z- + Pr 
o A: BR (x~---. invisible) > 90% 
* B: large destructive interference in leptonic decays 
x c: BR (x~ __. h0 x?) >so% 
o D: all other cases. 
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Squark production LHC 
pp __. uu +X, tt +X, bb +X, m9 = mii 

Rad. corr. ( Beenakker et al.) not included. 
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Cascade Decay of heavy SUSY Particles: 

- -o --eL __. e + XK, v + XK, 

9 --+ qq + x~{(x~), --- qiJ' + xt, --- g + x?(x~), 
- -o - -o -+ eR --> e + XK, v --> v + XK, --> e + XJ{ 

- · -o ( -o) - , -± qL,R--> q + XJ,· Xl , qL --> q +Xi 
-o zo -o XK--> + Xt, 
-± zo -± 
XK--> + Xt ' 

until X~ is reac~ed (LSP) 

__. w± +xi, 
± -o __. W + Xt' 

o -o __.Hi+ x,, 
0 -± 

__.Hi + Xt ' 

Missing-energy signature may be strongly reduced. 
Decay into H?, H± may reduce leptonic signal. 
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Decays: 

- - -o t+t+~ 0,. if g ----+ q + q +Xi, A 

g~q 
'-..,_ 

q'-.,_~=q' 
~;~ 

.1 

9 ____, g + x~ 
. ~~g 

9 ~'?'-.._L_ --:0 

t Xi 

if m 1 < m 9 

UL ----+ d + xt, tL ----+ b + :\T bL - bR n !XIllg 

dL----+u+xi, bL----+t+:\.i i1,b1 maybemuchlighter 

Cascades 
A. Bartl, vV. Majerotto, B. ivfoblacher, S. Oshinzo. S. St1ppd 

Also: H Baer et al, R. Barbieri et a!... R. Bamett et a/. 
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Signatur~s of qq pairs: 
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Figure .j: 2 jets, large Pymiss 
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·fi.~ure 6: jets, W±'s, Z 0 's, Higgses, reduced Pymiss 

Signatur·~s of gg pairs: 

q 

-o 
X1 

Figure 7: 4 jets, large PTmiss 
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Figure 8: jets, T,,Y±' s, Z 0 ' s, Higgses, reduced jlTmiss 

q' 

Figure 9: same-sign dileptons (g Majoran.t) 
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m SUGRA at LHC 
Rp conserved, ;\:~ is LSP ---. f'-r 
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:.!-kpton. :3-lepton signals, ,Y.t, xg and IT procluction. 
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1. 

Hadronic Final States in 
Deep Inelastic Scattering 

at HERA 

N.H. Brook 
Dept. of Physics b Astronomy. 

University of Glasgou·. 
Glasgow, United Kingdom. 

Abstract 

This .ecture contains a brief introduction to HERA and deep 
inelastic ;cattering (DIS). before going on to highlight some of the 
measurenents of the hadronic final state in DIS performed by the 
H 1 and 2 E US collaborations. 

1 The IIERA Accelerator and Detectors 

The HERA a•:celerator, located at DESY in Hamburg, is an electron­
proton collider. It is 6.3 km in circumference and collides positrons (or 
electrons) at ~~ 2i GeV with protons at 820 GeV. There are four inter­
action regions two containing general purpose, hermetic detectors (H1 
and ZEC"S);. another exneriment (HERMES) investigating the spin distri­
butions of the quarks in protons and neutrons; and another (HERA-B) 
planning to measure CP violation in the B-system. The H1 and ZEUS 
detectors took first data in 1992. 

The ZEUS detector is shown in figure 1. The asymmetric design of the 
detector reflects the proton energy being significantly higher than that of 
the electron bt am. 

The trackirg system consists of a vertex detector (VXD) [1] and a cen­
tral tracki~g chamber ( CTD) [2] enclosed in a 1.43 T solenoidal magnetic 
field. Immediately surrounding the beampipe is the VXD which consists 
of 120 radial cdls, each with 12 sense wires. The CTD. which encloses the 
VXD. is a driL chamber consisting of i2 cylindrical layers, arranged in 9 
superlayers. St perlayers with wires parallel to the beam axis alternate with 
those inclined :~.t a small angle to give a stereo view. A forward tracking 
detector is employed in the forward region to detect tracks in the proton 
direction and consists of three 12-layer planar drift chambers sandwiched 
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Ov~rvt~w Jl the l[US D~tector 
{IM9tludmolcul) 

Figure 1: Cross sectional view of the ZEUS detector 

with pairs of transition radiation detectors. In the rear direction there 
is an additional 12-layer planar drift chamber known as the rear tracking 
detector (RTD). 

Outside the solenoid is the uranium-scintillator calorimeter (CAL) [3], 
which is divided into three parts: forward, barrel and rear •:overing the po­
lar regions 2.6° to 36.7°, 36.7° to 129.1° and 129.1° to 176.2°, respectively. 
The CAL covers 99.7% of the solid angle, with holes of 20 x 20 cm2 in the 
centres of the forward and rear calorimeters to accommo,:late the HERA 
beam pipe. Each of the calorimeter parts is subdivided into towers which 
are segmented longitudinally into electromagnetic (EMC) and hadronic 
(HAC) sections. The small angle rear tracking detector (SJTD) [4], which 
is attached to the front face of the rear calorimeter, measures the impact 
point of charged particles at small angles with respect to th ~positron beam 
direction. 

The iron return yoke for the magnet is instrumented w th proportional 
counters. This backing calorimeter (BAC) measures any hadronic energy 
which 'leaks out' out of the main calorimeter. Beyond 1.hat and in the 
forward direction there are further detectors for muon det ~ction. 

Downstream of the main detector in the proton direction, six measuring 
stations are installed in the proton ring for detecting forward scattered pro­
tons. Beyond the final station, further downstream, is a forward neutron 
calorimeter. In the electron direction, two lead scintilla1,or calorimeters 
placed -3.5 m and -107m from the interaction point mEasure the lumi-
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nosity and tag ~vents with a small momentum transfer [5]. 
A fuller description of the ZEUS detector can be found in reference [6]. 

The H1 detectcr is of a very similar layout as ZEUS and a description can 
be found in ref1~rence [7]. 

2 DIS l(inematics 

The event kinematics of deep inelastic scattering, DIS, are determined by 
the negative square of the four-momentum transfer at the positron vertex. 
Q2 = -q2

, ~nd ;he Bjorken 'scaling variable, x = Q2 /2P · q, where Pis the 
four-momenturr: of the proton. In the Quark Parton Model (QPM), the 
interacting qua:·k from the proton carries the four-momentum xP. The 
variable y, the fractional energy transfer to the proton in its rest frame, is 
related to x and Q2 by y ~ Q 2 jxs, where yfs is the positron-proton centre 
of mass energy. Because the H1 and ZEUS detectors are almost hermetic 
the kinematic variables x and Q2 can be reconstructed in a variety of ways 
using combinati )US of electron and hadronic system energies and angles [8]. 

·:....-

:C~, ..1 ' q 

(o) (b) (c) 

FigurE 2: (a) QPM (b) QCDC and (c) BGF diagrams 

In QPM there is a 1+1 parton configuration, fig. 2a, which consists 
of a single struck quark and the proton remnant, denoted by "+ 1". At 
HERA energies there are significant higher-order Quantum Chromody­
namic (QCD) corrections: to leading order in the strong coupling constant, 
0:5 , these are QCD-Compton scattering (QCDC), where a gluon is radiated 
by the scattered quark and Boson-Gluon-Fusion (BGF), where the virtual 
boson and a gluon fuse to form a quark-antiquark pair. Both processes 
have 2+ 1 partor s in the final state, as shown in fig. 2. There also exists 
calculations for the ~igher, next-to-leading (NLO) processes. 

Perturbative QCD does not predict the absolute value of the parton 
densities within the proton but determines how they vary from a given 
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input. For a given initial distribution at a particular scale A tarelli-Parisi 
(DGLAP) evolution [9] enables the distributions at higher Q2 to be deter­
mined. DGLAP evolution resums the leading log(Q 2

) contributions asso­
ciated with a chain of gluon emissions. At large enough electron-proton 
centre-of-mass energies there is a second large variable 1/.r ar d. therefore, 
it is also necessary to resum the log(1/.r) contributions. This is acheived 
by using the BFKL equation [10]. 

3 JetPhysics 

To relate the hadronic final state to the underlying hard part or ic behaviour 
it is generally necessary to apply a jet algorithm. The .J .-\DE a gorithm [11] 
has been used in the following analyses as it was, at the time the only al­
gorithm which allowed comparison to the NLO calculations (F RO.JET [12] 
and DISJET [1:3]). The JADE algorithm is a cluster algoritltm based on 
the scaled invariant mass-squared 

JADE 2E;Ej( 1 -cos B;j) . 
Yii = vP 

for any two objects i and j assuming that these objects are massless. H'2 

is the squared invariant mass of the hadronic final state and B;_ is the angle 
between the two objects of energies E; and Ej. The minimm1 YiJ of all 
possible combinations is found. If the value of this minimum Yzj is less than 
the variable cut-off parameter Ycut. the two objects i and j are merged into 
a new object by adding their four-momenta and the process is repeated 
until all YiJ > Ycut· The surviving objects are called jets which represent 
the underlying partonic structure that is dependent on a •. 

Figures :3a-d show the ZEGS jet rates using data taken in H 9.t, Rl+l• R2+ 1 

and R3+ 1 as a function of Ycu.t for data compared with the DISJET and 
PROJET l\"LO QCD calculations for three Q2 intervals L'O < Q 2 < 
240 Ge V2 , 240 < Q2 < 720 Ge V2 , 720 < Q2 < :3600 Ge ~-z. and the 
combined region 120 < Q2 < 3600 GeV2 . There is good agreement be­
tween the corrected 1 + 1 and 2 + 1 jet rates and the NLO QCD calculation 
over most of the range in Ycu.t shown. Both programs agree Nell in their 
prediction of the jet-rate dependence as a function of Ycu.t· 

The values of o:.(Q) extracted by the H1 [1-l] and ZEl'S [1 :i] collabora­
tion as a function of Q are shown in Fig. -!. The value of 0: 5 was determined 
by varying the :\ scale parameter in the QCD calculation unti the best fit 
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Figure 3: Jet production rates Rj as a function of the jet resolution param­
eter Ycut for ,:j 2 in the range (a) 120 < Q2 < 240 GeV2 , (b) 240.< Q2 < 
720 Ge lJ2, (c) 720 < Q2 < 3600 Ge lJ2, and (d) 120 < Q2 < 3600 Ge lJ2. 
Only statisti.:al errors are shown. Two NLO QCD calculations, DIS­
JET and PROJET, each with the value of AMs obtained from the fit at 
Ycut =0. 02, ar~ also shown. 

to the ratio 112+1 was obtained at a particular value of Ycut. The measured 
a. decreases ·¥ith increasing Q, consistent with the running of the strong 
coupling cons ;ant, with Q2 taken as the scale. In addition the figure shows 
the curves for A~15 = 100, 200, and 300 MeV. An extrapolation to a.(Mz) 
yields: · 

H1 :l3: a.(Afz) = 0.123 ± 0.012(stat) ± 0.013(syst.) 

ZEUS 94 : a.(lvlz) = 0.117 ± 0.00.5(stat)~g:gg~(exp.) ± 0.007(th.) 

which are consistent with other values obtained from a large variety of 
different proo~sses as shown Fig. 4 (see [16] for references). Even with the 
current statis ;ics the HERA measurements are already competitive with 
those made elsewhere. 
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Figure 4: Left: Values and total error of as( A'fz) from various processes. 
The solid line indicates the world average and the band its total error. 
Right: as (Q) from HERA (open symbols) and other processts with increas­

ing Q (closed circles): fr and Ob.ad/atot 1 event shapes and ftadron/Hepton in 
e+e-. 

Recently two new, more flexible NLO calculations (MEP JET [17] and 
DISENT [18]) have become available allowing the. experimmt; to analyze 
the data using any particular jet algorithm. The kr algorithm [19] is 
particularly suited for- DIS as it allows factorization between the beam 
fragmentation and the hard process [20]. The ZEUS collaboration has 
reanalyzed [21] their 1994 data using this algorithm. Tl e preliminary 
values of as(Q) obtained in the three bins of Q are shown ('v-ith statistical 
errors only) in Fig. 4 and are consistent with the results obttined with the 
JADE algorithm. 

4 Event Shapes 

A natural frame in which to study the dynamics of the hadronic final state 
in DIS is the Breit frame [22]. In this frame the exchanged virtual boson 
is purely space-like with 3-momentum q = (0, 0, -Q), the incident quark 
carries momentum Q /2 in the positive Z direction, and the o 1tgoing struck 
quark carries Q/2 in the negative Z direction. A final sta1 e particle has 
a 4-momentum p8 in this frame, and is assigned to the current region if 
p~ is negative, and to the target frame if p~ is positive. The advantage 
of this frame lies in the maximal separation of the outgoin~ parton from 
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radiation associated with the incoming parton and the proton remnant, 
thus providine the optimal environment for the study of the fragmentation 
of the outgoing parton. 

Event shape variables have been investigated in e+ e- experiments and 
used to extrad the strong coupling constant o:3 (l'vfz) independent of any 
jet algorithm, see eg ref. [23]. H1 have recently performed a similar analy­
sis [24] in dee) inelastic scattering in the current fragmentation region of 
the Breit frarr e. 

The event shape dependence on Q (or energy dependence) can be due 
to the logarithmic change of the strong coupling constant o: 3 ( Q) ex 1/ In Q, 
and/or power corrections (hadronisation effects) which are expected to 
behave like 1/ Q. Recent theoretical developments suggest that 1/ Q cor­
rections are n•)t necessarily related to hadronisation, but may instead be 
a universal so 't gluon phenomenon associated with the behaviour of the 
running coupl ng at small momentum scales [25, 26]. 

H1 have analysed a number of infrared safe (ie independent of the 
number of partons produced) event shape variables. Their definitions are 
given below, where the sums extend over all hadrons h (being a calorimetric 
cluster in the detector or a parton in the QCD calculations) with four­
momentum p~ = { Ef, pf} The current hemisphere axis n = { 0, 0, -1} 
coincides with the virtual boson direction. 

• Thrust Tc 

Tc = max Lh I pf · nr I 
Lh IPf I 

• Thrust Tz 

·~ I B Tz = :'...,h Ph . n I 
Lh IPf I 

Lh I P~h I 
Lh IPf I 

• Jet Broadening Be 

Be = chI pf X n I 
. 2 Lh I pf I 

• Scaled ~~ et Mass Pc 

Pc = 
j;J2 

(J2 = 
( Lh pf )2 

Q2 

Lh I Pfh I 
2 Lh I pf I 
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A common characteristic of the mean event shape values (1- Tc), (1-
Tz), ( Be) and (pc) is the fact that they exhibit a clear decrea~:e with rising 
Q, fig. S. This is due to fact that the energy flow becomes more collimated 
along the event shape axis as Q increases, a phenomenon also observed in 
e+ e- annihilation experiments. 

' 7' •l • 11 ~"-~ Hl 
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" 0.2 
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Figure 5: Mean event shape variables as a function of Q for a) (1 - Tc). 
b) (1- T,)/2, c) (Be). and d) (Pc)· Hl DIS ep data (•. errors include 
statistics and systematics) are compared with QCD fits (-! and second 
order QCD calculations ( · -) 

H1 showed by fitting to the data in fig. 5 all the event sh 1pe variables 
can be well described by just the first order power corrections e< 1/Q. 
without the need for any higher order corrections. The second order per­
turbative QCD parton predictions are also shown and their :liscrepancies 
with the data show that the power corrections are substantial at low values 
of Q, but become less important with increasing energy. 

The analysis of the event shapes give results consistent wi ;h each other 
for Cio, the power correction parameter thus supporting the prediction of 
universality [2.5], and also gives consistent values of a 8 (Mz). nhe results of 
the fit are Cio = 0.491 ± 0.00:3 ( exp) :::g:g~~ (theory) for the pO\\ er correction 

85 



parameter and a. ( Afz) = 0.118 ± 0.001 ( exp) ~8:88~ (theory) for the strong 
coupling constant in the MS scheme. These values are compatible with 
those extracted by e+e- experiments [27] 

5 Fragmentation Functions 

Fragmentation functions represent the probability for a parton to fragment 
into a particular hadron carrying a certain fraction of the parton 's energy. 
Fragmentation functions incorporate the long distance, non-perturbative 
physics of the hadronization process in which the observed hadrons are 
formed from final state partons of the hard scattering process and, like 
structure functions , cannot be calculated in perturbative QCD, but can 
be evolved from a stinting distribution at a defined energy scale. If the 
fragmentation functions are combined with the cross sections for the in­
clusive production of each parton type in the given physical process, pre­
dictions can be made for the scaled momentum, Xp, spectra of final state 
hadrons. Small Xp fragmentation is significantly affected by the coherence 
(destructive interference) of soft gluons [28], whilst scaling violation of the 
fragmentation function at large Xp allows a measurement of a 5 [29]. 

In e+ e- annihilation the two quarks are produced with equal and op­
posite momenta, ±Js/2. This can be compared with a quark struck from 
within the proton with outgoing momentum -Q /2 in the Breit frame. In 
the direction of the struck quark (the current fragmentation region) the 
particle momentum spectra, Xp = 2p8 /Q, are expected to have a depen­
dence on Q similar to those observed in e+e- annihilation [30, 31, 32] at 
energy Js = Q. 

The inclusive charged particle distributions [33, 34] , (1/<7101 )d<7jdxP, 
are shown in figure 6 plotted in bins of fixed Xp as a function of Q2

• For 
Q2 > 80 GeV 2 the distributions rise with Q2 at low Xp and fall-off at high 
Xp and high Q2 • By measuring the amount of scaling violation one can 
ultimately measure the amount of parton radiation and thus determine 
a •. Below Q2 = 80 Ge V2 the fall off is due to depopulation of the current 
regwn. 

The results can be compared to the next-to-leading order (NLO) QCD 
calculations, as implemented in CYCLOPS [35], of the charged particle 
inclusive distributions in the restricted region Q2 > 80 GeV2 and Xp > 0.1, 
where the theoretical uncertainties are small, unaffected by the hadron 
mass effects which are not included in the fragmentation function. This 
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Figure 6: The inclusive charged particle distribution, 1/ l7tJt da / dxp, in 
the current fragmentation region of the Breit frame com part d to the NLO 
calculation, CYCLOPS {35}. 

comparison is shown in figure 6. The NLO calculation combines a full 
next-to-leading order matrix element with the MRSA' parton densities 
(with a AQco = 230 MeV) and NLO fragmentation functions derived by 
Binnewies et al. from fits to e+e- data [36]. The data and the NLO 
calculations are in good agreement, supporting the idea of Lniversality of 
quark fragmentation. 

The peak position of the ~ = ln(1jxp) distributions, ~pe<~k, was evalu­
ated. Figure 7 shows the distribution of ~peak as a functior of Q for the 
HERA data [33, 37, 38] and of ys for the e+ e- data. 0 :er the range 
shown the peak moves from ::::: 1.5 to 3.0, equivalent to the position of 
the maximum of the corresponding momentum spectrum increasing from 
::::: 400 to 900 MeV. The HERA data points are consistent with those from 
TASSO [39] data and a clear agreement in the rate of growth of the HERA 
points with the e+ e- data [39, 40] is observed. 

The increase of ~peak can be approximated phenomenolo sic ally by the 
straight line fit ~peak = b ln( Q) + c also shown in figure 7. Also shown 
is the statistical fit to the data when b = 1 which would be the case if 
the QCD cascade was of an incoherent nature, dominated )y cylindrical 
phase space. (A discussion of phase space effects is given in [41].) In such 
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Figure 7: ~peak as a function of Q. The HERA data are compared to re­
sults from OPAL, TASSO and TOPAZ. A straight line fit of the form 
~peak = b ln ( Q) + c to the ZEUS ~peak values is indicated as well as the 
line correspo nding to b = 1, discussed in the text. 

a case, the logarithmic particle momentum spectrum would be peaked at a 
constant value of momentum, independent of Q. The observed gradient is 
clearly inc_onsistent with b = 1 and therefore inconsistent with cylindrical 
phase space thus supporting the coherent nature of gluon radiation. 

6 BFKL versus DGLAP Evolution 

In the DGLAP parton evolution scheme [9] the parton cascade follows a 
strong ordering in transverse momentum k}n ~ k}n-l ~ ... ~ k}1 , while 
there is only a soft (kinematical) ordering for the fractional momentum 
Xn < Xn-l < ... < x 1 . However for low-x at HERA the BFKL scheme [10] 
could well be the dominant scheme. In this scheme the cascade follows 
a strong ordering in fractional momentum Xn ~ Xn-l ~ ... ~ x 1 , while 
there is no ordering in transverse momentum. 

BFKL evolution can be enhanced by studying DIS events which contain 
an identified jet of longitudinal momentum fraction x jet = PzU) / Eproton (in 
the proton direction) which is large compared to Bjorken x [42]. By tagging 
a forward jet with PT(j) ~ Q this allows minimal phase space for DGLAP 
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Figure 8: Forward jet cross section at HERA as a function of Bjorken J' 

within (a} the Hl [44} and (b) the ZEUS [45} acceptance cuts. The BF/\'L 
result of Bartels et al. {46} is shown as the dashed line. The S(•lid and dotted 
line give the NLO MEPJET result and a measure for the u ncertainity of 
NL 0 prediction through changes in the choice of scale. 

. . 
evolution while the condition x jet » x leaves BFKL evolutio 1 active. This 
leads to the forward jet production cross section in BFKL d~·namics being 
larger than that of the O(cxi) QCD calculation with DGLAP ,,volution [·±:3]. 

In Fig. 8, recent data from Hl [44] and ZEUS [4.5] are cqmpared with 
BFKL predictions [46] and fixed order QCD predictions as cdculated with 
the MEPJET [17] program at NLO. The conditions py(j) c:::- Q and Xjet » 
x are satisfied in the two experiments by slightly different ~election cuts. 
Hl selects events with a forward jet of py(j) > :3.5 GeV (i 1 the angular 
region 7° < B(j) < 20°) with 

0.5 < py(j) 2 /Q 2 < 2) X jet c:::' Ejet! Eproton > 0. o:J;j ; ( 1) 

while ZEUS triggers on somewhat harder jets of py(j) > 5 GE \' and r7(j) < 
2.4 with 

X jet = Po(j)j £proton > O.O:J.j . (2) 

Fig. 8 shows that both experiments observe substantially more forward 
jet events than expected from NLO QCD. A very rough es :irnate of the 
uncertainty of the NLO calculation is provided by the two clotted lines. 
which correspond to variations by a factor 10 of the renonT alisation and 
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factorisation scales p.~ and p.}. A recent BFKL calculation (dashed lines) 
gives a better agreement with the data. The overall normalisation in this 
calculation is uncertain and the agreement may be fortuitous, indeed it 
should also be noted that both experiments observe more centrally pro­
duced dijet events than predicted by the NLO QCD calculations. Further 
careful investigation is necessary before claiming that BFKL is the mech­
anism for thi s enhanced forward jet production. 

7 Conclusions 

To understand the underlying QCD processes in DIS it is necessary to 
study the hadronic final state. At the current level of understanding, 
QCD works well and. describes the HERA data. As the precision of the 
HERA data improves and the NLO QCD calculations become available 
the framework of QCD is being tested more thoroughly. As yet it is not 
possible to say conclusively whether the effects of BFKL dynamics are 
being observed in the HERA data, much theoretical and experimental work 
is in progress to define and measure variables that will allow a definitive 
statement. 
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CP Violation and Future 'B-Factories ' 

,V. H. Brook 
Dept. of Physics f:; Astronomy. 

['niversity of Glasgou·. 
Glasgow. [;nited I\ingdom. 

Abstract 
This lecture contains a brief introduction to CP violation in the 

B system before discussing future experimental programmes and 
their CP reach in the B system. 

1 CP Violation in the B-system 

Quark mixing in the standard model is described by the Cabibb -Kobayashi­
Maskawa (CKM) matrix [1], eqn(1). Conventionally the u. c and t quarks 
are unmixed and the mixing is described by the 3 x :3 ~ C ldi matrix op­
erating on the d. s and b quarks. The matrix elem~nts of \·c·h·.\l can. in 
principle, be determined by measuring the charged current coupling to the 
w± bosons. 

( 1) 

The CKM matrix is unitary ie \t~!K.vl Vc rdr = 1. which leads to 9 uni­
tarity conditions expressed in terms of the matrix elements . There are 
several (approximate) parameterisations of the CKM matrix . one of the 
more popular approaches is that of Wolfenstein [2]. eqn(2). where the ma­
trix elements are expressed in terms of powers of/\ = sin Be, \\'h ere Be is the 
Cabibbo angle. As can be seen from this parameterisation. th 9 complex 
elements of the matrix can be expressed in terms of -! indep<'ndent vari­
ables; three real parameters A, A and p and an imaginary part of a complex 
number, TJ· The 18 parameters of the CKM matrix can be reduced to -! 
because of the unitarity constraints and the arbitrary nature of the relative 
quark phases [3]. It is the complex phase in the ' C ldl that leads to CP 
violation in the standard model. 

1- l_\2 
2 

- ,\ 
A.\3 (1 - p - i'7) 
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The unitarity condition 

Vud Vu'b + Vcd v~b + v;d ~b = 0 

is of particular interest since V,d ~ v;b ~ 1 and ~: ~ - Vcb· This allows 
us to depict this condition as a triangle in the complex plane, as shown in 
fig 1. The angles of the triangle a, /3 and ~/ are related to the phase and 
can be measured in CP violating B-decays. 
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Figure 1: The CKM unitarity triangle in the Wolfenstein parameterisation 

The non-closure of this triangle ie a + /3 + 1 # 1r would suggest that 
our understanding of CP violation within the Standard Model was incom­
plete. Physics beyond the Standard Model can be further investigated, for 
example, by measuring CP asymmetries in several B decays that depend 
on the same unitarity angle or studying decays where zero asymmetries 
are expected in the Standard ModeL 

CP violation in the B system should be observable through the phe­
nomenon of B 0

- B0 mixing, see for example [4]. This B 0
- B0 mixing is 

dominated by box-diagrams with virtual t -quarks, fig 2. 
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q u, c, t b q 

b u, c, f -q b 

Figure 2: B 0 - B0 mixing diagrams. 

The following decays 

B~ -+ Jj'lj;I<~ 
B~ -+ 7r+7r-

B~ -+ pi<~ 

w b 

w -q 

(3) 

are into a CP eigenstate. If this is coupled with only a single diagram 
contributing to the decay, CP asymmetries can be construct ed which are 
directly related to the angles of the unitarity triangle. For example, these 
conditions occur for the decay mode B~ -+ J / 'ljJ I<~. Here t e number of 
B~ which decay at time t (where t is expressed in units of lifetime) is 
proportional to 

n(t) <X e-1(1 +sin 2/3 sin xt) 

and the number of B~ is proportional to 

n(t) <X e-1(1- sin2(3sinxt) 

(4) 

(5) 

where the mixing parameter, x = 6M/f ~ 0.67, is the rati of the mass 
difference of the eigenstates to their decay rate. The CP asymmetry can 
then be defined as 

n(t)- n(t) . . . 
a(t) = () _() = sm2(3smxt. 

n t + n t 

By integrating eqns. ( 4) and ( 5) over time a similar asymmetry can 
be constructed which is proportional to sin 2/3 . (Although for coherent B 
production ie the BE pair is produced in a definite CP st te, this time 
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integrated asymmetry is zero.) In addition this channel is experimentally 
very promising because of the dilepton decay of the J j'lj;. Unfortunately 
additional decay diagrams contribute to the other channels listed in eqn(3) 
so there is no longer a complete cancellation of the hadronic matrix ele­
ments in the CP asymmetry. The B~ -+ 1r+1r- channel, which is dependent 
on the angle a is predicted to have large hadronic corrections from 'pen­
guin' diagrams, fig. 3. The B~ -+ pi<~ (dependent on the angle 1) also has 
additional hadronic contributions but, in addition, suffers from a very low 
branching fraction. Fortunately there are, of course, many other channels 
which can be used to measure CP violation, eg see ref. [5]. 

d 
-
u 

u 
d 

Figure 3: 'Penguin' contribution to B~ -+ 7r+7r- decay 

2 B-Production Facilities 

Because of the small visible branching ratios of decays to CP eigenstates, 
0(10-5

), a large number of B meson must be produced in order to study 
CP violation in the B system. There are two complimentary ways to 
achieve the necessary large number of B mesons. The first is at e+ e- col­
liders at centre of mass ·energy of 10 GeV to produce the Y(4S) which 
then decays to two B mesons. Alternatively high energy hadron machines, 
where there is a large cross section for bb production, can be used to pro­
duce the B mesons . The pros and cons of the various approaches are 
discussed in this sections. 
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2.1 e+ e- Colliders 

B meson production via e+ e- colliders is being pursued at laboratories in 
the United States (Cornell and SLAC) and Japan (KEK). T he luminosity 
at these machines is of the 0(1033 ) cm- 2s- 1 which is equiva ent to approx­
imately 4 bb pairs produced every second. Because the B mesons produced 
from the decay of 1( -15) are coherent it is necessary to be able to mea­
sure the time separation between the two B's in order to measure the CP 
asymmetry through B 0

- B0 mixing. To give the 1( 45) sufllcient boost to 
allow the two B 0 decay vertices to be reconstructed and thus the distance 
between the two B mesons to be measured. the beam energies at SLAC 
and KEK are asymmetric. The Cornell B-facility has symmetric beam 
energies and will be unable to measure C'P asymmetry through B 0 

- B0 

mixing though there are possibilities to measure CP violation through the 
decays of charged B's . The h:EK and SLAC facilities are as_·mmetric with 
e-(e+) energies of 3 .. j GeV (8 GeV) and :3 .1 Ge\/ (9 GeV) respectively. 
The need for the large luminosity and the asymmetric beam energies poses 
great challenges on the machine design. The advantages of this approach 
is the very clean production environment of the 1. B mesons. ~vith no un­
derlying event from which to extract the signal. By running at the mass of 
1( 45) it is not possible, simply by kinematic contraints , t study the B. 
system. In order to study the B. system the machine can be operated with 
energies at the mass of 1(55) but the cross sections are m ch smaller. 

2.2 Hadron Colliders 

The high energy hadron machines, Tevatron and HERA (in fixed target 
mode with a wire target inserted into the proton beam halo). are already 
producing large numbers of B mesons. The LHC will produce even greater 
numbers . At the Tevatron the bb production rate is 0( 104 ) Hz and at 
LHC it will be 0(105

) Hz compared to the ~ -l Hz at SLAC and KEK. 
The problem in this approach is achieving high enough reconstruction and 
tagging efficiencies in order to extract a sufficient number of B 's to measure 
CP violation. The LHC has an additional benefit over the Tevatron and 
HERA because with the increasing centre of mass energy t he ratio of the 
bb cross section over the total inelastic cross section also increases . All the 
hadron machines also have the advantage that they can study B. mesons. 
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3 The Experiments 

SignalB / 
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Figure 4: Example of B tagging. 

To measure CP violation it is not only necessary to measure the decay 
of the B meson but also to tag its initial flavour via the decay of the 
accompanying B, as shown schematically in fig. 4. The generic detector 
requirements for an experiment to study B decays are that it has good 
resolution on measuring the decay time and the mass of decayed B mesons 
and has particle identification to allow a good initial flavour tag of the B 
meson. The characteristics of the detectors designed to study CP violation 
are discussed below. 

3.1 BELLE 

The BELLE detector [6] is the experimental apparatus being designed for 
the KEK B factory. A schematic of the detector is shown in figure .5. The 
detector consist of a silicon vertex detector (SVD) situated just outside 
the beampipe. Surrounding that there is a cylindrical wire drift chamber 
(CDC) that measures charged tracks which extends to a radius of 90 em. 
Particle ident ification is provided by dE j dx measurements in the CDC, and 
aerogel Cerenkov counter and time of flight (TOF) arrays situated radially 
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For the KEK B fact' ry 

Figure 5: Schematic of the BELLE detector at the KEK B factory. 

around the CDC. Inside the superconducting solenoid is a electromagnetic 
calorimeter manufactured from Csi(Tl) crystals. The iron return yoke of 
the 1.5 Tesla solenoid is interspersed with arrays of detector for measuring 
muons and I<f mesons. The design of the equivalent detector, BaBar, at 
the SLAC B factory is discussed in ref. [7]. 

3.2 HERA-B 

To guarantee the observation of standard model CP violation in B decays 
(after folding in the detector efficiencies), interactions at the HERA-B de­
tector have to occur approximately 4 times for every one of the 10 MHz 
bunch crossings of the HERA machine. The HERA-B experiment is essen­
tially a fixed target experiment with a wire target in the beam halo [8]. A 
schematic of the HERA-B spectrometer is shown in fig. 6. It has a single 
dipole momentum spectrometer situated 4.5 in downstream of the target. 
Directly downstream of the target wires, but before the magnet, there is a 
silicon vertex detector of length of "' 2 m. The main tracking system uses a 
variety of technologies dependent on the distance away from the beam (Si­
strips, microstrip gas counters and honeycomb-drift chambers at ever in­
creasing radii from the beam.) This is followed by a ring imaging Cerenkov 
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Fie:ure 6: Schematic of the HERA-B detector at DESY. 

(RICH) detector to tag the charged kaon and a transition radiation detec­
tor to improve electron identification. There are additional large tracking 
chambers immediately behind the RICH and in front of the calorimeter. 
The electromagnetic calorimetry is designed to use Lead/Scintillator and 
Tungsten/Scintillator. This is followed by a conventional muon system 
with four chamber layers at various depths in the absorber. The muon 
chambers are essential for the triggering of HERA-B when the Jj'lj; decays 
to two muons. 

3.3 CDF and DO 

There is already a very active B physics program at the CDF detector 
at the Tevat ron. The B meson lifetime measurements, fig . 7, are already 
competetive with those of the combined LEP experiments. This proves 
that it is possible to extract B physics from the hostile experimental en­
vironment of the hadron colliders. Both CDF [9] and DO [10] are hoping 
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to exploit the Tevatron upgrade (RUN II in 1999) to study CP violation 
in the B-system. 
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Figure 7: A comparison of 
CDF and LEP B meson life­
time measurements. 
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Figure 8: Longitudinal ~-it'U' of the CDF 
II Tracking System. 

CDF are proposing a new tracking system for Run II. fig. 8. At large 
radii they will have a central outer tracker (COT) of an open drift chamber 
design. Inside this component there is a silicon inner tracker compromising 
of two components: a micro-vertex detector (SVX II) at V(·ry small radii 
and two additional layers of silicon at intermediate radii. The current 
forward calorimetry is going to be replaced with a new scintillating tile 
plug calorimeter. New chambers will be added to the curren1 muon system 
to close gaps in the azimuthal acceptance and the forward acceptance will 
be improved. The trigger will also be upgraded to allow track finding 
at level-1 and the ability to trigger on large impact pararr eter tracks at 
level-2. 

A major element of the DO upgrade is their new inner tracking system 
which will be located insides a new 2 Tesla superconductir g solenoid. It 
will consist of an inner silicon vertex detector. surrounded [,y eight super­
layers of scintillating fibre tracker. In the forward region. on the face of 
the end calorimeter cryostats. and in the central region. lo :a ted between 
the solenoid and the inner radius of the calorimeter cryostat, a scintilla­
tor based pre-shower detector will be installed. The trigger upgrades will 
include tracking triggers at level-1 and an upgraded level-2 nuon triggers. 
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3.4 ATLAS and CMS 

The ATLAS [11] and CMS [12] detectors at the LHC are optimised for 
high luminosity physics. But initial low luminosity running will allow 
these general purpose detectors to used for B physics. Both detectors are 
installing silicon vertex detectors close to the beampipe. More detailed 
discussion of these detectors and their physics performance can be found 
elsewhere in these proceedings [13]. 

1000 
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400 
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0 
0 

Figure 9: Production angle of B vs. angle of B in the laboratory (in units 
of rad.) at LHC calculated using the the PYTHIA Monte Carlo genera­
tor {14}. 

3.5 LHC-B 

At high energy hadron colliders the produced B and B mesons are cor­
related in the forward direction (ie close to the proton beam direction). 
Figure 9 shows the angular distribution of the BE mesons in the labora­
tory frame at LHC. This is due to the relatively low mass production of 
b quark pairs at collider energies. This production mechanism lends itself 
to dedicated experiments that are of a forward, planar design, reminiscent 
of those used in fixed target experiments. 

Such an experiment, LHC-B, has been proposed for the LHC [1.5]. Its 
layout is shown in figure 10. LHC-B is a forward single-dipole spectrometer 
It consists of a silicon microvertex detector, a tracking system, aerogel 
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and gas RICH detectors, electromagnetic and hadronic calorimeter and 
a muon filter. LHC-B will be allowed to run with a defocussed beam 
in their interaction area which would give a nominal running luminosity 
C = 1.5 x 1032 cm-2s- 1

. 

LHC-8 · H -cal Muon system 

Top view Yoke Coil 

p 

Mirror plate Tracking chambers 

Figure 10: Top view of the LHC-B detector 

3.6 BTeV 

Recently a similarly motivated experiment (BTeV) has submitted a ex­
pression of interest at Fermilab [16]. The schematic layout of the BTeV 
proposal is shown in figure 11. The baseline description of the detector has 
a dipole magnet centred on the interaction region, thus providi g the basis 
for a two-arm spectrometer. A vertex pixel detector (inside the magnetic 
field) provides high resolution tracking near the interaction. The baseline 
design has seven downstream tracker stations of straw tubes along both 
arms of the spectrometer. For identification of electromagnetic final states 
and kaons there is electromagnetic calorimetry and a RICH detector re­
spectively, with a toroidal magnetic detector for muon identifi cation and 
measurement. The BTeV detector relies heavily on the vertex etector for 
triggering of the B events. 
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Figure 11: Schematic Layout of the BTe V detector 

3. 7 E~perimental Recap 

Table 1 summarises the experiments discussed previously in this section. 
The SLAC and KEK B factories are due to take first data before the turn 
of the century. Though it is important to remember that new accelerators 
often take 2-3 years to reach their design goals. HERA-B is already par­
tially instrumented and is already taking data in situ in order to debug 
and test some of their detector components. They have already achieved 
the multiple interaction per bunch crossing that is necessary to meet their 
design considerations. CDF and DO, like the experiments at the e+e- ma­
chines, are due to take data again before the end of the century. With 
their already proven track record in B physics they should be in a good 
position to be the first to observe CP violation in the B system. Beyond 
that LHC-B and BTEV (in addition ATLAS and CMS) should be in a 
good position to further test and even overconstrain the unitarity trian­
gle of CP violation in the standard model and perhaps any new physics 
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beyond. 

Collision Centre of 
Experiment Machine Type Mass Energy Start 
CDFIDO Tevatron pp 2TeV 1999 
ATLASICMS LHC pp 1-!TeV 200.5 

HERA-B HERA pN 40GeV 1998 
BaBar PEP-II e+e- Y(-tS) 1999 
BELLE KEKB e+e- Y(4S) 1999 
BTEV Tevatron pp 2TeV 2002 
LHC-B LHC pp 1-!TeV 200.5 

Table 1: Properties of the e;rperiments 

4 CP R each 

In table 2 is a comparison of the statistical precision that BaBar (and 
BELLE) and HERA-B claim can be achieved in measuri ng sin 2a: and 
sin 2;3 for one year's running at design luminosity. The two experiments 
are comparable in the B 0 -> J IIJ! I\~ channel, but there are ot her channels 
that BaBar can use, because of the clean event environment. to extract the 
angle a:. For measuring sin 2;3 at first glance the two experimt>nts are again 
comparable, but the figures quoted in the table are for zero background. 
HERA-B will have a background in B 0 -> rr+rr- channel an d the quoted 

figures need to be modified by a factor j1 + B IS where B IS is the ratio 
of background to signal. It is thought that a value of B IS < 1 can be 
achieved [17]. 

Table 3 reviews the accuracy that the experiments at hadron colliders 
hope to achieve from 107 seconds running. Besides the accuracy on sin(2a:) 
and sin(2;3), the measurement precision and upper limit of 1 and .r. (com­
parable to x in the Bd system) are listed, which need the B. mesons to be 
detected and tagged. The figures show that the dedicated experiment at 
the LHC, LHC-B, has by far the best reach in measuring the parameters of 
CP violation. It is also worth noting that the performance of t he Tevatron 
general purpose detectors are comparable to result expected from HERA­
B and thus the e+ e- B factories. (It should be noted tho gh the clean 
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Decay Channel BaBar HERA-B 
J fiJI/{~ evts 
~sin 2/3 ±0.10 ±0.13 
All channels 
~sin 2/3 ±0.06 ±0.13 

7r+7r-

~sin2a ±0.20 ±0.14 
p±1r± 

~sin2a ±0.11 
All channels 
~sin2a ±0.085 ±0.14 

Table 2: A comparison of the experimental accuracy of the BaBa·r and 
HERA-B experiments 

experimental environment in e+e- allows them to make a more complete 
study of rare B-decays.) 

CDF/DO HERA-B ATLAS/CMS LHC-B BTeV 
~ sin(2a) ""0.10 ""0.14 0.10/0.07 0.039 0.1 
~ sin(2/3) "'0.10 "" 0.13 0.02/0.07 0.023 0.042 
~~~ 6- 16° 

::::; 30 I x. ::::;17 ::::; 34 ::::; 55 

Table 3: A comparison of the experimental accuracy and reach of the ex­
periments at hadron facilities. All but BTe V data taken from ref. {18}. 
BTe V limits f rom their Eo! {16}. 

5 Conclusions 

There is a st rong program of future experiments planning to study CP 
violation in the B system. The first generation experiments start taking 
data in the next few years. Second generation experiments are already be­
ing planned to extend the measurement of CP violation. The experiments 
will over constrain the unitarity triangle and perhaps indicate new physics 
beyond the Standard Model. 
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Polarization as a tool to study Z' vs. 

anomalous gauge coupling effects 

at the LC 

A. A. Pankov 

GomeZ PoZytechnicaZ Institute, GomeZ, 246746 Belarus 

We show that the availability of longitudinally polarized electron beams 
at a 500 Ge V Linear Collider would allow, from an analysis of the reaction 
e+e- ___. w+w -, to set stringent bounds on the couplings of a Z' of the most 
general type. In addition, to some extent, it would be possible to disentangle 
observable effects of the Z' from analogous ones due to competitor models with 
anomalous t rilinear gauge couplings . 

Introduction 

It has been recently suggested [1] that theoretical models with one 

extra Z = Z' whose couplings to quarks and leptons are not of the 

'conventional ' type would be perfectly consistent with all the available 

experi~ental information from either LEPl [2] and SLD [3] or CDF 

[4] data. St arting from this observation, a detailed analysis has been 

performed of the detectability in the final two-fermion channels at LEP2 of 

a Z' whose fermion couplings are arbitrary (but still family independent) 

[5]. Also, in [5] the problem of distinguishing this model from competitor 

ones (in part icular, from a model with anomalous 'gauge couplings) has 

been studied . 

The final two-fermion channel is not the only one where virtual effects 

generated by a Z' can manifest themselves. The usefulness of the final 

w+w- channel in e+ e- annihilation to obtain improved information on 

some theoret ical properties of such models, has already been stressed in 

previous papers in the specific case of longitudinally polarized beams for 

models of 'conventional' type (e.g., E6 , LR, etc.), showing that the role of 

polarization in these cases would be essential [6]. 
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The a1m of this note is that of considering whether t he search for 

indirect effects of a 'unconventional' Z' in the w+w- c annel would 

benefit from the availability of longitudinal polarization of initial beams, 

as it is the case for the 'conventional' situation. We shall how that in 

the parameter space the expected experimental sensitivity in the polarized 

processes is by far better than in the unpolarized case. For what concerns 

the differentiation from other sources of nonstandard effects, in particular 

those with anomalous gauge couplings, we shall also show th t the charac­

teristic feature of such a Z' would be the existence of certain peculiar 

properties of different observables, all pertaining to the nal w+ w­
channel. All our discussions assume that longitudinal electron polarization 

will be available at the future 500 GeV linear Collider (LC). 

Constraints for general Z' parameters 

The starting point will be the expression of the Invariant m'plitude for 

the process 

(1) 

In Born approximation, this can be written as a sum of a t-channel and 

of an s-channel component: M(>.) = MV) + M~>.), where A = ±1/2 is the 

electron helicity. Since we will concentrate on the sensitiv ty of process 

(1) to general features of Z'-exchange effects and their c mparison to 

analogous effects in models with anomalous gauge coupling,, we consider 

only the s-channel amplitudes. Accounting for one extra Z : 

M
(>.) = (-~ gwwz1 (v1- 2Aal) gwwz2 (v2- 2Aa2)) r.(>.)( O) 
s + M2 + M2 X ':1 s, . 

s s- z, s- z2 
(2) 

g(>.) ( s, 0) is a kinematical coefficient; depending also on the final W's 

helicities. For simplicity we omit its explicit form, which and can be found 

in the literature [7]. Eq. (2) shows two possible sources of effects from, 

respectively, the 'light' and the 'heavy' neutral gauge bosons zl and z2. 
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The first one is the modification of the Z couplings, due to the presence of 

the extra Z', that can be induced, e.g., through the mechanism of Z- Z' 

mixing. To account for this fact, the 'light' Z is now denoted as Z1, and the 

same convention applies to its vector and axial-vector couplings to electrons 

v1 , a1 and to the trilinear gauge coupling gww z1 • The second effect is the 

actual heavy z exchange denoted as z2, with analogous notations for its 

physical couplings.1 

Eq. (2) can be conveniently rewritten in the same form as the Standard 

Model (SM): 

M~A) = (-gww"~ + gwwz(v ;;
2
2>-a)) x g(A)(s, O), (3) 

s s- z 

where the 'effective' gauge boson couplings gww"~ and gwwz are .defined 

as: 

with 

9ww"~ = 1 +b."~== 1 + b."~(Zt) + b."~(Z2), 

gwwz =cot Ow+ b.z = 1 + b.z(Zt) + b.z(Z2), 

(
b.a b.v) 

b."~(Zt) =. v cot Ow --;-- -;-- (1 +~X) x; 

(a2 v2) 
~"'(Z2) = V 9WWZ2 --;;--:;; X2, 

(4) 

(5) 

(6) 

(
b.a ) a2 X2 b.z(Zt) = b.gwwz +cot Ow - + b.x ; b.z(Z2) = 9wwz2 - -. 
a a X 

(7) 

We have introduced electrons SM couplings normalized as: v = (T3,e -

2Qe s~)/2~wcw ; a= T3,e/2swcw with T3,e = -1/2; sw =sin Ow; cw = 

cos Ow. Moreover: ~v = Vt- v, b.a = a1- a and ~gwwz = gwwz1 -

cot Ow. Finally, neglecting gauge boson widths: 

s 
x(s) = s- M1; 

s . 
X2(s) = s- M12, b.x(s)= 

2Mzb.M 
s-M1' 

(8) 

1 In Eq. (2), the couplings to w+w- of both Z1 and Z2 have been tacitly assumed 
of the usual Yang-Mills form. 
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where !1M = Mz - Mz1 is the Z-Z1 mass-shift, of the order of 150 -

200MeV according to most recent estimates [8, 9] (notice !1M > 0 if this 

is due to Z - Z' mixing). 

It should be stressed that, not referring to specific mo els, the pa­

rametrization (3)-(5) is both general and useful for phenomenological 

purposes, in particular to corripare different sources of nonstandard effects 

contributing finite deviations (6) and (7) to the SM predictions. 

We now focus on the effects of the heavy Z on polarized observables. 

The general expression for the cross section of process (1) with longltudinal­

ly polarized electron and positron beams can be expressed as 

da 1 [ ( - ) da+ ( - ) da- ] 
dcosB=4 (1 +PL) 1 -PL dcosB+( 1 -PL) 1 +PL d cosB' (9) 

where PL and PL are the actual degrees of electron and positron longitudi­

nal polarization, respectively, and a± are the cro.ss sections for purely 

right-handed and left-handed electrons. We consider the cro s section for 

polarized electrons and unpolarized positrons (PL = 0). Explicit expres­

sions for the polarized cross can be found in [7, 10]. 

We reserve the notations aL and aR for the cross sections with PL = 
-0.9 and PL = 0.9, respectively, which seem to be realistically obtainable 

at the LC [11]. Our numerical analysis to assess the sensitivity of aL and aR 

to 1:1-r and /:1z follows the x2 procedure adopted in [10]. We represent the 

effect of non-standard couplings introduced above by the relative deviation 

of the cross section from the SM prediction: 

/:1 = f:1a = 0"- O"SM 
- ' O"sM O"SM 

(10) 

which is a function of 1:1-r and /:1z. 

If a nonvanishing value of 1:1 was experimentally measu red at some 

level of accuracy, the values of such parameters could be determined and 

possibly used to learn about the properties of the related nonstandard 
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physics. Alternatively, in the case of no observation, one could derive 

numerical bounds on 6."'~ and 6.z, and therefore constrain the various 

extended models, at some confidence level. In this regard, assuming small 

deviations, 6. is expressed as a linear combination of 6."'1 and 6.z with 

coefficients which, generally, increase with s. Conversely, the SM cross 

section decreases as 1/ s (at least) due to the gauge cancellation among the 

various amplitudes. Therefore, if we parametrize the sensitivity of process 

(1) to 8"Y and bz by, e.g., the ratioS= 6./(8o-ja) with 8afa the attainable 

statistical uncertainty on the SM cross section, such sensitivity is expected 

to · increase with energy, even at fixed integrated luminosity (basically, as 

S CX: V LintS) . 

By specifying .X, Eq. (3) directly shows that 

6.a- ex: 6."'~ - 6.z · g~x; 6.a+ ex: 6."'~- 6.z · g~x, (11) 

where g~ = v - a = tan Ow ~ 0.55 and g~ = v +a = g~ (1- 1/2s?v) ~ 

- 0.64. Thus, by themselves, a- (or aunpol) and a+ only provide correla­

tions among 6."'1 and 6.z, rather than true limits. These correlations can 

be represented as bands in the 6."'~ - 6.z plane with a width proportional 

to the corresponding sensitivities, and a relative angle of approximately 60 

degrees. In contrast to the unpolarized case, finite allowed ranges for 6."'~ 

and 6.z are obtained from the intersection of the two bands. 

Quantitatively, for the LC500 with an assumed Lint = 50 Jb-1 and PL 

as above, one can derive the following 95% CL allowed ranges [10]: 

-0.002 < 6."'1 < 0.002 
-0.004 < 6.z < 0.004. 

(12) 

We now consider the application of the model-independent limits (12) 

to the case of an extra Z of extended gauge origin, generated by an E6 

symmetry. For such extended models one can write in Eqs. ( 4 )-(7): 

(vb a1 ) ~ (v + v' ¢, a+ a'¢)::::} (6.v, 6.a) ~ (v' ¢,a'¢), (13) 
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(14) 

and 

b.gwwz ~ 0, gwwz2 ~ -cot Bw,P. (15) 

Here,. 4> is the Z - Z' mixing angle, and v', a' are the Z' vector and 

axial-vector couplings with electrons. The actual values of such couplings 

for the specific E6 models (ry, 1j; and x) can be found in the literature 

[12] . The above relations become equalities in linear approximation in the, 

expectedly small, angle ,P, and give for Eqs. (6) and (7) : 

(a' v') ( X ) .6.-y = v cot Bw,P ~ - -:;;- 1 - X
2 + b.x X, (16) 

(17) 

Neglecting b.x as being quadratic in ,P, these relations show ·that every 

specific model is represented in linear approximation by a st raight line in 

the (.6.-y, b.z) plane, of equation: 

b.z = .6.-y-1 (a'ja) . 
vx (a' fa)- (v'/v) 

( 18) 

Such relation does not depend on either 4> or Mz2 , but only on ratios of 

the fermionic couplings. 

The combination of (12) and (18) can be easily translated into limits on 

4> and Mz2 • For the considered energy and luminosity of LC500, the typical 

bounds on 4> are of the order of few x 10-3 for M z2 ~ 1 T e V , and much 

more restrictive for smaller values of Mz2 (up to one order of magnitude 

in the extreme case Mz2 ~ y!S). The detailed analysis of di erent specific 

models is worked out in [10] and references there. At the LC1000, the 

numerical results can be obtained according to the scaling law J LintS. 
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Comparison with a model with anomalous gauge couplings 

The extra heavy neutral gauge boson Z' would produce virtual effects 

m the final w+w- channel that, in principle, could mimic those of a 

model with anomalous trilinear gauge boson couplings [13]. Therefore, 

the identification of such an effect, if observed at the LC, becomes a 

relevant prob lem. The relevant trilinear WWV interaction which conserves 

U(1)e.m., C and P, can be written as (e = y'47rO'em) [7] : 

Ceff = - ie(1 + 8"~) [A~' (w-~'"W:- w+~'"W~~-) + F~'"W+~'w-"j 

ie (cot Ow+ 8z) [z~' (w-~'"W:- w+~'"W~~-) + Z~'"W+~'w-"j 
. F w+~'w-v . Z w+~'w-v ze x-y ~'" -zexz ~'" 

. Y"~ F"Aw- w+~' . Yz Z"Aw- w+ll + ze Mtv AJl " + ze Mtv All " ' (19) 

where Wt., = 8~'W!'- 8vWi and Z~'" = 8~'Z"- 8vZw In the SM at the 

tree-level, the anomalous couplings in (19) vanish: 8-y = 8z = X-y = xz = 
Y"~ = Yz = 0. 

For the explicit form of helicity amplitudes for process (1) correspon­

ding to (1~) we refer t? [7] . Here, for practical purposes, the Yang-Mills 

parts and their deviations proportional to 8-y and 8z = gwwz - cotBw 

are reported separately from the anomalous 'magnetic' and 'quadrupole' 

terms. 

While in the previous case of the Z' the deviations /). "~ and /).z have an 

explicit (although numerically not quite significant) s-dependence through 

Eqs. (6) and (7), the anomalous trilinear gauge boson couplings are 

considered as effective constants. As a consequence, we assume 8-y = 0 

to ensure U(1) •. m. gauge invariance. In the framework where anomalous 

gauge couplings arise from effective theories with SU(2) x U(1) gauge 

symmetry, representing low-energy expansions of the non-standard weak 

interaction [14], finite 8-y (and in any case it must be 8-y(O) = 0) only occurs 

at next-to-leading dimension level [15] . Furthermore, it can be shown 
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that the assumption of 'custodial' global SU(2) symmetry of the New 

Physics, which naturally accounts for the smallness of the !:1p parameter, 

would require b-y = 0 also at the higher, dim=8, level because the relevant 

operator would not respect this symmetry. 

In most generality, Eq. (19) introduces five independent parameters 

into the analysis, and therefore the determination of suitable xperimental 

observables, depending on subsets of anomalous gauge boson couplings, is 

a problem by itself (see, for example, refs . [16]). 

Concerning the distinction between Z' and anomalous gaug.e boson 

coupling effects, one can try to define observables which are 'orthogonal' 

to the Z' mode. To this purpose, they should depend only o the xv , yv 

couplings that are specific of (19) , but not on bi which would represent 

an effect in common with the Z' model. Some attempts are presented in 

· Ref. [10]. 

Concerning a possible discrimination between the Z' model of Sect . 2 

and the model consideredin this section, a strategy could be t e following. 

If a signal is observed in either aL and/or aR and also in at least one of 

the 'orthogonal' observables defined above; we can conclude t hat it is due 

to the model with anomalous gauge couplings, and we can try to derive 

the values of some of them by properly analyzing the observed effects [16]. 

If, conversely, only aL and/or aR show an effect, we are left with the 

possibility that both models are responsible for such deviations. In this 

situation, we still have a simple tool to try to distinguish among the two 

models, which uses the observation that, under the assumpti n that only 

bv and !:1v are effective, the expressions of the consequent deviations of 

the integrated cross sections aL and aR are, respectively: 

(20) 

and 

(21) 
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Here, both D. v and 5v have been taken non vanishing, and gf;·R = v ± a 

are the left- and right-handed electron couplings, respectively. However, 

recalling that 5-y = 0 in the case of anomalous trilinear gauge boson 

couplings, using the experimental value of s~ ~ 0.23, one has for such 

a model the very characteristic feature 

D.aL ~ (1 - ---;.-) D.aR = -1.17 D.aR, 
2sw 

(22) 

where the explicit expressions of gf; and g~ have been used. If, on the 

contrary, the effect is due to a model with a Z', no a priori relationship 

exists between D.aL and D.aR. Accordingly, from inspection of these two 

quantities, if they are found not to be related by Eq. (22) to a given 

confidence level, one would conclude that the observed effect should be 

due to the general extra Z discussed in Sect. 2. Then, depending on the 

actual values of the experimental deviations, a determination of the two 

parameters b.-y and b.z might be carried on. 

Actually, if the deviations of aL,R satisfy the correlation Eq. (22), a 

small residual ambiguity would remain. Although the possibility that 

in a mode1 with both 'D.'Y and ~z nonvanishing the correlation Eq. (22) 

is satisfied just by chance seems rather unlikely, one cannot exclude it 

a pnon. Should this be the real situation, further analysis, e.g. , in 

the different final fermion-antifermion channel wou"Id be required. The 

discussion of this essentially unlikely case can be performed, but is beyond 

the purpose of this note. 

Concluding remarks 

We have shown in this paper that the availability of longitudinal 

electron beam polarization at the LC would be very useful for the study 

of the most general model with one extra Z from an analysis of the final 

w+w- channel. In principle, it would also be possible to discriminate 

this model from a rather 'natural' competitor one where anomalous gauge 
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boson couplings are present. This could be done by analyzing suitable 

experimental variables, all defined in the same w+ w- final channel. All 

these facts allow us to conclude that polarization at the LC w uld be, least 

to say, a highly desirable opportunity. 
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Renormalization group and searching for new )hysics 
beyond Standard Model 
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The renormalization group equation for the effective Lagrangian describing 
effects of new physics beyond the Standard Model at low energies is derived. It 
is applied for investigation of 2 -+ 2 scattering processes with ordir ary particles. 
In one-loop order specific relations between the parameters of the Lagrangian 
appear which depend on the underlying model of particle physics. },san example 
the Standard Model with heavy Higgs boson is investigated. 

1. Introduction 
One of important nowadays problems is a searching for new physics 

beyond the Standard Model (SM) ( the Glashow-Salam-Weinberg theory 
and QCD ) which may exhibit itself at an energy scale y's "' A, A > > mt 
- mass of t-quark. Among possible ways for its solution Yery popular 
is the construction of the effective Lagrangians (EL) whicb, as usually 
is believed, are obtained as a result of decoupling of the virtual heavy 
particles in the scattering amplitudes of light particles from tle SM [1],[2]. 
EL contain the effective operators (EO), which can be generated either by 
the tree level virtual states of heavy particles having massen ,...., A or by 
the virtual heavy particle loops. Obviously, the EO of the latter type are 
suppressed by at least one degree of A -l as compared with the former ones. 
It is usually assumed that EL and EO are the remnants of some unknown 
at present time renormalizable gauge theory [3],[4]. But, as a rule, any 
actual properties of EO called forth by the renormalizability 'tre not used 
in the calculations of scattering processes. In the present work it will be 
discussed which kind of information about EO can be derived from the 
basic requirement that the fundamental theory is to be a renormalizable 
one. That, in particular, means the EO have to satisfy the ren<)rmalization 
group (RG) equations. Our consideration is based on the RG equation in 
MS scheme and a decoupling theorem [5], giving possibility to proceed 
from high to low energies taking into account the presence of different 
mass scales [6], [7]. The content is as follows. In Sect. 2 a necessary 
information about EL and RG equations in M S scheme is given. In Sect. 
3 we specialize that for the case of 2 ~ 2 scattering processes. Then, 
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to make clear our approach we consider the processes including W- and 
Z- bosons in the SM with very heavy Higgs particles considered as the 
threshold of "new" physics. Sect. 5 contains brief discussion of the results 
and prospects. 

2. Effective Lagrangians and RG equations 
In what follows, we will consider the EL as the sum of the scattering 

amplitudes of SM particles in initial and final states with external momenta 
Pe:z:t <<A;: 

Ceff. = LTi, 
j 

(1) 

where A; are the heavy particle masses. In this case the virtual contribu­
tions of heavy particles in amplitudes Ti are separated in the form of local 
amplitudes (EO) containing the SM fields, their derivatives and masses, 
Oj,d, having increasing energy dimensions d which are suppressed by the 
corresponding degrees of heavy mass [5]: 

Tj = TfM + yjA' . 
1 

T A- ""--a · dOd i - L.....J A d-4 J, J, · 
d>4 

(2) 

The EO are produced at low energies yfS < < A when the propagators 
,....., P 2 2A2 with a good accuracy can be approximated by - f2 • Amplitudes 

TfM are to be calculated in the SM and Tf describe deviations from 
SM due to virtual heavy particles. The dimensionless parameters ai,d 

characterize the heavy particle physics. They are model dependent and 
expressed through dimensionless coupling constants. At present time the 
distinction from zero of any aj,d is not determined reliably, although the 
values of many of them are strictly limited by experiments [2], [8]. In papers 
[4], [3] it was studied which sets of EO entering the EL could be produced 
in different gauge theories containing the SM as a subgroup. To realize 
that the various renormalizable types of couplings between vector, fermion 
and scalar fields have been analyzed and the operators appeared at tree­
and loop- levels were determined. However, in such a way it is not possible 
to find out the coefficients aj,d, since their values are model dependent. 
Therefore, it is assumed the coefficients are arbitrary parameters which 
should be fixed by experiments. On the contrary, the parameters in eq.(2) 
are not free ones but specialized by the initial theory. One can ask a 
question: which correlations between aj,d take place in different cases? 
This will be the problem discussed below. 
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More definitely, we shall investigate the ratios of ai,d entering the EL 
which have to realize as the consequence of the RG equat iOn for C,, f .· 

Existence of RG equation is a fundamental property of any renormalizable 
theory. As it is occurred, it gives possibility to connect the parameters 
CXj,d for a number of processes that would be useful for future experiments. 
As a. prospect, one would hope that different correlations between the 
parameters, calculated for chosen set of scattering processe at different 
variants of underlining theories, will give information about the unique 
one selected on the ground of comparisons with experimental data. 

In renormalizable theory RG equations can be written fo r any objects 
- running coupling constants ~(g2 ), Green's functions, S-matrix elements, 
etc. These equations mean that if a subtraction point f.1. in the momentum 
plane is shifted, f.1. -t mu + 6p, then all the parameters - couplings >-a , 
masses mi, fields ¢i - can be changed in such a way that the considered 
functions F of the parameters remain unchanged: 

(3) 

where the running parameters are defined with the ,8-functions 

d>.a(f.l.) = ,8 (>. ) 
dlnf.l. a a (4) 

and the anomalous dimensions 

dlnX(f.l.) = _ (>. ) 
dlnf.l. 'YX a ' (5) 

In what follows, we shall use a dimension regularization and the M S 
scheme of renormalizations [9]. In this case ,8- and "(- functions are 
independent of particle masses and all mass dependencies are concentrated 
in the scattering amplitudes. Therefore, a possibility for moving along an 
energy scale from high to low values appears. The RG operator 'DRa is the 
same either at high energies, E > > A and at low energies E < < A, but it is 
expressed in terms of different parameter sets. At high energie all particles 
contribute. At low energies, the virtual heavy states are decoupled and ,B­
and "(- functions have to be expressed through light particle loops, only. 
In the latter case the amplitudes are expanded in a power series in 1/ A 
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and the RG operator, acting on any function , does not change its order in 
1/A. 

These properties of RG operator in the M S scheme give reasons for 
application of the RG method to the EL describing new physics beyond 
the SM at low energies E < < A;. 

Having in mind general reasons mentioned above, let us apply the 
RG formalism to the EL (1). First, let us consider a renormalizable 
theory generalizing the SM which contains N heavy particles with the 
masses An, (n = 1, ... , N). We denote the light SM particles as ¢ 
for bosons (W-, Z-bosons, photons, gluons, and Higgs's boson) and f 
for fermions (leptons and quarks). The only SM mass parameter is .v 
- vacuum expectation value of scalar field. As Aa we denote all the 
coupling constants, A a = g2

, g'2 , g., G 1, >.,A heavy, where first three couplings 
correspond to SU(2)L, U(1)y and SU(3)c subgroups of the SM; G1 is 
Yukawa coupling, >. is a self-interaction of SM; scalar field and >.heavy is 
couplings of heavy particles. 

The low energy EL, as any renormalized amplitude, satisfies the RG 
equation (3) with the entering parameters defined in eqs. (4), (5) . Below, 
to distinguish the objects,a, of complete model we will mark them by 
"hat": a. So, in the above formulae one has to substitute a ---t a. In 
the low energy region (which mainly is of interest for us), Pext. << A, the 
amplitudes Tj are expanded in series in small values ,Pext .An ~ 1, L ~ 1, 

! ~ 1, ~ ~ 1: 
n An 

T; 
(

A A A A ) 
&j,4 Aa,ln~ , ln~.~ 6 + t-t u A ; ,4 

,- nl 

(6) 
+ ~ ~ a:;.~ ... nd-· Ua, ln ~.ln.!!.,~) 6 

L...t L...t A Jl. Ant J,d 

d>4 n; A A , nl .. . nd-4 

where the amplitudes 6j,d are built from parameters v, J/v, j jv312 and 
have the dimensions [mass]d. 

At low energies, E < < An, after the decoupling of heavy field contri­
butions the running parameters have to be determined by the effective 
theory, only [6]. These parameters contain the SM loops and independ of 
heavy particle physics. This point is very important . It gives possibility 
to concentrate all the EL dependencies on the heavy particles in the 
parameters aj,d· 
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Thus we accentuate, running of low energy parameters .s determined 
by the same equations (3), (4) and (5), however in this cas·~ the {3- and 
"'(- functions take into account the loops of SM particles, only. As the 
sewing conditions we choice the coincidence of parameters a; Jl =A: 

(7) 

This yields 

X (8) 

These series give possibility to express the EL through thE running low 
energy parameters. The decoupling theorem guarantees an absorption of 
heavy particle contributions by >.a(Jl),X(JL) in such a way that the explicit 
dependencies of Cij,d on log~: disappear [6], and the terms aj:46j,4 been 

expressed through the SM parameters convert into the amplitude TfM: 

CinJ ... nd-4 (>. ln.!!. h) C. 
r _ """ TSM + """ """ J,d a' p.' Ant J,d 

.l..-ef J - L..J i L..J L..J A A . 
j j,d>4 n; n1 • • • nd-4 

(9) 

where the amplitudes Oj,d have the dimensions d and are constituted from 
the parameters V,Pext./V, f jv312. 

As it follows from the analysis in ref.[6], at energies E <<An the RG 
operator 'Da. and the operator 'Da are the same ones but expn~ssed through 
different sets of parameters: in both cases we have the same RG equation. 

Now, applying the RG operator to the EL (9) we obtain in each order 
in 1/ An: 

'DTSM = O· 
J ' 

(10) 

These relations are general and take place independently of computation 
schemes or approximations. In the most cases it is sufficien; to take into 
account tree- and one-loop orders of eq. (10), that will be investigated in 
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detail below. Let us denote the n-loop contribution to the value a as a(n). 

Then we have 

a 
-n(O) = - ' 
L/ a ln fL 

a "" (1) a v{ll=L:,B~lla>. -L'"'fx alnx· 
a a X 

Since in the MS-scheme, 88~~ = 0, 88:~-' = 0, from eq.(10) it follows: 

-n(O) nl···nd-t(O) __ a_ nl···nd-t(O) _ 0 
v aJ,d -alnJ.Laj,d -' 

do) [ n1 ... nd-t (0) 0(0) l 
-"" j,d v(o) nl···nd-t(1) = ""v(1) aj,d j,d 

L (o) (o) aJ,d L (o) (o) · 
n; A n 1 ... And-t n; Ani ... And-4 

(11) 

(12) 

(13) 

The first of these relations simply means that a tree amplitude is inde­
pendent of lnJ.L. The second one will be considered as an equation for 
parameters a j,d· This remark requires some comments. 

Usually, RG equations are used to improve the results of perturbation 
theory. However, the structure of eqs.(10) and (13) show that they can be 
specialized for calculation of the correlations between the parameters aj,d 

for a number of processes. The reasons are as follows. As it was noted 
before, in specified renormalizable theory the coefficients aj,d in the EL 
(1) are defined numbers. In this case the relation (13) is just the identity 
which relates the tree operators Oj,d with that of one- loop order due 
to renorm"alizability. :But if the model is not specified ( unknown ), the 
equation (13) implements nontrivial relations between formally arbitrary 
parameters which take place due to supposed renormalizability of the 
model. This circumstance is closely connected with our consideration of the 
EO 0 1,d as the S-matrix amplitudes. In the next section we will consider 
that in more detail for scattering processes 2 --+ 2. 

3. RG equation for 2 --+ 2 scattering processes 
To c~lculate V(0laj,~·· ·.nd-t( 1 ) let us remind that in the MS-scheme the 

dependence on lnJ.L enters together with the pole term 4~D, where D is the 
momentum space dimension. So, to find the left hand side of eq.(13) it is 
sufficient to calculate the pole part of a{ll. 

Now, let us turn to determination of the dependence a!JJaj,~···nd-•( 1 ) 
(r )n a;,~···nd-t (O) for the scattering process 2 --+ 2 in the order 1/ A 2. In the 
most simple case the EL are generated in tree approximation when the 
heavy particle propagators P2 ~A2 are substituted by the effective contact 
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interactions "' - ; 2 + 0( ~ ). Then the problem is reduced to scattering 
of ordinary particles on the external field produced by the heavy virtual 
state. The scattering should be calculated in one-loop order. 

To proceed further, let as denote the amputated one-parti :le irreducible 
vertexes of the effective low energy theory describing interaction of the two 
SM · 1 · h h r - r(o) r(lJ ( · - 1 2 ) L F(o) · partie es wit eavy one as i - i + i + ... z - , , . . . et i IS 

a product of the SM fields entering the vertex riO). In order l I A 2 the tree­
level EL equals to ;2 r~O) r~O) F}0

) F}0
)' and the one-loop corr ~ctions to the 

initial, i, and final, j, scattering amplitudes on the "external field" equal 
_l_ rUlr(o) F(o) F(O) and _l_ r(O)r(ll F(O) F(O) respectively The 1 we have for 
A2 ' J ' J A2 ' J ' J ' • . 

0 (0). theE 0;1,6 • 

(14) 

Since the vertexes enter multiplicatively the EL, the equation (13) is 
resulted in the following relation for f;: 

_ _ a_r(l) = 
ainJ.l ' [

"' a(I)_!!._ _ "'(I)_a __ "'N· '""'(!) _ 
L...J !-'a a\ IV a I L...J '·"' lr/J 

a Aa n V rP 

_"' N "'(1) + ~"'(lJ,] r(o) L...J t.f 1j 2 1A , ' 
f 

where N;,,p, N;.J are numbers of fields in the vertex f~0l. 

(15) 

Taken for a specific renormalizable theory, it is just the identity. The 
one-loop vertex, describing scattering on the heavy particle 4~xternal field, 
stands in the left-hand side. The one-loop (1(1)_ and 1(1)_ fun :tions of light 
particles enter into right-hand side, as well as the correspc•nding vertex 
function in tree-a~roximation. Due to renormalizability, an algebraic 
structure of the r/ pole part coincides with the structure •)f r(O);, that 
leads to the equality of both sides in eq. (15). But if .he model in 
not known, this equation can be used to obtain informati•m about the 
parameters <Xj,d· Being the consequence of renormalizability it, in a sense, 
takes the place of the tree unitarity condition which is a necessary condition 
for the renormalizability at high energies. 

To find correlations between ai,d one has to represent the vertex rlo) in 

the form of product of an arbitrary number Al0
, which to be determined, 
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and the amplitude V;(o) constructed from momenta Pext. and , possibly, 
v, and where the structure of interaction with the "external field" is also 
taken into account: 

r(o) 
• 
(0) 

o:ij,6 

A(oJv(o) . . , 
A(O) A(O) . . , dO) ~ p(O)V(O) p(O)V(O) 

l],6 l l l l . (16) 

Since a one-loop correction contains the SM particles only, its divergent 
part is to be a linear superposition of the parameters A~0): 

a 
a1n'" 

a 
a1n'" 

r(ll = ""'f(l) A(o)v(o) 
• L..J tk k • , 

k 

(l)vertex = ""'J(l) A(O) A(O) + ""'J(l) A(O) A(O) 
o:,J,6 L..J tk k J L..J Jk k • , (17) 

• k k 

where k marks the sort of particles inside loops and the coefficients fg) 
are explicitly calculated in terms of the SM variables. Then the equations 
for coefficients Af0l follow from eq. (15): 

- ""'f(l)A(o)-
L..J t k k -

k 
[
""' (3(1) ~ - (1) 8\li(o) - ""'N (1) -
L..J a 8' "fv 81 L..J t,r/> "1¢> 

a Aa n V rP 

- ""'N "'(1) + ~"'(1)'1 A(o). L..J •.J if 2 lA , 

f . -
(18) 

Thus, if the vertex structure is chosen, the renormalizability of initial model 
implemented in the relation (15) may serve as a tool to find relations 
b (0) h etween A; and, ence, O:j,d· 

In the next section, as the most simple example, we will apply eq.(18) 
to the SM with a heavy Higgs boson. In this case the theory contains only 
one heavy particle. Moreover, the SM is well studied and the possibility 
to compare the results followed from eq. (18) with the exact known forms 
of rfo) will also appear. 

4. EO in SM with heavy scalar particle 
Let us consider the Higgs particle mass, mH, as the threshold of 

new physics . Light particles is to be photon, W- and Z-bosons and 
fermions, f. To the Higgs field interactions with two light particles one 
has to refer the Yukawa interaction -G !(] J)H and the boson interactions 
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rWw H w: w-aH, r~1H Za za H. The coupling constants G 1 ue dimension­

less and rWwH• r~1H have a dimensionality of mass. In the order 1/m'JJ 
the following tree level EO are produced: 

f/'1(0) 
vjJWW 

//'1(0) 
vwwww 

//'1(0) 
vwwzz 

{0) 

= GJGJ,(Jf)(Jtjt) = affi'i'(JJ)(Jtjt), 
m'JJ m'JJ 
G r(o) . (oJ 

=- j ~WH (Jf)w:w-a = ajj~W unvv;w-a, 
mH mH 

r(o)z (oJ 
= WWH w+w-aw+w-!3 = aWWWW w+w-aw+w-!3 

2m2 <> 13 m 2 <> !3 ' H H 
r(oJ r(oJ (oJ 

= WWH ZZHw+w-az zi3 = awwzzw+lv-az zi3 
m2 a !3 m2 a !3 

H H 
(19) 

and analogously the operators 0~0)zz and o~1zz· 
Now, let us assume for the moment that th~ coupling> {'(o) are not 

known. Our goal here is to derive the correlations between the parameters 
a(o), which follow from renormalizability of the SM. We appl:r the equation 
(15) to solve this problem. 

The only mass parameter in the considered case is the scalar field 
vacuum expectation value v = ~ = Zmz = "!':L. 

g ..;92+9 '2 a1 

Let us consider the vertexes WW H and ZZH. Th(~ gauge fields 
enter the theory via the covariant derivatives together with their coupling 
constants. Therefore, rWwH "' 92. Z-bosons is the supeq: osition of the 
neutral components of the SU(2)t- and U(1)v- fields. So, th·~ vertex ZZH 
contains both of couplings 9, 9' but remains a quadratic form. Taking into 
account the dimensions of the vertexes we parametrize them as follows: 

rWwH = 
r(oJ 

ZZH 

A (O) 
V WWH• 

A (o) 
V ZZH• 

A(o) t 2 
WWH = <,19, 

A (O) t 2 t 2 ZZH = <,29 + <,391 , (20) 

where t1, t2, 6 are arbitrary numbers. We are going to find the ratios 
between them. Parametrizing the values GwwH and GzzH, which corre­
spond to 81r2 2::: !;~) A~o) in eq.(17), 

k 

a (1} _ v , 
8lnp,2fzzH- 161r2(·zzH, (21) 
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where rU)wH, f (1)zzH are the amputated one-particle- irreducible vertex 
functions of low energy theory, one obtains from eq. (18): 

-GwwH 81r2 [a(1l~ _ ..y(1) _ 2..v(1) + ~..y(1) ,] A(o) 
fJg 8g2 1v 1W 2 lmfl WWH> 

-GzzH = 8 1r2 [a(1) ~ + 7.1(1) ~ _ ..y(1l _ 2..v(1l + ~..v(1) ,] 2A (a) r<>2 ) 
fJg 8g2 fJgt 8gl2 lv 1Z 2 lmfl ZZ'H' 

Here, the P- and 1-functions take into account all the SM particles except 
Higgs's boson , H, and the factor 2 infront A~1H is due to the identity of 
Z-bosons. By eliminating of 1:r.H and introducing the standard definition 
g'2 =:= g2 tg 20w and m~ = m~cos20w eq.(22) can be written in the form 

(D) 
Awwu GzzH 

(0) 
2Azzu 

GwwH = 81r
2 AWwH [2 ( 1g) -1~)) + 

+ _9_ _ ---'-:W:-::-;W"-'H=- 2 g 3 gt 
p(ll A(O) ~ p(1)+~ p(ll ] 

g2 A~1H 6g2 . 
(23) 

As is seen, after expressing P~~) -function through P~1 ), 1!,n, 1!;~ the terms 

with p~1 ) are cancelled exactly. 

Calculation of 1z(1~, 1!;l m is reduced to the determination of the 
I Z1 W 

coefficients .st andin~ at .the )ole terms in the one-loop W- and Z-boson 
mass operators, otvVw, oE~z, when the light particles only to be taken 
into account: 

-(1) 
lz 

-(1) = 
lmz 

--
2

1 
lim(4- D)~of;(1) (p2) 
D-+4 8p2 ZZ · , 

- (1) 
lim(4- D) b'Ezz(m~) 
D-+4 m2 z 

(and analogously for W- bosons). 

(24) 

These calculations have been done in the Feynman-t'Hooft gauge and 
actually are very simple. The dependencies of the right-hand side and 
left-hand side in eq. (23) on the Yukawa coupling are given by the fermion 
loops, 

- (l)ferm 2 _ _ L 1 + 1 g
2 

{ [ b'E zz (p ) - 81r2 ( 4 _ D) 2cos20w 
1 
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+ (1- 4sin
2
0w I Qf If] ~2 

- m~} 
1 2 2 

ot(l)ferm( 2) =- !}__ "'(!:_- m2) + 
ww P 87r2( 4 - D) 2 7 3 J 

Gf erm _ _ 2 "' m f G WWH- g L..., f, 
f v 

2 
cJerm - - g L m f G 

ZZH - cos20w f v f, 
(25) 

where "'£1 means the sum over all fermions, Q 1 is a fermion charge 
expressed in the proton charge units. Equating the coefficients at G 1 ( m 1) 

in eq.(23) gives 
(0) 

AwwH 20 ~1 2 0 (O) =cos w = 2tcos w, 
2AzzH ~3 

(26) 

Hence we find 6 = 6 = ~1 /2 and 

A (O) t 2 
WWH = ~1g ' 

A(O) - 1 2 
ZZH - 2 2(} ~1g · cos w 

(27) 

. . 
Thus, one can see that the dependencies of the vertexes WW Hand ZZH 
appear even if the fermionic sector only is considered. Now, let us simplify 
eq. (23) using eq.(27): 

(28) 

Calculation of the values GzzH, GwwH, 8E~k(O), oEU}w(O) c in one-loop 
order gives 

G 3g
2 

(A(O) A(O) 2(} ) WWH = 2 WWH + zzHCOS W -

g4 ( 3 2 ) 2 "' m f -- 1 + -tg Ow - g L..., -Gf, 
4 2 f v 
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4 

GzzH = 3l A~\~)wHcos 20w- ~ cos 20w ( 1- 2tl0w + 
4 9

2 
mf 

+3tg Ow)- 20 L -Gf, 
cos w J v 

871"2 lim(4- D) 8L:zz(O)- 8L:ww(O) = 
[ 

-(1) -(1) l 
D --+4 m~ m~ 

2 4 ( 13 2 5 4 3 6 ) = g cos Ow - -tg Ow - -tg Ow + -tg Ow . 
4 2 4 

(29) 

Substituting eqs. (29) and (27) in eq.(28) leads to the equation for 6: 

( 11 ) 2 ( 1 ) 4 3 6 - - 6 tg Ow + - - 3 tg Ow + -tg Ow = 
86 . 4~1 86 

13 2 5 4 3 6 
= -4tg Ow- 2tg Ow+ 4tg Ow, (30) 

and finally we obtain ~1 = 1/2. 
As the result we come to conclusion, in the considered case the RG 

equation gave possibility not only to connect with each other the vertexes 
WW Hand ZZH but also to calculate them explicitly 

(0) 1 2 
fwwH ~ 2vg, 

1 2 (o) - vg, 
f ZZH - 4cos20w (31) 

that exactly coincides with the SM result. To complete, let us adduce the 
relations appearing between the parameters of the EL: 

(0) (0) 
a 1 JWW _ 2awwww 

(0) - (0) 
anzz awwzz 

(0) 20 
awwzz = 2cos W· 

- (0) 
2azzzz 

(32) 

The above simple example shown that the renormalizability of the 
theory implemented in the equation (18) can be used to reduce the number 
of independent parameters in the EL. Specific correlations between the 
parameters corresponding to different processes, naturally, depend on 
models containing new heavy particles. 

5. Discussion of results 
Let us no te a number of features of the approach proposed.As it 

was realized, the investigation of the effective operators is reduced to 
investigation of the scattering processes of different in general case particles 
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on the external field produced by the heavy particle. The interaction with 
the external field has to be taken into account in tree approximation. The 
renormalizability of the fundamental theory implemented in the existence 
of the RG equation for the low energy EL (1) serves in order to determine 
a number of relations between scattering processes. The latter fact is very 
important , since just the relations between Ctj,d en:tering the EL would give 
information about fundamental theory. 

Formal mathematical cause of that is originated from the asic property 
of the vertexes in a renormalizable theory - recurrence of the tree-level 
algebraic structure by the divergent part of the radiatio corrections. 
The second point is the presence in different RG equation of 'the same 
anomalous dimension corresponding to the heavy particle "external field" . 
It can be excluded from the system of one-loop RG equations and resulted 
in defined ratios between coefficients parametrizing the vertexes and hence 
between the parameters Ctj,d· Different parametrizations c nnected with 
different groups of symmetry will lead to numerically different correlations 
between chosen parameters Ctj,d· 

We complete our discussion with the remark that RG equations give 
a possibility to obtain information about new physics beyond the SM 
energy scale investigating scattering processes with ordinary particles at 
low energies. In a sense, at low energies the one-loop RG equations 
substitute the condition of the tree unitarity for scattering amplitudes 
which has been used at high energies tb determine the renormalizable 
theory. So, the developed method seems to be more informative than 
formulation of not well defined conditions (such as a naturality condition) 
usually discussed in literature [2], [10], when the EL approach is applied. 
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Phase transitions induced by high temperatures and strong magnetic fields 
are investigated in the Standard model. The one-loop effective pctential and the 
ring diagram corrections are calculated and investigated for difl erent values of 
field, temperature and the Higgs boson mass mH. All other parttcles- fermions 
and bosons - are taken into account with their actual values of masses. It is 
shown that the symmetry restoration is the second type phasf transition for 
mH 2 Mw. The magnetic field essentially changes the parameters of the phase 
transition at high temperatures. It is shown that the fields H > 3 · 1024G could 
not be realized in early universe. The vacuum structure is brieflr discussed. 

!.Introduction 
The concept of symmetry restoration at high tempera1 ure has been 

intensively used in studying the evolution of the u nivers ~ at its early 
stages. Nowadays it gives a possibility to investigate various problems 
of cosmology and particle physics [1], [2]. In particular, the type of the 
electroweak phase transition and hence a further evolution of the universe 
depends on the mass mH of the Higgs boson. Most innstigations of 
the electroweak phase transition have included into consid~ ration a high 
temperature environment as the main ingredient [2], [3]. B 1t in recent a 
few years cogent arguments followed from different approa< hes in favour 
of the presence of strong magnetic fields at that stage have appeared [5], 
[6]( recent review on the magnetic fields in the universe is Rd.[7]). So, the 
phase transition at high temperature and strong fields has to be of interest 
. Moreover, at present time when all masses of fundameJttal particles, 
except mH, are known there is a possibility to investigate n details the 
phase transition as the function of this parameter . This, in p uticular, will 
give a possibility to determine the properties of the vacuum. its structure 
and to specify a so-called metastability bound on mH [3],[4]. 

One of possibilities to have strong magnetic fields in th·~ electroweak 
phase transition epoch was clarified by Vachaspati [5]. From his analysis 
it follows that under very general conditions the fields H ,....., T? in the 
patches of sub-horizon scales can be generated during a large class of 
grand unified transitions [6],[7], where T; is transition tempuatures. The 
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second one is formation of the Savvidy vacuum magnetic state at high 
temperature (H "' gT2 ,g is gauge coupling constant) [13, 14],[23]. In 
latter case only the abelian field configurations could arise spontaneously 
since they are sourceless. For many problems it is important to estimate 
the field strergths presented, but it is difficult to realize that without 
detailed inves .igations within specific models. Usually, only one type of 
fields is consi,fered. Therefore, results obtained in such a way give an 
upper estimate of the field. This remark is relevant to the our present 
investigation. The discussed "primordial" fields are usually considered as 
seed fields responsible for generation of the observed magnetic fields in 
galaxies [7]. 

Various aspects of the phase transitions in magnetic fields at high 
temperature lave been investigated by many authors [8]-[14]. In Refs. 
[11],[18] the p 1ase transitions derived with the effective potential (EP) of 
the bosonic pc.rt of the Salam-Weinberg model and the vacuum structures 
of the phases have also been described. In Ref.[14] in addition to the 
temperature ;; nd magnetic fields a chemical potential was incorporated. 
But the role o ·the fermions has not been investigated in details. However, 
due to a rathEr heavy t-quark mass, mt -::::::: 175 Gev, an unbounded global 
minimum of t1e EP is produced in addition to the electroweak local one 
for not very h~avy Higgs's scalars [3]. As will be shown, strong magnetic 
fields influenc ~ essentially the phase transition dynamics realized in this 
case.Another tspect of .the electroweak phase transition, which also was 
not investigat ~d but plays an important role, is the influence of the so­
called ring di<cgrams at high temperature and strong field. At zero field 
it was investi sated in details in Refs.[15],[16] where it has been shown 
the importance of these diagrams for determining the type of the phase 
transition. 

In the pre:;ent lecture we discuss the electroweak phase transition at 
high temperature and constant strong magnetic fields H . We calculate 
and investigate the one-loop effective potential and the contributions of 
ring diagrams. In contrast to previous considerations we include the 
content of all bosons and fermions with the corresponding masses. So, 
the only free parameter remains the mass mH. As we shall see, the 
influence of krmions (mainly heavy quarks) is of great importance. It 
also will be s 1own that for values of mass mH 2: M11J the electroweak 
phase transition is of the second type one. Moreover, a magnetic field acts 
not only to st .mulate generation of the electroweak minimum but also it 
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removes the potential barrier separating this state from t l:te unbounded 
global minimum produced by the heavy fermions. At an r temperature 
there exist a corresponding field at which the metastable vacuum could 
not produced at all. This property will be used to find an 1pper limit on 
the field strengths at the transition epoch. Fermions affect both the phase 
transition and the vacuum structure appeared. The lecture s organized as 
follows. In Sects.2,3 the one-loop contributions of bosons a 1d fermions to 
the EP V(ll(T, H, <Pc) are calculated in the form convenient for numerical 
study. In Sect.4 the contribution of ring diagrams is calcu ated. Further 
in Sect.5 we investigate symmetry behaviour for the number values of the 
mass mH and fields H considering the cases when only the one-loop EP is 
taken into account and when in addition the ring diagram~ are included. 
The description of vacuum structures and the discussion of the results 
obtained are given in Sect.6. 

2. Boson contributions to V( 1 l(T, H, <Pc) 
The Lagrangian of the boson sector of the Salam-Weinb ~rg model is 

L =-~Fa F~'-v- ~G G~'- 11 + (D <l>)~(D~'-<1>) 4 IJ.ll a 4 IJ.ll JJ. 

+ ~2 (<1>+<1>)- ~(<1>+<1>)2, (1) 

where the standard notations are introduced 

F:v = a~'-A~ - avA: + gc;abc A:A~, 

G~'-v = a~'-Bv- avE~'-, 

D a 1. Aa a 1. 'B 
~'- = ~'- + 2zg ~'- r + 2zg w (2) 

The vacuum expectation value of the field <1> is 

(3) 

The fields corresponding to the W-,Z-bosons and photons respectively, 
are 

± 1 ( 1 . 2) WJL = J2 AJL ± zAJL , 
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1 ( 3 I ) 

zll = )g2 + g'2 gAll- g Ell ' 

All= u 
1
, ,?(g'A! + gBil). (4) 

The external e ectromagnetic field is introduced by splitting the potential 
i~ two parts: 41l = All+ A~, where AR describes a radiation field and 
A = (0, 0, H x1 , 0) corresponds to the constant magnetic field directed along 
the third axis. We make use of the gauge-fixing conditions [22] 

2¢2 a w±ll ± ieA w±ll • ig __ _,~.± = c±(x) 
ll ll 'T 4' '+' ' 

(5) 

a zll _ !_(g2 + '2)1;2_,~. = c ll e g 'f'z Zl 
(6) 

where e = gsir Bw, tangBw = g' I g, ¢±' cPz are the Goldstone fields, e, e are 
the gauge fixil!g parameters, c±' cz are arbitrary functions and cPc is a 
scalar condens tte value. In what follows, all calculations will be done in 
the general rehtivistic renormalizable gauge (5),(6) and after that we set 
e,e = 0 choosing the unitary gauge. 

To compute the EP V(l) in the background magnetic field let us 
introduce the proper time,s, representation for the Green functions 

00 

Gab = -i j ds exp( -isG_1ab) 
0 

(7) 

and use the me~hod of Re£.[17], allowing in a natural way to incorporate the 
temperature into this formalism. A basic formula of Re£.[17] connecting the 
Matsubara- Green functions with the Green functions at zero temperature 
is needed,. 

+oo 

G'kb(x, x'; T) = 2:) -1)(n+[x])""kG'kb(x- [x],Bu, x'- n,Bu), (8) 
-oo 

where Gl,bis th ~corresponding function at T = 0, ,8 = l/T, u = (0, 0, 0, 1), 
the symbol [x] means a whole part of x4/,8,ak = 1 in the case of physical 
fermions and ck = 0 for boson and ghost fields. The Green functions in 
the right-hand side of formula (8) are the matrix elements of the operators 
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Ck computed in the states I x', a) at T = 0, and in the !eft-hand side 
the operators are averaged in the states with T i= 0. The :orresponding 
functional spaces U0 and ur are different but in the limit of Tf30 ur 
t ran sforrns in to U0

. 

The one-loop contribution into EP is given by the expre;sion 

y(l) = ~TrlogGab 
2 ' 

(9) 

where cab stands for the propagators of all the quantum fields w±, q;±, ... 
in the background magnetic field H. In the s-representation t 1e calculation 
of the trace can be done in accordance with formula [20] 

1, I cab Joo ds ( . c-1 ) r og = - -;tr exp -zs 'ab ( 10) 
0 

Details of calculations based on the s-representation and the formula (8) 
can be found, for example,in Refs.[17],[18],[23]. The terms ·vith n = 0 in 
Eqs.(8), (9) give zero temperature expressions for. Green's un..ctions and 
effective potential y(ll, respectively. They are the only terms possessing 
divergences. To eliminate them and uniquely fix the potential we use the 
following renorrnalization conditions at H, T = 0[18]: 

82 V(rf;,H) 1 
aH 2 IH=O,,P=S(o)= 2' ( 11) 

8V(¢,H) 
aq; IH=O,,P=S(o)= 0, ( 12) 

82 V(¢, H) 2 
a¢2 IH=O,.P=S(o)=l m I, (13) 

where V( rf;, H) = y(o) + y(l) + · · · is the expansion in a number of 
loops and 8(0) is the vacuum value of a scalar field determined in a tree 
approximation. 

It is convenient for what follows to introduce the dimensionless quan­
tities: h =If/ Ho(Ho = M~/e), ¢ = rPc/8(0), I<= m'k/M~, E = f3Mw, T = 

1/B = T/Mw,V = V/H6 and Mw = ~8(0). 
After reparametrization the scalar field potential is directly expressed 

in terms of the ratio I<, 

v(o) = h2 +I<(- ¢2 + rj;4). 
2 4 8 

(14) 
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The renormalized one-loop EP is given by the sum of the functions 

vl = v(o) + v(ll( c/J, H, K) + w(l)( c/J, h, /(, T ), ( 15) 

where V(l) is :he one-loop EP at T = 0, which has been studied already 
in Ref. [22]. It has the form: 

where 

v(lJ -
w,z-

v(lJ = v(lJ + v(ll 
w,z </> ' (16) 

3 2 1 c/J2 2 I 1 4 
a [.~ Logf1(2 + 

2
h) + h ( (-1) + 15c/J 

7r 

I 4 c/J2 1 2 1 2 ] - c/J log~+ -h - -h log(2h) 
E 2h 24 24 

+ ;:_[-2h2 + (h2 + hc/Y2 )log(h + c/J2) + (h2 - hc/J2 )log I h- c/J2 I] 
L1r 

+ i~ah(cfJ2 -h)B(h-cfJ2 ) 
2 

(17) 

V~l) = R sin2Bw( -c/J2 + ~c/J4 ) 
3a 1 1 4 2 3 4 2 + -(1 +. --)( -c/J logc/J - -c/J + cP ) 
47r 2cos2B 2 4 

aK
2 

[(9 -~, 4 3 -~, 2 1 )t I 3c/J
2

- 1 I 27 -~,4 21 -~, 2 ] ( ) + - -'+' - -'+' +- og --'+' + -'+' 18 
327r 2 4 2 2 4 2 

and w(ll is the temperature dependent contribution to the EP determined 
by the terms of formulae (8),(9) with n =f. 0. 

We outline the used calculation procedure considering the W-boson 
contributi<:>n a:; an example [23], 

w(l) = ~. j"" ds e-is(</>2/h) [1 +~cos 2s] Eexp(ihB2n2 /4s). (19) 
w 271 s2 sm s I 

0 

As Eq.(17), this expression contains an imaginary part for h > c/J2 appeared 
due to the tachyonic mode c2 = p~ + M~- eH in the W-boson spectrum 
[22]. It can be explicitly calculated by means of an analytic continuation 
taking into account the shift sBs - iO in the s- plane. Fixing c/J2 / h > 1 one 
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can rotate clockwise the integration contour in the s-plaiLe and direct it 
along the negative imaginary axis. Then, using the identity 

_1_ = 2 f e-s(2p+I) 

sinh s p=O 
(20) 

and integrating over s in accordance with the standard integral 

00 

j dssn-I exp(-~- as)= 2(~t12Kn(2Vab), (21) 
0 

a, b > 0, one can represent the expression (19) in the form 

(22) 

where 

00 y 
WI= L -KI(nBy),y = (¢}- h)I/2 (24) 

n=I n 

and in the region of parameters (p < h after analytic continuation 

7r 
00 IYI 

WI=-- L -YI(nB I y I), 
2 n=I n 

(25) 

(26) 

and Kn(x), Yn(x) are the Macdonald and Bessel functions, respectively. 
The imaginary part of wf;l is given by the expression 

(27) 

ln(x)is Bessel function. As is well known, the imaginary part of EP is 
signaling the instability of a system [20]. In what follows w·~ shall consider 
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l 
il 

II' 
I!; 
1 

mainly the symnetry behaviour described by the real part of the EP and 
processes conne:ted with lmD will be discussed in Sect.6. 

Carrying ou1 similar calculations for the Z- and Higgs bosons, we obtain 
[11]: 

o: 00 (p2 , nB¢ 
Wz=-6-L 2() 2B2l\2(--f:)) 

7r n=l COS wn cos 
(28) 

-2£'"" _t
2
-K2 (nBt) 

{ 

1r D B2n2 } 

Rewq, = 0: f s~2 Y2(nB It I) . 
n=l 

(29) 

where the vari;:ble t = [JC( 3
"'

2

2-
1))Ff2 at 3¢2 > 1 

function Y; ( x) has to be calculated at 3¢2 < 1. 
imaginary part will also be considered in Sect.6. 

and series with the 
The corresponding 

The above ~~xpressions (16),(22),(28),(29) will be used in numerical 
studying of the symmetry behaviour at different H, T. In fact, there is a 
cancellation of c:. number of terms from the zero-temperature contributions 
given Eqs.(16) <.nd T-depended terms. This fact has a general nature and 
can be used as .t good check of the correctness of calculations. 

3. Fermior contributions to V(ll(H, T, ¢) 
To find the explicit form of the fermion contribution to the EP let 

us consider the standard unrenormalized expression written in the s -
representation [ 21]: 

oo • +oo d 
V(l) = _ __:_ "'"' ( -1t j ~e-(m2 s+!32 n2 

f 4s)( eH s )cotheH s, (30) 
f 8·~2 n~oo s3 

-oo 

m is a fermion mass. Here, we have incorporated the equation (8) to 
include a temp ~rature dependence. In what follows, we shall take into 
account the contributions of all fermions - leptons and quarks - with their 
masses known a; present time. Usually, considering a symmetry behaviour 
without field ore restricts himself by a t-quark contribution only. But in 
the case of an external field applied this is not a good idea, since the 
dependence of 'f(l) on H is a complicated function of the ratio m}feH. 
So, at some fixe(l values of H, T different dependencies on H will contribute 
for fermions wi1 h different masses. Hence, a very complicate dependence 
on the field takes place in general. We include this in a total, carrying 
out a numerical calculations and summing up over all the fermions. Now, 

+oo 
separating a zen temperature contribution by means of the relation L = 

-oo 
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1 + 2 f and introducing the parameter K J = m} / M~ = 2G~ ukawal g2, we 
1 

obtain for the zero temperature fermion contribution to the dimensionless 
EP, 

VJ(h, cp) = a "'/{!2( -2¢J2 + ~¢4- ¢4log¢Y2) 
4rr 7 2 

~"'(2h21 2lqJih) 
7r 7 qf 6 og f{f 

a "' 2 2 /{ f ¢Y
2 

' 1 2 2 ; 7 [2q1h logf1( 2 l qf I h)+ (2( (-1) -- 6)q1h 

+ 1 r2A,4 (11'2 4 11' I lhA-2)1 2lqJih](3) -/<..!'+' + - '-Jc/J -- '-! qf '+' og-1, A-2 1 
8 4 2 '-!'+' 

where q1 is a fermion electric charge, the sum 

3 3 

L =I: (leptons)+ 3 L(quark.s) 
f f=1 f=1 

counts the contributions of leptons and quarks with their electric charges. 
The r 1 function is defined as follows (see, for example, surve~ [22]): 

!
X 1 1 

log f1(x) = dy log r(y) + 2X(X- 1)- 2X log(27r I. (32) 
0 

The finite temperature part can be calculated in a way, :lescribed in 
the previous section. In the dimensionless variables it looks a:; follows: 

Again, a number of terms from Eqs.(31) and (33) are can :elled being 
summed up, as in the bosonic sector. 

These two expressions and the boson contributions obtained in Sect.2 
will be used in numerical investigations of symmetry behaviour. More 
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precise, we consider the difference V'(H, T, ¢) = ReV(H, T, ¢)- ReV(H, 
T, ¢ = 0) giving possibility to determine the symmetry restoration. As 
was mention ~d in Introduction, we will consider the EP of two types - the 
one-loop contribution and the sum of that and the ring diagrams which 
are the next corrections. 

4. Cont1·ibution of ring diagrams 
It was sh•)Wn by Carrington [16] that at T of- 0 a consistent calculation 

of the EP ba:;ed on generalized propagators, which include the polarization 
operator insutions, requires the ring diagrams to be added simultaneously 
with the one-loop contributions. These diagrams essentially affect the 
phase transition at high temperature and zero field [15],[16]. Their 
importance .Lt T and H of- 0 was also pointed out in literature [13],[14] 
but, as far a:; we know, these contributions have not been calculated, yet. 
So, we are going to fill in this gap. 

As is kn Jwn [15], the sum of ring diagrams describes a dominant 
contribution of great distances. It differs from zero only in the case 
when massless states appear in a system. So, this type of diagrams has 
to be calcu!.tted when a symmetry restoration is investigated. To find 
the correctic n V..ing(H, T) at high temperature and magnetic field the 
polarization operators of the Higgs particle, photon and Z-boson at the 
considered b.tckground have to be calculated. Just these calculations have 
been annour ced in Refs.[13], [14]. Then, V..ing(H, T) is given by series 
depicted in f gures 1,2: 

Here, a dashed line describes Higgs particles, the wavy lines represent 
photons and Z-bosons, the blobs represent the polarization operators in 
the limit of lero momenta. As also is known [16], in order to calculate 
the contribw.ion of ring diagrams not the complete polarization operators 
TI~-'v( k, T, H) but only their limiting expressions at zero momenta TI00 ( k = 
0, T, H) are sufficient. This limit is named the Debye mass and can be 
calculated also from the effective potential of special type. The latter 
considerably simplifies our task. 

Now, let 1s turn to calculations of V..ing(H, T).This part of EP is given 
by the standud expression [15],[16],[13]: 

l~ing = - 12~,8Tr{[M2 (¢) + floo(0)] 312 -.M3 (¢)}, (34) 

where trace neans the summation over all the contributing states, M(¢) 
is a tree mass of corresponding state and TI00(0) = TI( k = 0, T, H) for the 
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Higgs particle and II00(0) = Il00 ( k = 0, T, H) are the zero-zeJO components 
of the polarization operators in the magnetic field taken at 2ero momenta. 
The above contribution has order "' 93 (>,3

) in coupling constant whereas 
the two-loop terms are to be of order "' 94

. As Il00 (0) the hig 1 temperature 
limits of polarization functions have to be substituted whicl. are of orders 
"' T 2 for leading terms and "' 9cPcT, (9H) 1I2T, c/Jc, (9H) 1

/
2 /T << 1 for 

subleading ones. 
For the next step of calculations, we remind that the effective potential 

is the generating functional of the one-particle irreducible G·een functions 
at zero momenta transferred. So, to have II(O) we can just calculate the 
second derivative with respect to ¢ of the potential vUl(H, T, ¢) in the 
limit of high temperature ,T > > ¢, ( eH) 112 and set ¢ = ). This limit 
can be calculated by means of the Mellin transformation technique (see 
for example [23]) and the result looks as follows: 

(I) [(c' 2 a1r 2 9
2 

2) 2 
V ( H, ¢, TBoo) 12c/Jc + 2cos2()w cPc + 16 cPc T ] 

+ [o:1r (3-\¢~- 82(0))T2 - ~a-¢3T 
6 cos3 () 

~(3-\¢~- 8
2
(0) )3; 2T] 

3 2 
1 1 1 1 
-( -¢2 + 9H)3f2T + -eHT( -¢2 + eH)I/2 
27r 4 c 47r 4 c 

+ ~eHT(l¢~- eH) 112
, (35) 

3 3 
The parameter c1 = 2:: G71+3 2:: c;q determines the fermiou contribution 

i=l i=l 

of the order "' T 2 having relevance to our problem. We also )mitted "' T 4 

contributions to the EP. The terms of the type"' lo9[T / f( ¢, jf)] cancel the 
logarithmic terms in the temperature independent contributions (15),(30). 
Considering the high temperature limit we restrict ourselves by linear and 
quadratic in T terms, only. 

Now, differentiating this expression twice with respect to ¢and setting 
then ¢ = 0, we obtain 

II.p(O) = 82V(1l ( ¢, H, T) 
8¢2 l<t>=O 

1 ( 6e
2 

3e
2 

) '""' :1 2 
24/32 6-\ + . 2 20 + ~ + L2G,j(3 

Sill w Sill w f 
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(eH) 112 1 1 + . e2 (3V2((--,-)-1). 
81r sm2 Bwf3 2 2 

(36) 

The terms "' T 2 in Eq.(36) give standard contributions to temperature 
mass squared coming from the boson and fermion sectors. The H­
dependent term is negative since the difference in the brackets is 

1 1 
3 12((-- -)- 1 "' -0 39 VL 2'2 - ' . 

Formally, this may result in the negativeness of the II(O)¢ for very strong 
fields ( eH)112 > T. But this happens in the range of parameters where 
asymptotic e:~pansion is not valid. Substituting expression (36) into 
Eq.(34) we obtain (in the dimensionless variables), 

vrt>. = __ 1_{(3~p- 1 K + rr (o)}3/2 + ~1<(3¢2 - 1 )312 _ 
rmg 12B 2 ¢ 3B 2 (37) 

As one can set,, the last term of this expression cancels the term in Eq.(35), 
which becomes imaginary at 3¢2 < 1. This is an important property which 
prevents the i 1frared instability at high temperature. 

To calcula;e the H-dependent Debye masses of photons and Z-bosons 
the following procedure will be used. We calculate the one-loop EP 
of the W-bosJns and fermions in a magnetic field and some "chemical 
potential" ,f..l, which plays the role of the auxiliary parameter. Then, by 
differentiating them twice with respect to f..l and setting f..l = 0 the mass 
squared m'JJ \\ill be found. Let us demonstrate that in more detail for the 
case of fermiorr contributions where the result is known. 

The temperature dependent part of the one-loop EP of constant 
magnetic field and a non-zero chemical potential induced by an electron­
positron vacu·1m polarization is [21]: 

00 
00 d (32[2 

(1) 1 """ 1+1 J s - 2 
Vferm. = --: L..)-1) :;exp(---m s)eHscoth(eHs)cosh(f3lJ.L), 

. 47r · 1_ 1 0 
s 4s 

(38) 
where m is the electron mass, e = gsinBw is electric charge and a proper­
time represen .ation is used.Its second derivative with respect to f..l taken 
at f..l = 0 can he written in the form, 

2v(1) a ferm. 

af..l2 
eH 2 a ~ 1+1 /oo ds 2 2 2 = -

2 
f3 (3

2 
L._.,(-1) -exp(-m s- (3 l /4s)coth(eHs). 

7f 1=1 0 s 

(39) 
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Expanding coth( eH s) in series and integrating over s in accordance with 
formula (21) we obtain in the limit of T > > m, ( eH) 112

: 

~ l+l Sm 2(eH) 2 lf3 
L.)-1) [-K1(mf3l)+- K1(mf3l)+···J 
1= 1 (3! 3 m 

( 40) 

Series in l can easily be calculated by means of the Mellin t1 ansformation 
(see, for example, Refs.[23],[14]). To have the Debye mass squared it 
is necessary to differentiate Eq.(39) with respect to /3 2 anc to take into 
account the relation of the parameter 11 with the zero com >Onent of the 
electromagnetic potential : 11BieA0 [13]In this way we obtair finally, 

2 2 . 2 T 2 
1 2 2 2 

mv=gsmBw(3-
2

7r
2

m +O((mf3),(eHf3)1). (41) 

This is the well known result calculated from the photon polarization 
operator (see for example [19]). As we see, the dependence on H appears 
in the order "' T- 2 . To find the total fermion contribution to mb one 
should sum up expression ( 41) over all fermions and substitutt their electric 
charges. · . 

To calculate mb for Z-bosons it is sufficient to take into account 
the fermion couplings with Z-field. It can be done by substituting 
11f3i(g/2cosBw + gsin 2Bw) and the result differs from Eq. (41) by the 
coefficient at the bracket in the right-hand side which have t<• be replaced, 
lsin2Bf3l( -4 \" + tang2Bw)· One also should add the terms corning due 

COS Uw 

to the neutral currents and the part. of fermion-Z-boson interaction which 
is not reproduced by the above replacement: 

( 42) 

Now, let us apply this procedure for the case of the W-bo;on contribu­
tion. The corresponding EP (temperature dependent part.) calculated at 
non-zero T, 11 in the unitary gauge looks as follows, 

(1) eH Loo Joo ds 2 2 2 V = -- -exp(-m s- l f3 /4s) 
w 81r2 5 2 

1=1 0 

( 43) 

[ . h~ H ) + 4sinh(eHs)]cosh(f3l;t). 
8zn e s 
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All the notations are obvious. The first term in the squared brackets gives 
the triple con ,ribution of the charged scalar field and the second one is 
due to the in1 eraction with a W-boson magnetic moment. Again, after 
differentiation twice with respect to fL and setting fL = 0 it can be written 
as 

82 V~1 l eH 2 a oo foods m 2s F(J2eH 
--=-/3-L -exp(--- ) 

Cft 2 27r 2 8(3 2 
l=l 

0 
s eH 4s 

( 44) 

[. h: H ,+4sinh(eHs)]. 
szn e .s 

Expanding sinh- 1 s in series over Bernoulli's polynomials, 

1 e-s oo B 
sinhs =---:;-- L k~(-2s)\ 

k=O · 
( 45) 

and carrying •mt all the calculations described above, we obtain for the 
W- boson con~ribution to m"b of the electromagnetic field, 

m1 = 3lsi7. 2Bw[~T2 - _2_T(m2 + gsinBwH) 112
- ~(gsinBwH) (46) 

3 27r 87r 

+0(m2 /T 2
, (gsinBwH/T 2

)
2

)]. 

As is seen, sr in does not contribute to the Debye mass in the leading 
order. The· se :ond very" important point is that the linear in T term has 
negative sign. This leads to the generation of the magnetic field at high 
temperature. \1ore detailed it was discussed in Ref. [13]. 

The contribution of the W-boson sector to the Z-boson mass m"b is 
given by expn:ssion ( 46) with the replacement l sin2Bwf3g2cos 2Bw. 

Summing 1p the expressions ( 41) and ( 46) and substituting them in 
Eq.(34), we o )tain the photonic part V..'"Jng where it is also necessary to 
express masse:; in terms of the vacuum value of the scalar condensate <Pc· 
In the same w;ty the contribution of Z-bosons V..ing can be calculated. The 
only differeno~ is an additional mass term of Z -field and the additional 
term in the Debye mass due to the neutral current "' V{p,VZmu . These 
three fields - ¢, 1, Z ,- which becomes massless in the restored phase, 
contribute into Vring ( H, T) in the presence of the magnetic field. At zero 
field there is a.so a term due to theW-boson loops in Figs.1,2. But when 
H =f 0 the d arged particles acquire rv eH masses. The corresponding 
fields remain :;hort-range ones in the restored phase of the vacuum and 
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therefore do not contribute. A separate consideration shoul:i be spared to 
the tachyonic mode in the W- boson spectrum . We also shdl discuss it in 
details below. Here, it only worth to mention that this moce is connected 
with a spin interaction and does not influence the Goo( k) component of the 
W-boson propagator. So, the "Coulomb-like charged field'' is short-rang 
one when an external magnetic field is switched on. 

5. Symmetry behaviour in a magnetic field at high tempera­
ture Having obtained the one-loop EP described by formlllae (16),(22), 
(28)-(33) and the ring diagrams contribution V,.ing we are going to inve­
stigate the symmetry behaviour at high temperature and strong; magnetic 
fields. We shall present that in two steps. First, we consider the sum of 
the three and one-loop effective potentials as the function of ¢2 at various 
fixed H, T and I< . Then, we shall add the term V,.ing anc. calculate the 
symmetry behaviour for the total EP at the same fixed H, 'f, I<. This will 
clarify the role of the plasmon contributions in the magnetic field. Since 
our EP by construction contains as an input all the fundam1~ntal particles, 
we shall obtain new information about the electroweak pha;e transition. 

As usually [22], to investigate symmetry behaviour let 1; s consider the 
difference V' = Re[V(h, ¢,I<, (3) - V(h, ¢ = 0, (3)] which describes the 
possibility of symmetry restoration. More precise, we corsider the real 
part of this function. The imaginary part describing the instability of 
the state because of the unstable mode in the W-boson sp1!ctrum will be 
discussed separately. Below, we consider the case when tbe mass mH is 
equal to Mw. Typical curves for small fields h and different ralues of f3 are 
plotted in Fig.3. 

It is seen that the well known symmetry restoration (for the heavy 
fermion case) takes place. There are two minima- local, produces due to 
the Higgs mechanism, and and global one, generated due to heavy fermion 
contributions. At low temperatures (big (3) the local metast :tble minimum 
is disposed near the value ¢2 = 1 that corresponds to the >pontaneously 
broken symmetry. With a temperature increasing the l<•cal minimum 
becomes shallower and at f3 "' 0.1 removes to the value ¢2 = 0 that 
signals the symmetry restoration. At the same time the barrier separating 
two minima is increasing in height and width suppressing tunneling to the 
global unbounded from below minimum. 

In Fig.4 we present the influence of the field on the symmdry behaviour 
at low temperature. As is seen, an increase in h leads to the ~etting deeper 
of the local minimum and to the growing up the barrier w1ich separates 
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the minima. lrr this way the magnetic field prevents the tunneling to the 
global minimum. 

Now, let u; investigate symmetry behaviour at high temperature and 
strong magnetic fields. Typical picture is shown in Fig.5. From the plot 
it follows that the field acts as a temperature decreasing and stimulates 
the symmetry breaking. First the metastable vacuum is generated under 
the field incr·~asing. When the field strength is growing further the 
potential barr .er between the local and global vacua is diminishing and 
the depth of t lle former one is getting smaller. At h 2 3 the electroweak 
minimum discppears at all. This picture is typical and realized at any 
high temperature. Therefore, it is possible to obtain an upper limit on the 
magnetic field strength requiring that the electroweak vacuum must be a 
long living stLte. From the above analysis one could conclude that the 
fields H 2 3HJ = M 2 /e"' 3 · 1024G have not been generated in the early 
universe. In the opposite case our world would never been realized and 
the system from the very beginning suppose to be in the global minimum. 
Similar symmdry behaviour (with slightly different values of h, (3) has also 
been determir ed for K = 2. Summarizing the above results we note that 
fermions affec1 in a very essential way the symmetry behaviour in the field 
H. 

Now, let u l include in our consideration the contribution of Vcorr . . In 
Fig. 6 the n rves a),b) show the symmetry behaviour for intermediate 
temperatures and small fields. The case a) corresponds to the one-loop 
EP and b) - to the total EP including the ring diagram effect. The curves 
c), d) describ(: correspondingly the same potentials for the middle values 
of fields. From the plot it follows that Vcorr. is inessential for intermediate 
h, (3. But it is important for small h when this contribution acts to remove 
the separatior barrier and stimulate the transition to the global vacuum 
state. 

In Fig.7 tl e influence of the ring diagrams is represented for small (3. 
We see again that with Vcarr. included (curve b) )the influence of the field is 
resulted in tht removing of the barrier and in this way the transition to the 
global minimt m is stimulated. This effect is important for the cosmology 
scenario with ,he primordial magnetic field. In particular, it means that to 
have the long leaving metastable minimum the bound value of the Higgs 
boson mass have to be increased as compared with the zero field case 
discussed in literature [3],[4]. Another important possibility arises for the 
fixed value of ]{. in this case to have a realized metastable vacuum an 
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upper limit on possible field strengths should be derived, as we discussed 
before. 

6. Discussion 
Let us discuss the vacuum stability in a magnetic field. This problem is 

connected with the presence in the W- boson spectrum the mole P6 = M~­
eH which becomes unstable for H > M~je. The evolution of this state 
and its consequences have been investigated by many auth<•rs in various 
approaches [24],[22],[12]. For the considered case of high ~emperatures 
this problem was studied only for the bosonic part of electr )weak theory 
been included [11],[18],[12]. In Refs. [12] the classical equa .ions of W, Z 
and ¢ fields were solved and the results that at high terr perature the 
symmetry is restored and the magnetic field is screened by the W- boson 
and Z-boson condensates have been obtained. The key )oint in this 
approach is the assumption that the symmetry restoration s the second 
type phase transition which can be taken into account by adding the term 
"" ¢2T 2 in field equations. In Refs.[11],[18] the vacuum ;tructures at 
high temperatures generated due to the evolution of the uustable mode 
for different values of the parameter I< have beeri described ." In these 
papers both the classical equations and the one-loop EP w~re included. 
The latter is obligatory because of the complicated behavio lf of the EP 
in the intermediate range of temperatures and magnetic fields. But the 
conclusion about the final vacuum state was not derived. 

The present investigation based on the complete EP "'ith fermions 
included shown that symmetry restoration is really to be tht second type 
phase transition ( for values of I< considered ,mH > Mw ). 1 herefore, the 
results of Ref. [12] seam to be relevant. However, at finite temperature 
not only the terms rv ¢2T 2 but also a number of other terms dependent on 
H, T, ¢(see Eqs.(41), (46)) are generated. These terms as well as the Debye 
mass of charged W- bosons should be included in the effectiv~ Lagrangian 
describing the evolution of the instability. Thus, a complete investigation 
of the instability evolution requires an additional calculations. But for the 
cases of intermediate states shown in figures 4 - 6, when the irr,aginary part 
/mV(l) is small, the results of Refs.[l1],[25] are relevant. So, one can arrive 
at the qualitative picture that the evolution of the unstable mode in these 
states is resulted in the lattice vacuum structure formed fr•>m W -, Z­
and scalar fields. 

As follows from the results of Sect.4 , the role of fermions is very 
essential in the symmetry dynamics. Actually, their contribution deter-
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mines the pr<•perties of the phase transition due to magnetic field. We 
have seen thd at low temperature the field acts to prevent the phase 
transition fro n the metastable to stable minimum of the EP. Since the 
charged fermons and gauge bosons oppositely influence the symmetry 
behaviour in a magnetic field, for the actual values of particle masses 
these two cor tributions compensate each other and the position of the 
metastable m nimum remains near the initial point ¢ 2 = 1 for any values 
of h. The inft1ence of the field is expressed in the change of the potential 
barrier separating two minima. As is also occurred, at high temperatures 
the role of th ~ ring diagrams is important (as also takes place at h = 0 
[15],[16]).Their effect is resulted in an essential modification of the form of 
the EP curve; (see figures 5-7) for the same fixed h. Thus, we conclude 
that the EW phase transition in a magnetic field acquires substantial 
changes. For its detailed investigation it is necessary to calculate the 
bubble nucleation parameters, the metastability bound on mH, etc. which 
are characteri ;tics of the first type phase transition. That will be the topic 
for future. 

Other inkresting problem which can be studied on the base of the 
obtained resu ts is the generation of the chromomagnetic field in massless 
non-abelian t 1eories at T f 0. This problem has also intensively been 
investigated [: 3] ,[23] but a final conclusion about the phenomenon was not 
derived because of the gluon Debye masses at non-zero field required for 
that have oot been cakulated. Now these masses can be easily obtained 
from Eq. ( 46) at the value of the scalar field ¢ = 0 . More precise, to 
have the result corresponding to the massless Yang-Mills theory in abelian 
magnetic fielc it is necessary also to substitute the factor 3 counting the 
number of pclarizations of W-boson to factor 2 - the number of gluon 
polarizations. We obtain 

2 
mL = g2 [~T2 - }_T(gH) 112

- ~gH + O(gH/T2
)], 

3 'Tr 4'Tr 
( 4 7) 

g is the gauge coupling constant. Hence it is seen that the second term has 
the negatives gn and therefore the field has to be spontaneously generated 
at high temperatures (for details on this point see Ref.[13]). Naturally, the 
same has rele·rance to the phase with restored symmetry in the Standard 
model. One cf possible ways to stabilize this state was proposed in Ref. 
[13]. It consists in spontaneous generation of the gauge field electrostatic 
potential. B 1t to have a final conclusion about this mechanism it is 
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necessary to consider a common generation of these fields. This also is 
the problem for future. 

As a conclusion we would like to note that the elect ·oweak phase 
transition in primordial magnetic fields acquires substantial modifications 
which would be resulted in new interesting phenomena of yc•ung Universe 
described by the Standard model. · 

One of the authors (V.S.) expresses kind gratitude to cclleagues from 
Institute of Theoretical physics University of Leipzig for hospitality and 
the DAAD programme for financial support of his stay at Leipzig in period 
when this work had been carried out. 
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Energy sp ?ctrum of the 5-dim hydrogen-like atom on the 
SU(2) instanton background 

M. V. Pletyukhov, E. A. Tolkachev 

Institute of Physics, National Academy of Sciences of Belar'US 

Minsk 220072 Scorina av., 70 

E-rn zil: plet@dragon. bas-net. by, tea@dragon. bas-net. by 

Using the o~ cillator representation for the Schrodinger equation of the 5-dim 
hydrogen-like a;om on the background of the SU(2) instanton we construct the 

energy spectrun of the problem. 

1. Introd 1ction 

It is well- mown that non-relativistic quantum-mechanical problem 
about the hydrogen atom (on the Dirac's monopole background or without 
it) can be interpreted in terms of the 4-dim isotropic (singular) oscillator 
with constrain ;s [1]. The convenience of such representation is apparent. It 
enables to con :truct the set of the coherent states and to pass consistently 
to the classical limit [2, 3], to develop the geometric quantization technique 
[4] and to calculate the energy spectrum [5]. The latter can be readily done 
due to the app 'Oach based on the dynamic symmetries of singular oscillator 
which have be ~n investigated in [6, 7]. 

In the p.reEent work .we are interested in the hydrogen-like systems in 
the dimension:: higher than 3 allowing the oscillator representation on the 
analogue with the hydrogen case. In particular, we consider [8] the 5-dim 
hydrogen-like atom on the background of the BPST (Belavin-Polyakov­
Schwartz-Tyupkin) instantonic potential [9] 

7rl' a 
( 

2 ) 2- R cp = np, (1) 

where1rl' = -ioi'-A~Aa, fl = 0, ... ,4, a= 1,2,3; R 2 = rl'rl'; Aa are the 
generators of be SU(2) representation with 'isospin' equal/; cp E L( 2I+I)_ 

linear space of the representation; A~ are the components of 1-form of the 
BPST-instant<•nic connection: 

A~dr~' = ( 
1 

) ( -r4dra + radr4- E-abcrbdrc.) 
R R+ ro 

(2) 

Our goal is to calculate the energy spectrum of ( 1). 
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2. 5-dim hydrogen-like atom as 8-dim singular osc[llator 

Consider 8-dim singular oscillator with the Hamiltonian 

1 8 ()2 wx 2 2/(/ + 1) 
H = - 2 L -ax-2 + -2- - ---'-x-2-

t=l l 

8 

(x 2 = LX;x ). 
i=l 

(3) 

Following [10] we bind the coordinates in R5 and R8 by means of the 
Hurwitz transformation 

(4) 

This transformation possesses the property 

(5) 

There is the set of the operators Xa [11] obeying the SU(2) < ommutation 
relations [X a, Xb] = iEabcXc, such that every of them removes the function 
depending on r11 only: Xaf(r 11 ) = 0. 

It is shown [11] that the Schrodinger equation for the Haniltonian (3) 

(6) 

with the constraint 
(7) 

is equivalent to (1). The connection between these two problems is set 
up by means of (4) and with due regard for the relations binding the 
wavefunctions, energies and parameters: 

w(8
) = L D~m,(z)'P(rll), (8) 

m 

a= E/4, 2 
E = -w /8 (9) 

where D~nm'(z) are the Wigner functions depending on t 1e auxiliary 
coordinates z [11], index lis fixed (for instance, m' = 0 fori 1teger land 
m' = l for half-integer !). 

3. Energy spectrum 

The eigenvalues of the Hamiltonian (3) are given by [6, 7] 

l~'nj = 2w ( n + 1/2 + J-!(l + 1) + j(j + :3) + 9/4), (10) 
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where j tak~~s integer and half-integer values. 
Taking i 1to account the relations (9) one can readily find 

0'2 

c. tj = - 2 . ( 11) 
2 (n + 1/2 + j-t(l + 1) + j(j + 3) + 9/4) 

But such co 1sideration doesn't make clear what values j exactly takes. 
To obtain the expression ( 11) in the closed form we shall use the 

approach bc,sed on the ideas of the dynamic symmetries. Consider the 
operators 

B+ 
2 

B2 

H 

-iwajaj _ i2l(l + 1) 
x2 ' 

iwa a·+ .2l(l + 1) 
J J z x2 ' 

w(aj aj + 4) _ 2l(l + 1) 
x2 

The creation aj = vk;(wx1 - 81) and annihilation a1 
operators o(,ey the usual relations 

[aj, aj] = 8ij· 

Let u~ irtroduce tpe operators 

H 
I<o = 2w' 

Bi 
I<+= 2w' 

/{_ = B2 
2w 

which satisf:r the standard SU(l, 1) commutation relations 

[Ko, I<±] =±I<±, [JC, I<+]= 2I<o. 

(12) 

vk;(wxj + aj) 

( 13) 

(14) 

The represeatation of the S U (1, 1) is constructed as follows [7] 

I<oln, k) 

I<+ln,k) 

f{_ In, k) 

(n + k)ln, k), 

j(n + l)(n + 2k)ln + 1, k), 

jn(n + 2k- 1)ln- 1, k), 

(15) 

where n = 0, 1, ... and k( k- 1) are the eigenvalues of the Casimir operator 

C2 = I<6- I<o- I<+IC. (16) 
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From the formal relation 
E 
-=n+k 
2w 

and by force of (9) the next formula derives 

(17) 

(18) 

Here n takes the arbitrary integer non-negative values. One s 1ould figure 
out what values k takes. 

Let us express C2 through the operator of the squared SC'(8) .angular 
momentum F 2 

1 2 c2 = 4F + 2- t(l + 1), (19) 

where F 2 = l::j<m FjmFjm , Fjm = i(xj8m- Xm8j), 1 :S j < m :S 8. 
In [12] the ~omplete set of the wavefunctions of the 8-di n oscillator 

has been constructed by means of the consideration of the subgroup chain 
50(8) :J S0(4) X S0(4) :J U(1) X U(1) X U(1) X U(1). Tt:te obtained 
wavefunctions rz mu ffiJ2i2m21 ffi22 are the simultaneou; eigenfundi~ns of the 
mutually commuting operators F 2

, 12 = li = 1~, N 2 = Ni = N~, !13 ,!23 , 

N1
3

, N23 with eigenvalues 

where 

p2yf J(f + 6)Y1, 
12yf j1(J1 + 1)Y1, 

N2y1 ]2(j2 + 1)Y1, 

I13yf = muYi, 

I23yf = m12Y1, 

N13yf m21Y1, 

N23yf m22Yi, 

0 :S f :S 2n - 2, n integer, f even, 

1 :S f :S 2n- 1, n half-integer, f odd; 

0 :S J1 + J2 :S f /2, f even, J1 + J2 integer, 

1/2 :S J1 + )2 :Sf /2, f odd, Jl + h half-integer; 
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- J2 S m21, m22 S ]2. 

Comparing ;he explicit form of the operators 11 , N 1 and X [12] one can 
immediate!; deduce that 11 + N 1 = X. 

We recall that there exist the constraint (7). According to the angular 
momentum addition rules l = j1 - j2, ... ,j1 + ]2 (we put J1 2:: ]2 for 
certainity), i.e. that l takes values dependent on j 1 and j 2 . We shall 
rearrange tbe scheme (20) in order to make l the free index, i.e. taking the 
arbitrary in·eger and half-integer values: l = 0, 1/2, 1, .... 

Let us define j = f /2 and put l = p - q , where q = j 1 + ]2, p = 
0, 1, ... , 2)2. From the comment to (20) it follows that j = q, q + 1, ... = 

q + p', whe ·e p' = 0, 1, 2, .... Fixing l we find j = l + (p + p'), where 
p" = 0, 1, 2, ... 

Mutual ;·espect of the formulas (19) and (20) leads to the relation 

k(k- 1) = j(j + 3) + 2- l(l + 1), (21) 

which allow l to express k through j 

k = 1/2 + J-t(l + 1) + j(j + 3) + 9/4. (22) 

Substituting it into (18) we obtain the energy spectrum for the 5-dirn 
hydrogen-liLe atom on the background of the SU(2) BPST-instanton 

a2 
Enk -7 Enj = - 2 · (23) 

2 (n + 1/2 + J-t(l + 1) + j(j + 3) + 9/4) 

It exactly c•>incides with (11), but now we are convinced that 

j=l,l+1, ... 

In particular case l = 0 the result 

a2 

Enj=-2(n+j+2)2" (24) 

is in the ful correspondence with that derived in [13]. 
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4.3. QCD Processes 

N onperturbative QCD effects 

L. Babichev, V. Klenitsky, V. Kuvshinov, V. Shaporov, R. Shulyakovsky 

In.;titute of Physics, Skorina 70, 220072 Minsk, Belarus 
e 'mal: kuvshino@dragon. bas-net. by 

Here we consider analytically the possibility of existence and 
correlation properties of three nonperturbative QCD phenomena: 
squeezo)d gluon states in jets, strong instanton in DIS and temper­
ature hysteresis phenomenon in the first order QGP phase transi­
tions. 

I Introc uction 

In this s wrt review we try to demonstrate that not speaking on con­
finement their exist some new essentially nonperturbative QCD phenomena 
with interesting physical properties and which can be search at correspond­
ing experimtmts. 

First oft hem is gluon analogy quantum photon states and in particular 
quantum sqt eezed states which are actively studied now in quantum optics. 
We demonst ·ate that nonperturbative QCD evolution can lead to quantum 
gluon squeezed states ·in QCD jets. 

Second p 1enomenon is strong instanton induced processes in DIS which 
can appear and are search now in Hl experiment at HERA. We study cor­
relations bet .veen gluon in final state as a possible signal of such processes. 

And third- is temperature hysteresis which as we show appear in QGP 
first order phase transitions and can be connected with the properties of 
chiral symmdry violation and confinement. 

II Two gluon correlations at the nonperturbative stage of jet 
evolution. 

There we ·e a number of phenomenological attempts to describe hadron 
multiplicity iistribution (::vfD) and KNO scaling functions for different 
high-energy 1•rocesses by general squeezed state (SS) by analogy with quan­
tum optics (QO). For example, MD of produced particles in e+e-collisions 
[1], [2] shows :;teady oscillatory behaviour that differentiates from the pois­
sonian and n~gative binomial distributions (NBD). 
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These states can have reduced uncertainty of physical va:·iable com­
pared with coherent one, sub-poissonian (for coincide phases) and super­
poissonian (for anti phases) statistics corresponding to antibu r1ching and 
bunching of photons, can decrease quantum noise [3]. 

Earlier we have proved that gluon SS can appear at the nonperturbative 
stage of evolution due to gluon selfinteraction in jet both for collinear 
gluons [4] and noncollinear gluons at the small jet cone [5]. 

We have studied colour evolution of gluon state at the nonperturbative 
stage of QCD for the jet ring and for the total jet cone and also checked 
the fulfilment of the condition of squeezing for evolved vector [61 supposing 
that at the end of perturbative stage there is a set of gluon coh~rent states 
with MD close to NBD [7]. Not any initial gluon state can lead to SS. 

8 3 
Only the product of coherent states II II I ar(t) > corresponds to ss, i.e. 

b=ll=l 
it satisfyes the condition of squeezing. 

In this paper we study the angular dependence of squeezed g uon second 
correlation function by well-known methods from QO. 

By analogy with QO we can write the second normalized correlation 
function of gluons with colour charge in Schrodinger representation in the 
form 

(1) 

In ~articular, for a coherent field with a poissonian distributicn of gluons 
g~( l is equall. The averaging of gf2l here is carried out over th~ final state 
vector at the moment t after the beginning of nonperturbative stage. 

If g~ (2) > 1 for V l then bunching of gluons takes place ancl the gluon 
antibunching can occur in the case g~(2) < 1. 

In particular, for the squeezed coherent state of photons the second 
1 

normalized correlation function at 0 < rz < 4 is 

(2) = 1 - rz[a?e-2i6 + (ai)2e2i6] 
9z I az 14 -2rz I az 12 [ale-2i6 + (ai)2e2i6] 

(2) 

It can be for real a both less than 1 in the case 6 = 0 (coincide phases), 

and more than 1 for antiphases (<5 = i) corresponding to a:1tibunching 

(sub-poissonian MD) and bunching (super-poissonian MD) of photons for 
v l [8]. 
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At the b~ginning of the nonperturbative gluon cascade 

b(2) - 1 
91 - (3) 

because the gluon state vector at this moment (t=O) is the product of the 
8 3 

gluon cohenmt states of the type I1 I1 I ar(o1, 0), ar(o2, 0) > . Averaging 
b=11=1 

b(2) 8 3 
91 over tlce evolved vector I1 I1 I ar(o1 +dO, t), ar(o2 + 0, t) > which 

b=11=1 
describes gluon squeezed state, we obtain 

b(2) _ M1(01,02) 
91 (Ot,02) -

1
- I ar 14 -21 at 12 M1(01,02) +M2(01,02)" (

4
) 

Here the explicit form of the functions M1 (01, 02), M2(01, 02) are given for 
the colour index b=1 and an arbitrary vector component l and we supposed 
for symplicity that al =I a I eio for 'i l and at =I (3 I e-ir, when b =f. 1, for 

1r 
'il 8-"1=-· 

' I 4 • 

M1(01, Ol) = 24tu47r I a 121 /312 sin(48- 1rj2){ (1 + 8n)(2 + u1- 8n) x 

1 
(sin 01 +sin 02)- 2 u1(sin3 01 + sin3 02) (28n- 812 - 813 ) }, (5) 

M2(0r, Ol) = 80 t u4 1r I a 13 1 (3 13 sin(28- 1r /4){ (1 + 8n)(2 + u1 - 8n) x 
1 

(sin 01 +sin 02) - 2 u1 (sin3 01 + sin3 02) (28n - 812 - 813 ) }, (6) 

( 
m2) k4 92 3 

whereu1= 1- k; ,u4= 4 (2~)32(ut) 2 . 

Unlike C)rresponding expression (2) in QO 9~(2)(01 , 02) (4) has also 
function M2(01, 02) which appears due to the Hamiltonian containing the 
various composition of the annihilation and production operators of gluons 
with the difl"erent colours and vector components. 

An anglt~ dependence of squeezed gluon correlation function is plot­
ted on Fig.: for b=1 at the time t=0.001 and 02 = 0 under reasonable 
parameters .7, m 9 , ko. 

From this figure we notice that as the angle 01 increases to some angle 
01max ~ 8.E 0 for 'il , 9~(2)(01 ) decreases steeply down and after that it 
saturates and falls very smoothly down. 
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Figure 1: The angular dependence of the squeezed gluon corrdation func-
• 1 {2) ( ) 1 {2) (0 ) tlon g1 01 at 02 = 0, g1 1 = 0 = 1. . . 

III Instanton induced correlations 

As it is well-known, Yang-Mills gauge theories have higlly degener­
ated vacuum structure even on the classical level [9, 10]. Quantum tun­
nelling transitions between different vacuum states are associa1 ed with the 
instantons [11], which are classical Euclidean field configurations with a 
finite action. These tunnelling transitions or instantons lead to the viola­
tion of certain fermionic quantum numbers, such as chirality (Q5) in QCD 
and baryon (B) and lepton (L) charges in Standard Model of dectro-weak 
interactions [12]. 

Possibility of the B and L numbers nonconservation is con ::1ected with 
the problem of the baryon and antibaryon asymmetry in thE observable 
part of the Universe [13]. At low energies cross section of tlte B + L is 
exponentially suppressed [14, 15]: O'tunnelling rv exp(- ~=) = 1( - 169

, where 
O:w is a coupling constant of the electro-weak interactions. In 1igh energy 
particle collisions (in multi TeV regime) the cross section can int:rease expo­
nentially if it is associated with multi w±, Z 0 and H-bosons production in 
the weak instanton field [16, 17]: O'tunnelling rv exp( ~= [ -1 + ~ (~~) 413 + ... ]), 
where y8 is a total energy of the processes; E0 ~ 14TeV i; sphaleron 
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energy [18]. The needed energies are so high that it is very difficult to see 
such processes at the nowadays experiments. 

From th1~ other hand for strong SU(3) instantons in QCD such phe­
nomenon carl exist at hundreds MeV [19] and be important in deep in­
elastic ep-scattering for decreasing Bjorken variable X Bj and high photon 
virtuality Q 1 [20]. Search of QCD-instantons has started already in ep­
collisions at HERA(H1). The processes have some features: instanton 
contribution to structure function F2 (XBj, Q2

) rises strongly with decreas­
ing XBj; a{0 , strongly peaks with decreasing of XBj; hadronic band emis­
sion of semi-hard partons is isotropic in the instanton rest system; current 
quark jet and characteristic flavour, strangeness-K0 , charm and muon flow 
take place [21, 22, 23]. Moreover instanton-induced processes manifest new 
mechanism cf multi particle production and can contribute to intermittency 
exponent [2Ll · 

We stud~· properties of the second correlation function C2(y1, y2) = 
= P2(Yt,Y2) - Pt(YdP2(Y2) as signature of SU(3) instanton-induced multi­
gluon state for classical instanton with the first quantum correction in 
QCD; fJ2(Yt, y2 ) and P1 (y) are inclusive distributions on rapidities of pro­
duced glmm;. 

We use the following natural assumption (in laboratory subsystem in 
ep-collision) [25]: 

(k!-)2 ~ (kF)2 ~ m 2 k'!' = I k'!' I = kT 
' ' 9' ' - ' ' 

Ei ~ e chyj, kf ~ e shyi. (7) 

where Ei, n 9 , kf and kf are energy, virtual gluon mass, transverse and 
longitudinal momenta of ith produced gluon correspondingly. 

After all calculations the following formula for the second correlation 
function is obtained [26]: 

C2 (y1, y2) = [-2A2+ ~aA211(Y)]ch2ytch2y2-4aA7rch(yt +y2)th(y1 -y2)­

-2ash :Y1 - Y2)th(y1 - Y2) + 2aAshY[chy1ch2y2 + chy2ch2yt]+ 

chy1 chy2 
+2aA[arctg( shY )ch2y2 + arctg( shY )ch2yt], (8) 

where A = 3(f.7ry'Sp2kT)2, a = 8(kT "f;7r2p3 (y'S)2
)

2
, g8 is a constant of 

strong inten.ctlon, p- instanton size. 
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Figure 2: Correlation function vs. rapidity y1 of one of the paJticle, when 
Y2 = 0. 

Corresponding curve lies in negative region of the plot c~ (y1, 0), has 
maximum at Y1 = 0 and minima at Y1 = ±3, 5 (see Fig.l). Omtral max­
imum corresponds to the quasiclassical approximation; two ninima are 
contribution of the first quantum correction. 

It should be noted, that for this effect the problem of tak ng into ac­
count the hadronization exists. Here it can be solved by thE use of the 
local parton-hadron duality [27]. 

IV Temperature hysteresis in the first order QCD pnase tran­
sition 

The purpose of the section is to investigate the possibilit~' of the ex­
istence of new and interesting features that characterize the qco phase 
transition from quark-gluon plasma to hadrons. 

Statistical QCD predicts that strongly interacting matter ex:ists in two 
different states. Lattice gauge theory has shown that at low em:rgy density 
it behaves as a gas of individual hadrons, whereas in the asymptotic limit 
of high density it is composed of quarks and gluons ( quark-glaon plasma 
state). The lattice approach is very successful in the description of ther­
modynamical properties of strongly interacting matter in the hadron-free 
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environment. The critical behaviour of hadronic matter, however, can at 
present only be studied in the framework of phenomenological models. 

There ar ~ three stages which usually are considered in high energy nu­
clear collisic ns where the production of quark-gluon plasma is expected. 
At the time immediately after the collision, multiple scattering between 
the primary and secondary constituents is supposed to lead to a rapid gen­
eration of ertropy and thus eventually to thermalized state of quarks and 
gluons (quruk-gluon plasma). What happens at this stage is of crucial rel­
evance for t1e subsequent properties of the system, and much important 
work on thi:; topic has appeared during the past years, based in partic­
ular on evert generators using parton dynamics. Then, the evolution of 
quark-gluon plasma lead to hadrons by the phase transition. If nuclear col­
lisions do in jeed lead to a thermalized system of quarks and gluons, this 
hadronizatic n stage, the final state in the evolution, will be independent 
of the initial thermal state of the primordial plasma. In other words, local 
hadronizaticn properties of a plasma initially at a temperature of one GeV 
should be n) different from those of a plasma of two hundred MeV. In 
contrast, global features such as multiplicities or flow effects on transverse 
momentum :;pectra will of course depend on the initial temperature. The 
lattice gauge! calculation predicts that the phase transition may be both 
second orde1 and first order, depending upon the number of quarks in the 
problem [28 . One of the differences between order of phase transition 
should be. h~·steresis phenomenon. Let us demonstrate this on the exam­
ple of the G inzburg-Landau model for phase transition from quark-gluon 
plasma to hadrons [29, 30]. 

The Gim:burg-Landau density of free energy is given by 

F(7f;) = bi7/JI 2 + ai7/JI 4 + fi7/JI 6 (9) 

where 7/J is uniform parameter order which characterize a hadron phase; 
the controllilg parameter~ b, a, f are functions of the temperature in ways 
which are net known. In (9) I7/JI 6 term take into consideration for the de­
scription of first order phase trasition [29]. The phase transition take place 
due to the change of the controlling parameters with temperature. In fig.l 
and fig.2 we show the plane of the controlling parameters a, b, f = canst 
of potential :9) and the dependence of ground state 17/Jol from parameters 
a, b respecti' ely. The plane of the controlling parameters has four regions 
with the diff·~rent form of potential which is shown in coresponding places 
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on the figure. As the controlling parameters change along lines 1 and 2, we 
have first and second order phase transition respectively. HyEteresis take 
place when the physical process is not completely reverse, i.e. direct and 
reverse phase transition occur at different values of the con troll ng parame­
ters. So, the second order phase transition, both direct and rev~rse, occurs 
at b ~ 0, b, f = canst near point of phase transition. The first xder phase 
transition take place along line b = 

4
1
1a2

, a < 0. In this case direct and 
reverse phase transition could occur at different values parame1 ers b, a and 
hysteresis phenomenon is possible.ln fig.2 a loop of hysteresis is shown. 
The existence of hysteresis phenomenon must lead to differer ce between 
the critical temperatures of the direct Tc 1 and reverse Tc2 phase transitions. 
In fig.3 and 4 we show dependences 11/lol vs. T for first and SI!Cond order 
phase transitions. In case the first order phase transition Tc1 > Tc2 and 
we have delay of the system in the quark-gluon plasma state. In case the 
second order phase transition such the difference does not. The theoretical 
and experimental search of differenses between consequences of the first 
and second order phase transitions can lead us to important results for 
registration of quark-gluon plasma in the nuclear collisions. 

a 
2 

0 

o.: b = {113 f) a' 

0,.: b = {1/41) a' 

o. 

b 

Figure 3: The plane of controlling parameters potential [29] 
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~------~~------
b 

Figure 4: Tl e dependence of ground state l'l/lo I from controlling parameters 
a,b 

IV:to 
Tea Tc, 

Figure 5 The dependence 
l'l/lol VL T for first order 
phase 1 ransition 

V Conclusion 

T 

~]t__' ------=:======--
Tc T 

Figure. 6 The dependence 
l'l/lo I vs. T for second order 
phase transition 

We show that three new QCD nonperturbative effects can be seen in 
the HEP exJ: eriments. Specific form of second correlation function of final 
gluons can he a signal of quantum gluon squeezed states in QCD jets 
and instantcn induced events in DIS(HERA). Of course, here we need 
to overcome the hadronization properties. But it is known (LPHD) in 
doesn't spoil very much the quarks and gluons spectra. Also we see that 
temperature hysteresis, i.e. two different values of critical temperatures 
for transitioH to QGP phase transition and back exists in the first order 
QGP phase Lransition and can be search at experiments. 
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MAGNETIC POLARIZABILITIES OF PIONS AND KAONS IN 
RELATIVISTIC QUARK MODEL 

S.I.Kruglov 

National Scientific Centre of Particle and High Energy Phyt ics 
M.Bogdanovich Str.153, Minsk 220040, Belarus 

The effective action for 1r, K-mesons in the external uniform static electro­
magnetic fields was obtained on the base of the relativistic quark n to del. The 
wave function of the meson ground state is the Airy function. Usin1~ the virial 
theorem we estimated the mean charge radii of rr, K-mesons in terms .of the 
string tension and the Airy function zero. On the base of the p•~rturbative 
theory in the small external magnetic field we found the magnetic pol;.rizabilities 
of rr, K-mesons ({3, = -0.8 X 10-4 fm3 , f3K± = -0.57 X 10-1 f7rJ.3 , {3go 

-0.23 X 10-4 fm3 ). 

1. Introduction 

The recent development of the QCD string approach [ 1-7] showed good 
results at describing heavy quarkonia, barions and glueballs. The QCD 
string theory takes into account the main non-perturbative effect> of strong 
interactions: the chiral symmetry breaking and the confinement of quarks. 
The chiral symmetry breaking gives nonzero quark condensate. , \s a result 
the light quarks ( u, d- quarks) with the current masses m" ':::::'. md ':::::'. 7 MeV 
acquire the dynamical masses flu ':::::'. {ld ':::::'. 320 MeV. The confinement of 
quarks does not allow them to be observed, i.e. quarks can not move 
inside of hadrons on large distances relatively each other. This wa.'3 
confirmed by the Monte-Carlo simulations and experiments. 3oth non­
perturbative effects of strong interactions can be explained by i1 traducing 
stochastic gluon vacuum fields with the definite fundamental correlators 
[3,4]. Then the linear potential between quarks appears and it p10vides the 
confinement of quarks. Besides the Regge trajectories are asymptotically 
linear with a universal slope [4]. 

It is important to calculate different intrinsic characteristics , >f hadrons 
on the base of the QCD string theory and to compare therr with the 
experimental values. It will be the testing of this scheme. 'I he charge 
radius (and electromagnetic form-factors) and electromagneti< polariza­
bilities of scalar mesons are fundamental constants which d aracterize 
the complex structure of particles. These values are known from the 
experimental data and therefore the estimation of them is r ~asonable. 
So we can check our notion about the vacuum structure by :oinciding 
experimental data and theoretical predictions. In [8] we made the crude 
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estimation <,f the charge radius and the electric polarizability of pions and 
nucleons. Here we evaluate more precisely the mean squared radius using 
the virial theorem and the magnetic polarizability of pions. 

The electromagnetic polarizabilities of hadrons a, (3 enter the induced 
electric D = aE and magnetic M = (3H dipole moments, where E, H are 
the strengtl s of electromagnetic fields. As a result there is a contribution 
to the polarization potential [9,10] as follows 

1 2 1 2 U(a, (3) = - 2aE - 2(3H . (1.1) 

Electromag 1etic polarizabilities are fundamental low-energy characteristics 
of strong hadron interactions and therefore they can be calculated in 
the framework of non-perturbative quantum chromodynamics - the QCD 
string theory. 

The pai'er is organized as follows. In Sect. 2 after describing the 
general bac {ground we derive the effective action for pions and kaons in 
external ele·:tromagnetic fields. The ground state and charge radius of light 
mesons are found on the base of exact solutions and the virial theorem in 
Sect. 3. Sf ct. 4 contains the evaluation of the pion and kaon magnetic 
polarizabililies using the perturbative expansion in the small magnetic 
field. In thf conclusion we made the comparison of our results with other 
approaches and experiments. 

Units are chosen such that 1i = c = 1. 

2. Effective Action for Light Mesons 

To get 1he effective action for pions in the external electromagnetic 
fields we pmceed from the Fock-Schwinger representation of the Green 
function. I'or the sake of simplicity spins of quarks are neglected here. 
Starting wi .h the approach [11] and introducing the external electromag­
netic field with the vector-potential A~ we write the Green function of the 
spinless quc.rk in the Minkowski space 

lo
co ds lz(s)=x { is 1 

S(x, y) = -:-- Dz exp i( [-z~(t) 
0 l z(O)=y 0 4 

-m2
- ezJL(t)A~1 (z)]dt) }~(x, y), 

(2.1) 

where zAt) is the path of the quark with the boundary conditions zJL(O) = 
yJL, z"(s) = xJL and 

<I>= P exp{ig lx Al'dzl'} (2.2) 
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is the path ordered product (the parallel transporter), A,_. neans the 
gluonic field and g is the coupling constant. Neglecting quark-antiquark 
vacuum loops and omitting the annihilation graph the Green !'unction of 
mesons (the quark-antiquark system) takes the form [4] 

G(x,x;y,y) =< trS(x,y)<I>(y,y)S(y,x)<I>(x,x) >. (2.3) 

Inserting (2.1) into (2.3) we find the expression 

G(x,x;y,y) = {"" ds ["" dsl•<•>=x Dz {f{S)=x Dz exp{i f"[!z;(t)-m~-
lo lo z(O)=Y lz(O)=ii lo 4 

(2.4) 

e 1 i,_.(t)A~(z)]dt + i fo"[~i~(f:)- m;- e2 i,_.(l)A~1 (z)]dl} < 1-V (C)>, 

where e1 , e2 are charges and m 1 , m2 are current masses of the quark 
and antiquark; z,_.(t), z,_.(l) are the paths of the quark and antiquark with 
the boundary conditions z,_.(O) = y,_., z,_.(s) = x,_., z,_.(O) = y,_., ;:,_.(s) = x,_. 
and z,_.(t) = 8z,_./8t. As compared with (12,13,4] we added the interaction 
of charged quarks with the external electromagnetic fi.elds. The gage - and 
Lorentz invariant Wilson loop operator averaged over the external vacuum 
gluonic fields is given by 

< W(C) >= ~ < P exp{ig fa A,_.dz1_,.} >, (2.5) 

where Nc is the color number, C is the closed contour cf lines xx 
and yy connected by paths z(t), z(l) of the quark and antiq11ark. The 
Wilson operator (2.5) contains both the perturbative and non-pnturbative 
interactions between quarks via gluonic fields A,_.. We suppose that pions 
consist of quarks which move slowly with respect to the time fl1ctuations 
of the gluonic fields (Tq ~ T9 ). It is the potential regime of ;he string. 
Voloshin and Leutwyler remarked (14,15] that in another case (Tq ~ T9 ) 

the dynamics is non-potential and the QCD sum rules can be used. We 
consider the case when the distance between quarks r ~ T9 • The Monte­
Carlo calculations (16,17] gave T9 ~ 0.2 7 0.3/m. So we imply that 
the characteristic quark relative distance is r ~ 1/m. This assumption 
will be confirmed below by the calculation of the quark-antiquark relative 
coordinate. 

The avarage Wilson integral (2.5) at large distances in accordance with 
the area law can be represented in the Minkowski space as 

< W(C) >= exp(iuoS), (2.6) 
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where a0 is the string tension and Sis the area of the minimal surface inside 
the contour C. The surface S can be parametrized by the Nambu-Goto 
form [18,19] 

S =for dr 11 

d(Jj(w11w~)2- tu~w~2 , (2.7) 

where w11 = 8wfJ./8r, w~ = awfJ./8(3. Using the approximation [4] that the 
coordinates of the string world surface wAr, (J) can be taken by straight 
lines for the minimal surface we write 

wfJ.(r,(J) = zfJ.(r)(J + zAr)(1- (J), (2.8) 

where T is implied to be the proper time parameter for both trajectories 
T = (tT)/ s == (tT)js. For the uniform static external electromagnetic fields 
we have tht representation of the vector potential through the strength 
tensor FfJ.v 

I 1 
A~ (z) = 2F~'vZ1" A~1 (.z) = ~F/).vzw (2.9) 

The paths z 11 , zfJ. are expressed via the center mass coordinate R~' and the 
relative cooJ dinate rfl. [4] 

s 
( ) R --rfl., zfl. T = fl.- s + s 

s 
zfJ.(r) = R,, + -+ _rfJ. 

s .5 

with the bo mdary conditions for RfJ.(r), rfl.(r): 

R (O) _ /-ltY~' + J1.2YfJ. R (T) _ J.ltX~' + !L2i 1, 

fl. - • /-ll + /L2 ' fl. - /-ll + /-l2 ' 
rl-'(0) = yfJ.- f)~', r 1,(T) = x 11 - x,. 

(2.10) 

The integra1 ing with respect to zfl., zfl. in (2.4) is replaced by the integration 
over new V<.riables R1" rw As T is a common time for the quark and 
antiquark (1he time of the meson) the parametrization z~' = (r,z), z~' = 
(r,z) is pos:;ible [4]. This leads to the constraints: R0 (r) = r, r 0 (r) = 0. 
In accordance with the approach [4] we introduce the dynamical masses 
J.lt, p.2 by relationships 

T 
/-ll = 2.s, 

T 
p.2 = 28 (2.11) 

Replacing be integration with respect to .s, s in (2.4) by the integration 
over dp.1 an :1 dp.2 with the help of (2.6) - (2.10) we find [8] the two-point 
function 

. . _ 21n= d/Lt 1n= dp.2 J . G(x,::;y,y) = T -
2 2 -

2 
DRDr exp{~Sen} 

0 ILl 0 2p.2 
(2.12) 
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with the effective action 

lo
T [ mi m~ 1 · 2 1 _ .2 Seff = dT ---- + -(flt + f12)R + -ltr ,-

o 2flt 2fl2 2 ll 2 I 

(2.13) 

~F..,,.e(R,.R, + ~r,.r,)- ~F,,.(R,.r, +r,.R,) -l df3aoJ(tv,.w;,r - w~w~2], 
where w,. = R,. + [(3- ptf(flt + fl2)]r,.; ji. = lltfld(flt + ll2) is t1e reduced 
mass of the quark-antiquark system, e = e1 +e2 , q = e1-e2 . The expression 
(2.13) defines the effective Lagrangian for light mesons (for exa nple pions 
or kaons) in the external uniform static electromagnetic fields in tccordance 
with the formulae Seff = J{ CeffdT. The expression (2.13) looks like 
nonrelativistic one at F,., = 0, but it is not the truth. The author [4] 
showed that the relativism is contained here due to the ji. - c ependence 
and the spectrum is similar to that of the relativistic quark mcdel. 

The mass of the lowest states can be found on the b tse of the 
relationship [20] 

j D RDr exp{ iSeff} = 

(2.14) 
fll X + fl2X . /1·111 + fl2Y 

< R = , r =x-i I exp{ -zT M(flt,/t2)} I R = -·--, 
fll + /l2 fl + ll2 

r=;t-f)>, 

where the mass M (p1, 112) is the eigenfunction of the Hamil tor ian. After 
that the Green function (2.12) is derived by integrating (2.14) over the 
dynamical masses p 1 , f12· In accordance with [4] we estima,e the last 
integration on dp 1 , dp 2 using the steepest descent method "'hich gives 
a good accuracy when the Minkowski time T -4 =· To have the 
correct formulas, it is necessary to go into Euclidian space <end return 
into Minkovski space on completing the functional integration. We imply 
this procedure. 

3. Ground State and Charge Radii 

The last term in (2.13) can be approximated with the accura:y of rv 5% 
[4] by the relation 

{1 d{J f(w,.w' )2- tiJ2w~2 = {I d(3Jr2- ((3- flt )2(r X r:2 ~ VJ!i. 
lo V " " lo flt + f12 

(3.1) 
It is the potential regime at low orbital excitations of the strinE: when the 
orbital quantum number l is small. As the equalities !4J( T) = T r 0 ( T) = 0 
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are valid only 3-dimensional quantities are dynamical one. From (2.13) at 
the assump .ion (3.1) using the standard procedure we find the canonical 
3-momentums corresponding to the center mass coordinate R1, and the 
relative coo ·dinate r1, 

a.ceff . e q 
ITk = --.- = (lh + J12)Rk- -FvkR,,- -Fvkrv, 

aRk • 2 4 (3.2) 
aLeff -· e q 

7rk = -- = urk- -F kr - -F kR . ark r 8 ll v 4 ll ll 

The Hamilt Jnian 1{ = 7rkTk + ITd~k- Lef f found from (2.13) with the help 
of (3.1), (3. ~)takes the form 

2 2 -
1{ = ~ + m2 + Jll + Jl2 + /L! + f.12 Rk + !!_ik- ~(ER)- _I!_(Er) + o-o.Jr2. 

2jl, 2Jl2 2 2 2 2 4 
(3.3) 

where Ek = iFk4 so that the equation for the eigenvalues takes the form 

Hif> = M(JI,,Jl2)if>. (3.4) 

The terms {Ontained the strength of the electric field in (3.3) describe the 
interaction •>f the dipole electric moment d with the external electric field. 
Using the d ~finitions we have 

e q 1 
-(ER) + -(Er) = -(e1rt + e2r2)E =dE 
2 4 2 

(3.5) 

and the intnaction energy of the electric dipole moment with the uniform 
static electr c field is U = -dE. Bellow we investigate the case of the pure 
magnetic field when E = 0. Using (3.2) the equation for the eigenfunction 
if> of the am iliary "Hamiltonian" if= 1{- mU211,- mV2112- (Jll + JI2)/2 
is given by 

[ 
1 ( e q )2 

2ji 1r- B(r x H)- 4(R x H) + 
(3.6) 

1 ( e q )2 ] 
( _· -- n- -2(R X H)- -(r X H) + O"o.Jr2 if>= t(Jl, H)if>, 

2 Jll + 12 4 

where t(Jl, H) is the eigenvalue. In accordance with the Noether theorem 
we come to .he conclusion that the canonical momentum IT corresponding 
to the center mass coordinate is the constant, i.e. IT = const. Therefore 
it is possibk to choose the condition IT = 0. Putting IT = 0 and R = 0 in 
(3.6) we arr ve to the equation 

[ 
1 ( e ) 2 q2 ] --::- 71'"--(rxH) + ( )(rxH?+o-0 Vr'2if>=t(JI,H)if>. (3.7) 

2jl 8 32 Jli + Jl2 
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The second term in (3. 7) describes the effect of the r'ecoil of '.he string. 
Such term appears also in the non-relativistic models [21 ,9,10]. If we put 
R = 0 in (2.13) this term would not appear [8]. 

In the quantum theory instead of the path integration in r we can 
use the replacement 'Irk -4 -i8/8rk. We can apply equation (3.7) for pions 
with light quarks with masses m1 = m 2 ::::::: m, /LI == /L2 ::::::: IL so that P, = p/2 
and for kaons when m1 i- m2, /LI i- /L2 . 

The external magnetic field splits the energy levels like tl e Zeeman 
effect for atms. The difference of our case is we describe her·~ the light 
quark-antiquark system in c.m.s. with the linear potential betwEen quarks. 
Therefore the spectrum of the energy has another levels. 

We can consider the small external magnetic field so tha, here the 
perturbative theory can be applied. We receive the first app1 oximation 
when the external field His switched off (H = 0) and the equatton for the 
eigenvalue is given by 

(3.8) 

Equation (3.8) gives the discrete values of the energy E(p) cue· to the 
shape of the potential energy. The numerical solution of equation (3.8) 
was obtained in [22]. It is useful to find the solution to equation (3.8) for 
the ground state in the analytical form. After introducing th·~ variables 
Pk = (2/UJ0 )

113
rk, E(ji) = (2ji)-lf3a~/3 a( n) [4], equation (3.8) be :omes 

(- ::: + p )if>(p) = a(n)if>(p). (3.9) 

The solution to equation (3.9) may be chosen in the form if>(p) = 

R(p)Ytm(O, r/1), where Ytm(O, r/1) are spherical functions. After 1 etting the 
variable R(p) = x/ p we come to the equation for the radial function 

II ( l( l + 1)) X (p) + a(n)- p- p2 X(P) = 0, (3.10) 

where x"(p) = 82x(p)/8p2, lis an orbital quantum number. Th~ solutions 
to equation (3.10) for the ground state l = 0 are the Airy functi ms Ai(p­
a(n)), Bi(p- a(n)) [23]. The finite solution to {3.10) at p -4 oo (l = 0) is 

x(p) = N Ai(p- a(n)). 

The constant N can be found from the normalization condition 

fooo x2(p)dp = 1. 
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The requir,~ment that this solution satisfies the condition x(O) = N Ai 
(-a(n)) = 1

) gives the Airy function zeroes [23] a(1) = a1 = 2.3381, a(2) = 
a 2 = 4.087£ and so on. The main quantum number n = n, + l + 1, where 
n, is the ra,lial quantum number which defines the number of zeroes of the 
function X(P) at p > 0. For the ground state we should take the solution 
(3.11) at a(n) = a1 (here n, = 0, l = 0): 

xo(p) = NoAi(p- ai). (3.13) 

Now let u:: estimate the mean squared radius for the state which is 
described by the function <P (the solution of equation (3.8)). Multiplying 
(3.8) on th ~ conjugated function <P* and integrating over the volume we 
find the rei ttions 

< T > + < U >= t(ji.), 

< T >= -; j <P*8~<PdV, < U >= a0 j Jri<P*<I>dV. 
(3.14) 

It is seen fr )m (3.14) that the mean potential energy < U >= a0 < Jr2 > 
is connecte f with the mean diameter < ..;r'i > (because r is the relative 
coordinate a.nd quarks move around their center mass), which defines the 
size of mes:ms. In accordance with the virial theorem [24] we have the 
connection of the mean kinetic energy with the mean potential energy 

2 < T >= k < U >, (3.15) 

where k·is :lefined from the equality U().r) = ).kU(r). In our case of the 
linear poteHtial k = 1 and from (3.14), (3.15) we get 

2 2 
< U >= -E(ji.) = -(2ji.f 1 13a~/3a(n). 

3 3 . (3.16) 

The usage of the steepest descent method for the estimation of the 
integration in f1 (at H = 0) leads to the conditions [4]: 

8M(p1, f1 2 ) = o, 
a,;,! 

8M(1t1, f12 ) = o, 
8p2 

(3.17) 

where the nass of the ground state M(p 1 , tt 2 ) is given by (see (3.3),(3.4)) 

2 2 + 
M( ) _ ~ + m2 + !11 !12 + (2-)-I/3 2/3 ( ) 

f.'I,f12 -2 2 2 f1 ao an. 
f-LI IL2 

(3.18) 

Here we co 1sider the more general case as compared with [4] when p 1 f. 
!12 (m1 f. r7. 2 ). This case is realized for I<-mesons. It is assumed that. the 
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current mass of u,d-quarks (mu = 5.6 ± 1.1 MeV, md = 9.9 :± 1.1 MeV 
[25]) m 1 is much less than the dynamical mass f-Ll (f-LJ r:::: 330 .11eV), i.e. 
m1 « f-LI and the mass of s-quark m 2 ( m, = 199 ± 33 M tV [25]) is 
comparable with 11 1 but m 2 < /-LI· Using these assumptions we 1eglect the 
term mU2f-L1 in (3.18) and from (3.17) have the equations 

(2ji0'0 )
213 a(n) = 3/t~, 3m;+ (2ji0'0 )

213 a(n) = 3/I;. (3.19) 

From (3.19) we arrive to the expression for the dynamical m;.ss f-L 2 (for 
s-quark) 

112 = J f-L? + m~. (3.20) 

To find /-LI the perturbation in the parameter mU f-L~ will be assumed. Using 
the relation f-L 2 r:::: f-L 1 (1 + m~/21-Li} which is obtained from (3.211) and the 
definition of the reduced mass ji = f-LJ/ld(f-L 1 + 11 2 ) from (3.19) we arrive 
to the equation 

( 
( ))3/4( 2) 

/-LI r:::: Fo a 3n 1 + ~~ . (3.21) 

In the zeroth order we come to the value Jlo = fl~o) =; Fo(a(n /3?11 [4]. 
The next order gives the relationship 

( 
( ) 

) 
3/4 2 ( 3 ) 3/1 an m 2 , 

JLJ '::: Fo -- + -- --
3 s..;ao a(n) 

(3.22) 

In a particular case m 2 = 0 we arrive to JIJ = tt 2 = Jlo = Fo(~(n)/3)314 

[4]. The value of the string tension O"o = 0.15 GeV 2 was f(•und from 
the comparison of the experimental slope of the linear Regge t ·ajectories 
a.'= 0.85 GeV- 2 and the variable a' = 1/80'0 [4]. It. leads for !.he lowest 
state nr = O,l = O,a(1) = 2.3381 to the value flo= 321 MeV [4]. This 
means that for 1r-rnesons when m 1 = mu, m 2 = md we have the :lynamical 
masses of u, d-quarks fli = fl 2 = flo· For /{-mesons using 13.20) and 
m2 = ms r:::: 200 MeV [25] from (3.22) we get the reasonable va' ues 

f-L 1 r:::: 337 MeV, f-L 2 r:::: 392 MeV, /i r:::: 181 MeV. (3. 23) 

Inserting equation < U >= O'o < v? > into the l.h.s. of (3.16: one g1ves 
the expression 

(3.24) 

From (3.20), (3.22) using the first order in the parameter mU11! we find 

( 
( ))3/4 

(flo= Fo a 3n ). (3.25) 
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Eq.(3.24) with the help of (3.25) gives the approximate relation for the 
mean relati·re coordinate 

< J;:-2 >= _2 (a(n))3/4 [ 1 + 3m~ (-3 )
3
/

2

]-1/3 
, .fiiO 3 8a0 a(n) 

(3. 26) 

For pions plltting m 2 = 0 in (3.26) we arrive to 

< ~ >,.= _2_(a(n))3/4 
.fiiO 3 . (3.27) 

The same e::pression (3.27) was found in [8] using another method. With. 
the help of .he definition of the center mass coordinate and the values of 
the current masses mu ~ 5 MeV, md ~ 10 MeV [25] we can write the 
approximatl: relation" for the mean charge radius of 1r±-mesons 1 

.j< r!± > ~ md < ~ >,.= 0.67 < ~ >,. . 
mu+md 

At a0 = O.V, GeV 2 [4,8] and a(1) = 2.3381 Eq.(3.27), (3.28) give 

J< r!± > ~ 0.56 fm (< ~ >,.= 0.84 fm). 

(3.28) 

(3.29) 

The calculated value (3.29) is close to the experimental data < r!± >exp= 

(0.44 ± 0.021 fm 2 
( J< r 2 ± > ~ 0.66 fm) [26]. For neural pions the 

"' exp 
mean radius is · 

J< r;o > ~ ~ < ~ >,.= 0.42 fm. (3.30) 

Value (3.30) characterizes the radius of the sphere where the wave function 
of the 1r0-meson is concentrated (remember that r is the distance between 
quarks). 

For calculating the relative coordinate of I< -mesons we should use 
Eq.(3.24) or (3.26) with conditions p1 = flu for I<± and /11 = f.ld for 
I<0-mesons end p2 = p. (3.23). As a result formulae (3.24) gives the value 
of the mean relative coordinate of kaons 

< ~ >K= 0.79 fm. (3.31) 

With the he p of this relation we can estimate the mean charge radius of 
I<-mesons 

1The relati(nship .J<r2> ~< ..J;2 > is confirmed by the numerical calculations 
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V< r} > :::::- 112 < vfr2 >K= 0.54 < vfr2 >K= 0.43 fm 
/11 + /12 

(3.32) 

The experimental data of the mean charge radius of J<±-rr esons are 

different J< rh > = (0.53 ± 0.05) fm [27], < rh >= (0.34 ± 0.05) fm2 

[26] and for neutral ]{0-mesons J< ry(o > = (0.28 ± 0.09) fm [27]. So 
the calculated value (3.32) is in agreement with the experiment with the 
accuracy of two standard deviations. 

4. Perturbative Expansion and Magnetic Polarizabilities 

To calculate the magnetic polarizability of pions and kaom in accor­
dance with (1.1) we should know the Hamiltonian dependiHg on the 
magnetic field H. From (3. 7) we arrive to the expression of the auxiliary 
"Hamiltonian" 

'H=---+-HL+ --+ (r2H 2 -(rH? +a0 H, - 1 ;y e ( e2 q2 ) 

2j1 Or~ 8{1 128{1 32(/lt + 112 ) 

. ( 4.1) 
where L = -i(r x 8) (ak =Bjork) is the angular momentum. CJnsidering 
the external magnetic field H = (0, 0, H) expression ( 4.1) is reV\ ritten as 

( 4.2) 

where L3 = i(r281 -r182 ) is the third projection of the angular momentum. 
Now let us consider the magnetic polarizability of pions on the base of 

the perturbative theory. We can rewrite ( 4.2) in the form 

(4.3) 

where () is the angle between H and the relative coordinate r ard the free 
Hamiltonian is given by 

1 (J2 
'Ho = --- + aoH. 

2P, Or~ 

For the small magnetic fields H the second and third terms of ( 4.3) can 
be considered as a perturbation. Then using the standard perturbative 
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method [:~8], we find the shift of the energy in the state I n > with the 
accuracy Jf the second order in H 

H 
( 

2 2 ) H2 2 · 2() 
A 1., _ I e L e q r sm I u 'n -< n -

8
_ 3 + -

4
_ + + .,,... n > 

fl. fl. P.t f1.2 

+ L I< n I eHL3 /8ji In >1 2 

, En- En' 
n 

( 4.4) 

For the g ·ound state l = 0 ( s-state) the first and third terms of ( 4.4) do 
not give the contribution to the energy because L3 I 0 >= 0. Taking the 
mean vah e and using the condition (1/47r) J sin2()df! = 2/3, from (4.4) we 
come to 

6.Eo = --::- + - < r
2 > . ( 

e2 q2 ) H2 

4p. P.t + f1.2 48 
(4.5) 

Comparing (4.5) 
mesons 

with (1.1) we find the magnetic polarizability of light 

1 ( e
2 

q
2 

) 2 = -- -+ <r >. f3 24 4ii fl.l + f1.2 
( 4.6) 

It should be noticed that here < r 2 > means the mean squared relative 
coordinate of the quark-antiquark system. Expression ( 4.6) is similar to 
the Langevin formula for the magnetic susceptibility of atoms. It is seen 
that we h.we here only the diamagnetic part of the polarizability (/3 < 0) 
because 1r, I< -mesons are spinless particles and the paramagnetic part is 
absent. l'or estimation of ( 4.6) we can use the experimental values of 
< r;,K >e 'P instead .of < r 2 > in accordance with formulas (3.28), (3.30)­
(3.32) or expressions (3.26), (3.27). Inserting parameters e = e1 + e2, 
q = e1 - '2 and values for pions p.1 = p.2 = p.0 = ylaO(a(n)/3)314 (3.25), 
(3.27) int( Eq.( 4.6) one yields. 

f3 ""'_ (e~ + eD (a(n)) 314 
_ 3 / 2 

"- 6 3 Uo ' 
(4.7) 

which is s tmilar to the expression for the electric polarizability of pions 
a"± [8]. Calculating equation (4.7) for charged pions at u0 = 0.15 GeV, 
e1 = 2e/3 e2 = e/3, e2 = 1/137, n = 1 in Gaussian units one takes the 
value 

/3"± ~ -0.8 X 10-4 fm 3
. ( 4.8) 

In rationalized units, the polarizability is 47r times greater. For the neutral 
pions ( 1r0

) the equalities 

'0 2 

<7rll(et-e2)2 l7r0 >= ~ge, <1r0 j(et+e2)2 j1r0 >=0 
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occur [9] and Eq.(4.7) gives the same value (3,o = -0.8 x 10-1 fm 3 as for 
charged pions. In accordance with the dispersive integral [9] the sum of 
the electromagnetic polarizabilities is (a+ (3),± = (0.39± 0.04) x 10-1 fm 3 

for charged pions and (a+ (3),o = (1.04 ± 0.07) x 10- 4 fm 3 for neutral 
pions. Using the calculated value ( 4.8), the equality {3"o = !'"± and the 
dispersion sum rules we arrive to the values of the electric poluizabilities 

The pion polarir,abilities obtained from the model of the instan .on vacuum 
gave the greater values [29]. The values (4.9) are in rea.sonabl( agreement 
with the experimental data a"± = (2.2 ± 1.6) x 10-1 fm 3 [30], n- (3)"o = 
(0.8 ± 2.0) x 10- 4 fm 3 [31]. In [8] we made the crude estirnil.ion of the 
pion electric polarir,ability which proved to be less as comparo~d with the 
presented evaluation. Obviously that it is more easier to cc lctdate the 
magnetic polarir,ability using the perturbative expansion than o calculate 
the exact eigenvalues of Hamiltonian (3.3). 

For charged kaons J(+ =us, ](- = su, Eq.(4.6) at the va ucs (3.23), 
(3.31) ( < r 2 >c:::< ,J?i >) leads to the magnitude 

(4.10) 

There is an experimental restriction only on the electric p( larizability 
of kaons:-15 x 10-3 :S ag- :S 7 x 10-3 fm 3 [32]. So our predictions 
concerning kaon polarizabilities can be checked in new experirn ~nt.s. Using 
the mean radius (3.31 ), the equalities [9] 

< J(o I q2 I J(o > = 4e2 

9 

and the approximate relation< r 2 >c:::< ,J?i > 2 we arrive to tw value 

( 4.11) 

Unfortunately there are not experimental da.t.a of kaon polarir,a )iii ties yet. 

5. Conclusion 

The QCD string theory allows to estimate the mean square l radii a.nd 
electromagnetic polarizabilities of 1r, K-mesons which are in reasonable 
agreement with experimental data. These quantities were derived as 
functions of the string tension which is a fundamental varia )le in this 
approach. Here we considered spinless quarks so that the a:curacy of 
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calculations can be improved due to taking into account spins of quarks. 
Then more )recise calculation of the electromagnetic polarizabilities can 
be done on 1 he base of Hamiltonian (3.3) by finding the exact eigenvalues 
of it. It is not difficult to calculate the magnetic polarizabilities of excited 
states of pio 1s and kaons using this approach. For that we should take the 
quantum numbers nr = 1, l = 0 ( n = 2) and evaluate the mean relative 
coordinate i 1 accordance with (3.26). Then Eq. ( 4.6) gives the necessary 
polarizabilit es. 

Our results of evaluations of the pion electromagnetic polarizabilities 
are close to the chiral perturbation theory (ChPT) predictions a,.± = 
-/3,.± = 2.8 X w-4 fm 3 [33-36]. Unfortunately the effective Lagrangian 
of the ChP1 contains 12 constants L; and it is the phenomenological one 
which is not Jbtained from the first principles of QCD yet. Nevertheless the 
ChPT predi :tion is quite reliable because the evaluation of the necessary 
constant conbinatio~ (L~ + L~0 ) is based on the pion decay 1r+----+ e+ve'l'· 

The Narr,bu-Jona-Lasinio (NJL) model [37] having a good basing in the 
framework of QCD [38] describes the chiral symmetry breaking but not the 
confinement of quarks [4,39]. In our opinion it is why the NJL model leads 
to the greater value a"± C:: acl = e2 < r; > /3m" C:: 15 X 10-4 jm3 

[40] as com>ared with the experimental data. Besides this model has 
free parameters and the calculated polarizabilities of pions and kaons are 
parameter d ~pendent. 

The instanton vacuum theory (IVT) developed in [41-43] does not give 
the confiqement of qup.rks phenomenon [4]. This theory is like the NJL 
model [39] and takes into account only the chiral symmetry breaking. 
Therefore He calculation of the pion electromagnetic polarizabilities on 
the base of 1 he IVT gave the similar result a"± c:: acl [29] as in the NJL 
model. 

The eva! 1ation of 1r, I< meson polarizabilities in the framework of the 
current alge )fa leads to the values [44,9] a,.± = -/3"± = (2.4 ± 0.7) x 
10-4 jm\ OK± = -fJK± = (1 ± 0.3) X 10-4 jm3

, which are close to our 
calculations. The necessary parameters hA, hv were taken from decays 
1r ----+ ev1, 1rc ----+ 21, and therefore the calculated polarizabilities are quite 
reliable. 

All this ;hows that the obtained good agreement of the theoretical 
evaluation ol the pion electromagnetic polarizabilities and the experimental 
data is the consequence of a good description the chiral symmetry breaking 
and confinenent of quarks in the framework of the QCD string theory. 
Naturally tbat theory was derived on the base of the non-perturbative 
QCD, i.e. first principals of QCD. The accuracy of the experimental data 
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of pion electromagnetic polarizabilities can be improved in the n1:w electron 
accelerators by reducing the statistical errors. There is an analysis [47] of 
the most favorable kinematical regions of the reaction 11r --+ 111 to get the 
information on the pion polarizabilities. It allows to plan new e {periments 
to obtain more precise values of pion electromagnetic polarizab lities. The 
more difficult task is measuring electromagnetic polarizabilitief of kaons. 

There are also the other models of the estimation of 1 , I< -meson 
polarizabilities [45,46]. 
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Local properties of local multiplicity 
distributions 

S.V.Chekanov* 
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Nijm.egen, The N eth ulands 

Abstract 

Some aspects of applications of bunching parameters are dis­
cussed. It is investigated to what extent Monte-Carlo models, which 
have been tuned to reproduce global event-shape variables and 
single-particle inclusive distributions, agree with each other. 

1 Introduction 

One of the simplest observable, which contains information lbout the dy­
namics of multi particle production beyond single-particle d( nsities, is the 
multiplicity distribution. While the study of the multiplicity distribution 
PN in full phase space deals with limited dynamical informaton influenced 
by charge- and energy-momentum conservation, the invest gation of the 
evolution of the probabilities Pn(J) of detecting n particles i 1 evf'r smaller 
sizes 6 of phase-space windows (bins) can provide detailed information on 
QCD multihadron production without these trivial constraints. A devia­
tion of this distribution from that expected for purely independent particle 
production can be attributed to dynamicallocalmultiplicit:· fluctuations. 

The important quest behind such a study is the understanding of 
the origin of short-range correlations between final-state part icks, leading 

*On leave from Institute of Physics, AS of Belarus, Skaryua av.7U, Miu~k :220072, 

Belarus. 
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to the appecorance of dynamical multiparticle spikes in individual events. 
As a consequence of these correlations, the normalized factorial moments 
(NFMs) 

co 

(nfq_) = L n[q]Pn(J), 
n=q 

Fq(J) = (nfq]) 
(n)q ' 

nfq] = n( n - 1) ... ( n - q + 1), 

( 1) 

(2) 

of the local nultiplicity distribution Pn( J) exhibit a power-like increase 
with decreasmg J, namely Fq(J) <X J-rPq [1]. The constants c/Jq are called 
intermittency indices. This phenomenon reflects the peculiarity of Pn( J) 
to become bcoader with decreasing J. Since NFMs satisfy the scaling 
property Fq(,IJ) = >..-rPqFq(J), this is widely regarded as evidence that the 
correlations exhibit a self-similar underlying dynamics. 

Experime 1tally, local fluctuations in e+ e--processes have already been 
studied by the TASSO, HRS, CELLO, OPAL, ALEPH, DELPHI and L3 
Collaborations [2]. The data do exhibit approximate power-like rise of the 
NFMs with a saturation at small J. The conclusion has been reached that 
such a pheno nenon is a consequence of the multi-jet structure of events, 
i.e., groups of particles with similar angles resulting in spikes of particles 
as seen in sehded phase-space projections. The hard gluon radiation sig­
nificantly affects the NFMs, so that they have stronger increase in 3-jet 
events than in 2-jet events. It has been found that for the statistics used at 
that time cur:·ent Monte-Carlo models can, in general, describe the data, 
even without :tdditional tuning. 

Recently, it has been realized that the factorial-moment method poorly 
reflects the information content of local fluctuations, since the NFM of 
order q contai lS a trivial contamination from lower-order correlation func­
tions (see rev :ews [3]). As a result, rather different event samples can 
exhibit a very similar behavior of the NFMs. The fact that subtle details 
in the behavior of Pn ( J) are missing, together with the small statistics 
used, may be the reason why different Monte-Carlo models can reasonably 
describe the lc cal fluctuations measured in e+e- annihilation so far. 

Another shortcoming of the factorial-moment measurement is that in 
moving to eve1 smaller phase-space bins, the statistical bias due to a finite 
event sample ~ Nev -::j; oo) becomes significant, especially for high-order 
moments q. This is because in actual measurements the NFMs at small 
bin size are determined by the first few terms in (2). In most cases this 
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leads to a significant underestimate of the measured NFMs with respect 
to their true values. 

Cumulants are a more sensitive statistical tool (see [3] ar d references 
therein). However, their measurement is rather difficult anol was rarely 
attempted. Besides, the cumulants are expected to be infiuf·nced by the 
statistical bias to even larger degree, since they are construe ;ed from the 
factorial moments of different orders q. 

2 Local Properties 

An important step towards an improvement of experimental measurements 
of the local multiplicity distribution was made in [4, 5], where t was shown 
that any complex distribution can be represented as 

n 

Ln = IT "7~-i+l ( 8)' 
i=2 

where A= P1 (8)/ P0 (8). The factor Ln measures a deviation 1)f the distri­
bution from a Poisson with Ln = 1. Non-poissonian fluctua:.ions exhibit 
themself as a deviation of Ln from unity. The Ln is construced from the 
bunching parameters (BPs) 

(8
) = q Pq(8)Pq_ 2(8) 

TJq - 1 p2 (8) ' q q-1 
q > 1. (3) 

The values of the BPs and NFMs for most popular distributio:1s are shown 
in Table 1. The most interesting observation is that while th~~ NFM is an 
"integral" characteristic of the Pn ( 8) and the BP is a "differential", both 
tools have values larger than unity if the distribution is brc ader than a 
Poisson. Generally, however, one should not expect that all BPs are larger 
than unity for a broad distribution; BPs probe the distribttion locally, 
i.e. they are simply determined by the second-order derivat .ve from the 
logarithm of Pn( 8) with respect to the n. Note, that in the case of local 
distributions, the width of distributions is mainly determined by ry2 ( 8). 
This observation is based on the simple fact that Pn ( 8) ceasEs to be bell­
shaped at sufficiently small 8. 
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\ Distributic·n I Pn I NFMs I BPs 

Pos. Binomial c;:pn(l- p)N-n nr=l ( 1 - -Jt) < 1 q-l-N < 1 q-2-N 

Poisson I pn exp( -p)jn! 1 1 

N B" . II r(n+k) n(l + t(k+n) eg. mmma r(n+l)f(k)P p nr=l(1 + t) > 1 1 q=~!~ > 1 

Geometric I pn(p + 1)-n-1 nr=l(1 +i) > 1 1 _q_ > 1 q-l 

Table 1. NFMs and BPs for positive-binomial, Poisson, negative-binomial 
and geometric distributions. 

BPs are more sensitive to the variation in the shape of Pn(6) with 
decreasing o than are the NFMs [6]. In the case of intermittent fluctua­
tions, one sr ould expect 7]2 ( 6) ex: 6-d2 • For multifractallocal fluctuations, 
the 'T]g( 6) ar·~ 6-dependent functions for all q ~ 3, while for monofractal 
behavior 'T]q( 5) = const for q ~ 3 [4]. 

LFrom an experimental point of view, the BPs have the following im­
portant aQ.vc:,ntages [5~: 

1) They are less severely affected by the bias from finite statistics than 
the NFMs, s nee the qth-order BP resolves only the behavior of the multi­
plicity distri mtion near multiplicity n = q - 1; 

2) For th·~ calculation of the BP of order q, one needs to know only the 
q-particle rewlution of the detector, not any higher-order resolution. 

The prob em we are dealing with in this paper is to investigate whether 
different Mmte-Carlo (MC) models, which were tuned to reproduce the 
global-shape variables and single-particle inclusive densities, can lead to 
the same str 1cture of the local multiplicity fluctuations which are deter­
mined by many-particle inclusive densities. We study JETSET 7.4 PS [7], 
ARIADNE 4.08 [8] and HERWIG 5.9 [9] models. The models have been 
tuned as described above by the 13 Collaboration [10]. 
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3 Monte-Carlo Analysis 

l) Hori::ontal BPs:. 

In order tp reduce the statistical error on the observed loccl quantities 
when analyzing experimental data, we use the bin-averaged BPs [4, .5]: 

(4) 

- 1 ;\/ 
Nq( !\!) = - L Nq( Ill, 6). 

A/ m=l 
(.S) 

where Ng(m, 6) is the number of events having q particles in bin rn and M = 
D./ 6 is the total number of bins (D. represents the size of full )hase-space 
volume). To be able to study non-flat distributions. like for rapidity, we 
have to carry out a transformation from the original phase-spar<' variable to 
one in which the underlying density is approximately uniform. < s suggested 
by Bialas, Gadzinski and Ochs [ 11]. 

2) C:c1lfrali::cd integral BPs: 

To study the distribution for spikes, we will considf'r the generalized 
integra.! BPs [.5] using the squared pairwise four-monwnt 11111 difference 
Qf2 = -(p, - pz) 2

. In this variable, the definition of the BPs is g1ven 
by 

(Q z) = _q_ ITq( Q2)fig-z( Q2) 
\q - 1 rrz (Q2) . q q-1 

(6) 

where ITq(Q 2
) represents the number of events having q sp kes of size 

Q2 
in the phase-space of variable Qfz , irrespective of how many par­

ticles are inside each spike. To define the spike size, we shall use the 
so-called Grassberger-Hentschel-Procaccia counting topology (or which a 
many-particle hyper-tube is assigned a size Q2 corresponding t•) the maxi­
mum of all pairwise distances (see [.5] for details). For purely independent 
particle production, with the multiplicity distribution charact. ?rized by a 
Poissonian law, the BPs ( 6) are equal to unity for all q. 

3.1 In rapidity variable 

In order to study fluctuations inside jets, in most investigations the fluc­
tuations have been measured in the rapidity y defined with respect to the 
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thrust or sphericity axis [2]. The Monte Carlo analysis for this variable is 
performed in the full rapidity range I Y I:::; 5. Fig. 1 shows the results for 
the BPs ( 4) for rapidity after the Bialas-Gazdzicki-Ochs transformation. 
The second-order BP for JETSET model decreases with increasing M up 
to M ~ 20, which is found to correspond to the value of M at which the 
maximum of the multiplicity distribution Pn( J) first occurs at n = 0. At 
large M, all BPs show a power-law increase with increasing M, 1Jq"' M"'q. 
This indicaks that the fluctuations in y defined with respect to the thrust 
axis are muhifractal scale invariant. 

0.3 r-------. 
0.4 

- JETSET7.4 

' #:. iv·-· 
-···· JETSET 7.4 (ro BE 
•.• ARIADNE 4.08 10.25 

··~ ••• HERWIG 5.9 

\........ q=2 I 0.2 
0.35 

'" '····---~ 
0

·
3 

1- ~......... 10.15 q=3 

0'" 
~ 
~ 

-0.3 

0.2 

0.1 

10 10
2 

10 10
2 

10 10
2 

0.3 

:::/! 
10 10

2 

M 

Figure 1. · BP> as a function of the number M of bins in rapidity defined 
with respect til the thrust axis. The shaded areas represent the statistical 
and systemati ~al errors on the JETSET predictions. 

Note that 1 he conclusion that fluctuations have a multifractal structure 
is possible without the necessity of calculating the intermittency indices 
cPq· In contrast, to reveal multifractality with the help of the NFMs, one 
first needs to carry out fits of the NFMs by a power law. 
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HERWIG predictions (dashed lines) significantly overestimate the second­
order BP obtained from LUND MCs. Since, for small phase-space cells, the 
second-order BP is determined by the dispersion of the distribution [4, 5], 
this means that the HERWIG produces too broad local multi )licity distri­
butions. Such a result confirms that obtained by the ALEPH Collabora­
tion [12]. 

To study the disagreement between Monte-Carlo models in more detail, 
one can split ry2 into two BPs: 

n - n(±±) + n(+-) 
'12 - '12 '12 . (7) 

Here"'~±±) is defined by (4) with N2(m, J) = NJ±±l(m, Jy), ,vJ±±l(m, Jy) 
being the number of events having like-charged two-particle < ombinations 
inside bin m of size Jy. Analogously, "1~+-) is constructed frorr. the number 
of events NJ+-)(m, Jy) having unlike-charged two-particle O)mbinations. 

Note that due to a combinatorial reason, "'~±±) < "'~ +-). 

-0.5 

-0.6 

C\J 
~ -0.7 

c:: 
-0.8 

-0.9 

0,-------

.p- ...... 
~±±) :~ :~'~:\~+-) 

-.:··· ....... ~ .......... .. 
- JETSET 7.4 •• . ............. -..... __ ... ............ .......... JETSET 7.4 (no BE) 

•·•·• ARIADNE 4.08 
--·-- HERWIG 5.9 -0.3 

10 

M 
10 10 

., 

Figure 2. The second-order BP as a function of the number M of bins in 
rapidity defined with respect to the thrust axis for like-charged and unlike­
charged particle combinations. 

Fig. 2 shows that "'~±±) and "'~ +-) indeed behave complete .y differently. 
While"'~±±) shows the expected rise, "1~+-) shows a strong de:rease at low 
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M and the onset of an increase at large M. The structure of ry2 observed 
in Fig. 2 is a combination of these two effects. 

Note th<.t ry2 is strongly effected by the Bose-Einstein (BE) interference 
incorporated into the JETSET generator1

. This is not unexpected since 
ry2 "' P2 / Pi:, which is very similar to the correlation functions used for 
Bose-Einstein studies. 

Let us n~mind that in order to model the BE interference in JETSET, 
the momenta of identical final-state particles are shifted to reproduce the 
expected twJ-particle correlation function. The main disadvantage of such 
ad hoc met 1od is that it spoils overall energy-momentum conservation 
and it is ne::essary to modify also momenta of non-identical particles to 
compensate for this. This effect in JETSET model can be seen in Fig. 2. 

The stro 1g anti-bunching tendency seen for unlike-charged particles at 
M < 30 ca1 be attributed to resonance decays and to chain-like parti­
cle productiJn along the thrust axis, as expected from the QCD-string 
model [13]. fhe latter effect leads to local charge conservation with an al­
ternating charge structure. Evidence for this effect was recently observed 
by DELPHI [14]. As a result, there is a smaller rapidity separation be­
tween unlike-charged particles than between like-charged and Tf~+-) is much 
larger than 11~±±) at small M. Having correlation lengths 8y "' 0.5- 1.0 in 
rapidity, the resonance and the charge-ordering effects, however, become 
smaller with increasing M. 

Note tha1, to distinguish the NFMs calculated for different charge com­
binations ·in a bin-splitting technique is difficult due to insufficient sensi­
tivity of this tool and a purely combinatorial reason. 

3.2 In the four-momentum difference 

The study of BPs described above can help us to understand a tendency of 
the particles to be grouped into spikes inside small phase-space intervals. 
Another· queltion is how the multiplicity of these spikes fluctuates from 
event to evert when the spike size goes to zero. To study this, we will use 
the BPs defiued in (6). 

Fig. 3 shews the behavior of Xq as a function of -In Q2 • The full lines 
represent the behavior of the BPs in the Poissonian case. In contrast, all 
BPs obtained from the Monte Carlo models rise with increasing -In Q2 

1 Here and below, we show JETSET predictions with the BE interference disabled 
after the retuni 1g of this model to describe global-shape variables. 
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Figure 3. Generalized integral BPs as a function of the .-quared four­
m.omentum difference Q2 between two charged particles. 
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(decreasing Q2
). This corresponds to a strong bunching effect of all or­

ders, as expected for multifractal fluctuations. The anti-bunching effect 
(x 9 < 1) for small -In Q2 is caused by the energy-momentum conserva­
tion constra: nt [.5]. 

To learn more about the mechanism of multiparticle fluctuations in 
Qi2 variable, we present in Fig. 4 the behavior of the second-order BP as 
a function o~ -In Q2 for multiparticle hyper-tubes (spikes) made of like­
charged and those of unlike-charged particles, separately. A significant 
difference is •)bserved for like-charged combinations between HERWIG and 
LUND MCs. 

4 Discussion 

Local multiplicity fluctuations in Monte Carlo models have been studied by 
means of bur ching parameters. Since all high-order BPs show a power-like 
rise with decreasing the size of phase-space interval, none of the conven­
tional multiplicity distributions given in Table 1 can describe the local 
fluctuations observed in the MC models. 

For e+e- :nteractions, one can be confident that, at least on the parton 
level of this reaction, perturbative QCD can give a hint for the under­
standing of the problem. Analytical calculations based on the DLLA of 
perturbative QCD show that the multiplicity distribution of partons in 
ever smaller )pening a"ngles is inherently multifractal [15]. Qualitatively, 
this is consistent with our results on the BPs for rapidity. Quantitatively, 
however, the QCD predictions disagree with the e+e- data and MC mod­
els [16]. 

In this paper we show that the power-law behavior of BPs is mainly due 
to like-chargEd particles. JETSET gives the same power-law trend even 
without the BE effect. This means that the intermittency observed for 
like-charged I articles appears to be largely a consequence of QCD parton 
showers and hadronization. 

The predictions of the ARIADNE 4.08 model are comparable with those 
of the JETSET 7.4 PS model. This is essentially due to the same im­
plementation of hadronization, which is based for both models on string 
fragmentation. 

A noticeable disagreement, however, is found between LUND and HER­
WIG models. The conversion of the partons into hadrons in the first mod­
els is based on the Lund String Model [13]. However, the hadronization 
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in HERWIG is modelled with a cluster mechanism [9]. T 1is can be a 
rather natural candidate to explain the observed difference rdween local 
fluctuations in these models. A particular concern is the large difference 
between MC's for ry2 . The behavior of ry2 for not very small intervals is 
sensitive to low-multiplicity events, for which hadronization details could 
play a significant role. 
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1 Introduction 

In these lectures the nonperturbative approach to qua.ntnm field theory, 
variational perturbation theory (VPT), is briefly reviewed. 

Solution of many physical problems is based on appro <imation of a 
qu;_intity under consideration by a finite number of terms o ·a certain se­
ries. In quantum field theory this is conventionally an e <pans ion into 
a perturbative series. This approach combined wjt.h the renormalization 
procedure is now a basic method for computations. As i' well-known, 
perturbative series for many interesting models including reCl.listic models 
are not convergent. Nevertheless, at small values of the coupling constant 
these series may be considered as asymptotic series and could provide a 
useful information. However, even in the theories with a small coupling 
constant, for instance, in quantum electrodynamics there exist problems 
which cannot be solved by perturbative methods. Also, a let of prob!Pms 
of quantum chromodynamics require nonperturbative appro l.Chf's. 

Many approaches have been devoted to the development. of nonpertm­
bative methods. Among them is the summation of a perturbative series 
(see reviews [1] and monograph [2]). The difficulty is that tlw proreclure of 
summation of asymptotic series is not unique as it contains a functional ar­
bitrariness. A correct formulation of the problem of summa.t. on is ensured 
by further information on the sum of a series [3]. At present information of 
that kind is known only for the simplest field-theoretical mo(lels [•t]. More­
over, in many cases of physical interest, the series of perturbative theory 
is not Borel summable. 

There have been approaches that are not directly based on the per­
turbative series. Many of nonperturbative approaches make use of a vari­
ational procedure for finding the leading contribution. However, in this 
case there is no always an algorithm of calculating correction; to the value 
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found by a \ariational procedure, and this makes difficult to answer the 
question how adequate is the so-called main contribution to the object 
under investigation and what is the range of applicability of the obtained 
estimations. 

Therefore, useful approaches to the study of the nonperturbative struc­
ture of quantum field theory are the methods that combine an expansion 
of a given quantity in a series that defines the algorithm of calculating the 
correction wi ~h an optimizing procedure. The non perturbation Gaussian 
effective potential for a quantum system has been constructed by an ap­
proach of that sort in refs. [5, 6, 7, 8]. There exist the various optimizing 
procedures. n [9, 10], for example, the principle of minimal sensitivity 
has been applied to the third-order calculation of Re+e-. Different ways of 
constructing 1 he variational procedures for scalar models of quantum field 
theories are discussed in refs. [11, 12, 13]. However, even if the algorithm 
of calculating corrections, i.e. terms of a certain approximating series, 
exists, it is n )t still sufficient. Here of fundamental importance are the 
properties of •:onvergence of a series. Indeed, unlike the case when even a 
divergent pert urbative series in the weak coupling constant approximates 
a given object as an asymptotic series, the approximating series in the ab­
sence of a smaii parameter should obey more strict requirements. Reliable 
information ir this case may be obtained only on the basis of convergent 
senes. 

We shal! consider th~ method of a series construction with the aid of a 
variational procedure of the harmonic type. It has been observed empiri­
cally in [14] that the results seem to converge if the variational parameter 
is chosen, in e.tch order, according to the principle of minimal sensitivity. 
This induced-:onvergence phenomenon is discussed in detail in ref. [15]. 
In ref. [16] J the proof of convergence of an optimized o-expansion is given 
in the cases of ~ero and one dimensions. The proof of convergence of varia­
tional series in the case of anharmonic procedure is given in ref. [12] . Here, 
we discuss a method which allows one to systematically determine the low 
energy structure in quantum chromodynamics. We shall construct the ex­
pansion which s based on a new small parameter and apply this method to 
the nonperturbative renormalization group analysis in quantum chromo­
dynamics. Apf•lications to the definition of the QCD running coupling in 
the timelike domain and to the semileptonic decay of the T lepton will be 
considered. Th~ main results concerning the method of variational theory 
and some its applications can be found in the papers [5, 10, 11, 12, 13] 
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and [17, 18, 19, 20, 21, 22] (see also references therein). 

2 Toy model 

To represent a simple explanation of the basic idea of the method, let us 
first make a start with very transparent example, simple integral of the 
form 

W(g) = j_: dx exp(- S[x]). (2.1) 

The expression (2.1) can be considered as the zero-dimensic•nal analog of 
the ql!4-model. The function S[ x] plays the role of "the actim functional" 

(2.2) 

In the quantum field theory we can calculate the Gaussian functional in­
tegrals. Let us imagine that in this simple case we have to operate with 
Gaussian integrals as well. Thus, we can try to evaluate the •1uantity (2.1) 
by using the Gaussian integrals of the sort 

j dxP(x)exp( -ax2
) (2.3) 

with some polynomial P( x) of x. 
The standard method of calculations is the expansion of the expression 

exp( -S[x]) in the power series of the "coupling constant" 7· Indeed, in 
this case, one uses the Gaussian integrals (2.3) and obtains the standard 
asymptotic perturbative series 

00 

W(g) (2.4) 

with the coefficients 

Wk = ~! j_: dx ( -g x4 
)k exp(- S0 [x]). (2.5) 

Whereas the expansion of the function (2.1) in the ser es (2.4) with 
coefficient (2.5) is unique, the inverse procedure of finding tle sum of the 
series (2.4) without using additional information about the ~unction (2.1) 
is nonunique. For example, the same series (2.4) has also the function 
W(g) + exp(-1/g) that has different from W(g) asymptote behavior at 
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large values of the coupling constant g. The reason for the incorrectness 
of the sumrr ation procedure is the asymptotic nature of the perturbative 
expansion (:'..4). Therefore, the perturbation series by itself without any 
additional idormation about its sum cannot be used to evaluate the func­
tion (2.1) fo · sufficiently large values of the coupling constant. Of course, 
in this simph case, we know the needed additional information about W(g) 
and can app y to the series (2.4) some method of summation, for example, 
the Borel mdhod. But, in the real field theory models, we do not know 
this informa;ion about function that is represented by functional integral 
and the problem requires special attention. 

The VPT approach makes it possible to construct different expansion 
for the func1,ion (2.1) and for quantum field models using the Gaussian 
quadratures. In this section we will demonstrate how the VPT idea allows 
one to construct a nonperturbative expansion which is based on a new 
small expansion parameter. 1 

By using a new split of the action let us rewrite Eq. (2.2) in the form 

S[x] = SMxJ + S~[x], (2.6) 

where we ha' e introduced a new free action SM x] = (- 1 x2 and an action of 
interaction S~[x] = gx4

- ((-
1

- 1)x2
• Here (is an auxiliary parameter of 

a variational type. Actually, the original quantity W(g) does not depend 
on this parameter, therefore, when studying a finite number of the terms 
of the series it is possible to choose the variational parameter on the basis 
of some principle of optimization [12, 23]. 

The VPT series for (2.1) can written down as follows 

00 

W(g) = L Wn, (2.7) 
n=O 

where the terms of the VPT expansion have the form 

Wn 
1 ' 
n! j dx (- S~[x] t exp(- SMxJ) (2.8) 

= ~ 1 J 4 k [ -1 2 ]n-k 1 f:'o (n-k)!k! dx(-gx) (( -1)x exp(-S0 [x]). 

1 Here, we me the so-called harmonic variational procedure. Other choices of the 
trial VPT funct.onals have been considered in (11, 12, 13, 22]. 
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It is convenient to rewrite the free action as follows 

(2.9) 

and set "' = 1 after all calculations. In this case, any power of ( (- 1 - 1 ).r 2 ] 

in Eq. (:2.8) we can obtain by differentiations with respect to "'· The 

remaining polynomia.l ( -g .r4
{ has the standard perturbative form. there­

fore, we have a possibility to apply to calculations the standard diagram 
technique with modified propagator 

1 
+ /"\, ( (-1 - 1 ) 

(2.10) 

For"' = 1, one finds~ = (. 
The terms of the VPT expansion can be written clown in 1 he form 

w, n 1 ( 0 ) n-k 

L (n- !.:)! -OK, "-''k' 
k=O 

( 2.11) 

where the coefficients 

Wk = ~! j d.r ( -g .r4 
)k exp (- .r ~ -t .r) (2.1:2) 

are given by the standard diagrams of perturbation theory wi1 h the prop­
agator (2.10). 

Consider a structure of the VPT term (2.11). First of a!, note that 
the differentiation with respect to parameter"' gives the additional factor 
(1- () 

1 ( 0 )m --- tq~>:=l)=(1-()m~(/"\,=1). 
m! o"' (2.13) 

Secondly, it is easy to see that in this model the number of it ternal lines 
( L) in any diagram (here, all diagrams are vacuum diagrams) ('qua.! to the 
double number of vertices (V): L = 2 V. The internal line ··orresponds 
to propagator and leads to the factor(, and the vertex gives the factor g. 
Thus, schematically, one can write down 

Wn"' (g(2
)" + (1- ()(g(2

)"-l + ... + (1- ()"-[ (gC) + (1- ()" · 
(2.14) 
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J\1 I 0 I 1 I 2 3 I 4 6 8 
c 1.14 2.64 3.56 .5.46 I 6.12 871 11.33 

D(g = 10) % 2.76 4.83 0.26 0.73 0.0012 
D(g = J 000) % 5.01 6.52 0.56 1.13 0.0033 

Table l: The relative error D(g) = IWtheor.(g)/Wexper.(g) -II-

From (2.14). we can see that if the value of (1 - () will be proportional to 
(g(2 ), the eYpression Wn will contain the common factor ( 1 - ( t. So, let 
the parameter ( obeys to equation 

1 - ( = c g(2 (2.15) 

with some positive constant C. We see from (2.15) that for all values of the 
initial coupling constant g the new expansion parameter a = 1 - ( obeys 
the inequality: 0 :S a < 1. The remained parameter C is independent on 
the value of the coupling constant g and can be found by different ways. 
For example if we consider the first non-trivial order W(ll(g) = W0(g) + 
W1 (g) and me so-called "fastest apparent convergence", from point of view 
of which an absolute value of the last calculated term in the expansion 
should be minimal or vanishes, and require that wl = 0 we find c = 
3/2. In this case, we have the approximation W(g) by the expression 
W(1l(g) (wit1 W1 = 0) with an accuracy better then six percent for all 
interval of g. In particular, at g -+ oo, the relative error of approximation 
is about 5.1 %. Similar results can be obtained if one uses the principle 
of minimum ;ensitivity, or a normalization at some "experimental" value 
W(go) = Wexperim.· If one includes to our consideration the next orders of 
the VPT expwsion we will obtain a best approximation of W(g). 

In Table 1 we can see a dependence of the parameter C of the or­
der expansion and the relative error D(g) = IWtheor.(g)/Wexper.(g) - 11-
Here, to find the parameter C one makes use the normalization condition 
miniW(go)- Wexper.l = miniW(go)- Wexact(9o)l at 9o = 1. 

3 Variational perturbation theory in QCD 

To explain th·~ basic idea of the method in the QCD case, let us first con­
sider the pun Yang-Mills theory (quarks can be included without prob-
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lems). The Lagrangian density has the form 

where FJJ.V = aJJ.AV - OvAJl., Lg.j. and LF.P. are gauge fixing <,nd Faddeev­
Popov terms. 

The L3 (A) generates the three-gluon and ghost-gluon-gb.ost vertices. 
This interaction is the Yukawa type interaction. The term L4 :A) generates 
the four-gluon vertices. Let us introduce the X ~tv field and 1 ransform the 
term L4 (A) to the Yukawa type diagrams 

exp{i~
2 

j dx [Ap,xAv] 2
} jDxexp{-~j dxx:~v (3.2) 

+ i :n j dxxp,v[A~' X Av]} . 

The action functional can be written in the form · 

S = So(x) + S(A, x) + sn}-(A), (3.3) 

where 

S(A,x) = ~ j dxdy A~(x) [D- 1 (x,ylx)]:~ A~(lt) (3.4) 

and the gluon propagator D(x, Yix) in the x-field is defined as 

[D- 1 (x,yix)J:~ = [-o2gp,v0ab + gV'ifabcX~v +gauge term~J o(x- y). 

(3.5) 
The Green's functions can be written as 

G(· · ·) = ( GYuk.(· · ·lx)), (3.6) 

where 

GYuk.(·. ·lx) = J DA [·. ·] exp { i [ S(A, x) + s~x;·(A) I} ' (3.7) 

and 
(···) = j Dx[···] exp[iSo(x)). (3.8) 
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Figure 1: TJie perturbation expansion of the full gluon propagator by 
using the x-transformation. The gluon line with point corresponds to the 
function D(x). 

The Green's functions GYuk. (- · ·lx) contain only the Yukawa type di­
agrams appearing inside the brackets ( · · ·) with the gluon propagator 
D(x,ylx) . ln Fig. 1 (a), the full gauge propagator is shown. The ex­
pansion D(x, Yix) in perturbation theory generates the four-gluon graphs 
[Fig. 1 (b )j that are added to the Yukawa diagrams, and in this case we 
obtain the stwdard perturbation expansion [Fig. 1 (c)]. 

Let us rewrite the Lagrangian in the form 

L(A,x) 

Lo(A,x) = 
L1(A, X) 

Lo(A, x) + L1(A, x), 

C 1 L(A, x) + C 1 L(x), 

ry ( g LrAJ·(A) - (C 1 
- 1) L(A, x) 

(3.9) 

(C1 
- 1) L(x) J , 

where ( and ~ are the parameters of variational type. The original quantity 
L(A, x) does 1ot depend on ( and ~- Therefore, the freedom in choosing 
( and ~ can t e used to improve the series properties . In the variational 
perturbation series a new action of interaction is used for constructing 
the expansior:. It is clear that if the parameters 0 < ( < 1 and 0 < 
~ < 1, we "strengthen" the new free Lagrangian and, at the same time, 
"weaken" the Lagrangian of interaction. After all calculations we put 
ry = 1. This )arameter will be also written in the propagator D(x, YIX) 
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in the combination with the coupling constant. The VPT sJries for the 
Green's function is given by 

n 

We redefine the L 0 ( A,\) for convenience of calculations a' follows: 

L0 (A,\) => L~(A,\) = [1+,..(C 1-l)]L(A,\)+[1+"(C 1 -l)]L(\). (3.11) 

In this case, any power of [ ((- 1 - 1) S(A, \) + (~- 1 
- 1) S( \)]in (3.10) 

can be obtained by the corresponding number of differentiation of the 
expression exp[iSb(A, \,~~:)]with respect to"-· After all calculations we set 
K=l. 

From Eqs. (3.10) and (3.11) we have 

n 1 ( a )n-k 
Gn = 17n {; (n- k)! -a,._ (gk{!i)) (3.12) 

where the functions 
•k 

gk(K) = ~!IDA [·. ·] [ g srxhA) r 
exp {i[1 + !i(C 1

- 1)] j d;r L(A,\)} (3.13) 

correspond to the Yukawa diagrams of the Yang-Mills theor:r with gluon 
propagator [1 + K((- 1

- 1)r1 D(x, yl\)-+ (D(x, yl\) for,.,_= l. The prop­
agator of x-fie[d includes the factor [1 + K(~- 1 

- 1 )r 1 
transformed into~ 

forK= 1. 
The operator of differentiation (-a I a,._ )1 I l! gives the factor ( 1 - ()1 for 

the gluon propagator and ( 1 - U for the propagator of the \-field. 
It is easy to verify that the Nth order of the VPT series contains the 

Nth order of a perturbation series with the correction 0( gN+J ), therefore, 
the VPT expansion does not contradict the perturbativ<> resdts obtained 
for the small coupling constant. 
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Figure 2: Thl' diagrai;ns for the VPT expansion of the full gluon propagator. 

The diag1 ams corresponding to the new expansion of the full gluon 
propagator a:e shown in Fig. 2. The gluon line with slash signifies the 
differentiation over K and contains the factor (1 - (). If this line arises 
due to the x~ field propagator, the corresponding factor is ( 1 - 0. 

The outline of the VPT expansion structure can be written as 

1 +ry(1--()+ry2 [(1-()2 +l(3 +l'] (3.14) 

+ 1]
3 

[ (1 - ()
3 

+ l (3 
( 1 - () + l ' ( 1 - () + l ' ( 1 - 0] + .. 0 

The construction of expansions for the Green's functions corresponding 
to three~, fou :~gluon, ghost-gluon-ghost vertices are introduced in similar 
manner. 

If we choo~:e ' = (3 and ( 1 - () 2 = C A(3
, where C is a positive constant, 

we obtain that the nth order term of our series contains the factor (1 - (t 
and the expansion parameter a = (1 - () < 1 for all values of the initial 
coupling constant. Now, one can perform the renormalization procedure 
and define the~ renormalization constants a power series of a [18, 19]. 

Consider the connection between the perturbative and non-perturbative 
regimes of tht' running coupling constant o:8 (Q2). To fix the parameter C 
we will use noa-perturbative information from meson spectroscopy and de­
rive as( Q2

) in the perturbative region at large Q2 . In other words, we will 
find the conn·~ction between the universal tension a in the linear part of 
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the quark-antiquark static potential Vlin(r) = a r, which can be determined 
from meson spectroscopy, and the description of high energy physics. If, 
as usual, we assume that the quark potential in momentum space can be 
written as V(q2

) = -167ra,(q2 )/3q2
, where a.(q2

) describ~s both large 
and small momentum, and that a.(q2

) has the singular inJrared asymp­
totics a.( q2

) "' q-2
, we obtain, by taking the three-dimen ;ional Fourier 

transform, the large-distance linear potential in coordinak space. The 
corresponding singular infrared behaviour of>.= a./(47r) conforms to the 
asymptotics of the ,8-function: ,B(>.)-+ ->.for a large coupling constant. 

In the framework of this approach consider the functions (3(2
), ,B(3), ,B( 4) 

and ,8(5) that are obtained if we take into consideration the terms 0( a2 ), 

O(a3
), O(a4

) and O(a5
) in the corresponding renormalizatioL constant Z;,. 

As has been shown [19], the values of - ,B(k)(>.) / >. as functions of the 
coupling constant for parameters c2 = 0.977, c3 = 4.1, c4 = 10.4 
and C5 = 21.5 go to 1 at sufficiently large >.. The increa:;e of Ck with 
the order of the expansion is explained by the necessity to compensate 
the high order contribution. A similar situation takes plac( also in zero­
and one-dimensional models. The behaviour of the functions -;- ,B(k)(>.)j >. 
gives evidence for the convergence of the results, in accordance with the 
phenomenon of induced convergence. At large coupling, - ,e:k)(>.)j >. ~ 1, 
which corresponds to a.(Q2

) "' Q-2 at small Q2
. 

The value of the coefficient a in the linear part of the qu:trk-antiquark 
static potential Vlin(r) = ar is a~ 0.15 7 0.20 GeV2 . At a :;mall value of 
Q2 the corresponding behaviour of a.(Q2

) is a.(Q 2
) ~ 3aj:~Q2 . Here we 

will use this equation at a certain normalization point Q0 and the value 
a = 0.1768 GeV2 which has been obtained in [24]. The re10rmalization 
group method gives the following equation for the Q2-evc lution of the 
expansion parameter a: 

Q2 = Q~ exp[ ¢(a, N1) - ¢(ao, NJ)] (3.15) 

with 

(3.16) 

In an appropriate region of the momentum, the value of a( Q2 ) = 
2/3 Q2 as( Q2

) is almost independent of the choice of Q0 and lies in the 
interval 0.15 + 0.20 GeV2

• This result agrees with the phenomenology of 
meson spectroscopy. Thus, we have found all the parameten and can now 
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consider thE behaviour of the effective coupling constant at large Q2
• For 

example, WI~ find O:etr( mz) = 0.126. It should be stressed that we have 
obtained this result by evolution of the effective coupling starting from a 
very low ent~rgy scale. Taking into account this fact the value of O:etr( mz) 
obtained in such a way seems to be quite reasonable. 

4 Renormalon representation and T decay 

In this sectil)n we will conc~ntrate on a description of the inclusive decay 
of the T lep·.on taking into account renormalon contributions (for detais, 
see [25]). Consider the Adler D-function D(Q 2

) = -Q2 diT/dQ 2 corre­
sponding to the vector hadronic correlator in the massless case. The two­
loop perturl:ative approximation is given by D(t,>-.) = 1 + 4A(f.t2

), where 
t = Q2 /11 2

• Standard renormalization group improvement leads to the 
substitution >.(f.l2 ) -+ "X(t, >-.), which implies a summation of the leading 
logarithmic ~ontributions. However, due to the ghost pole of the running 
coupling at IJ2 = AbeD this substitution breaks the analytic properties of 
the D-functi·m in the complex q2 = -Q2 plane, namely that the D-function 
should only have a cut on the positive real q2 axis. We may correct this 
feature by noting that the above solution of the renormalization group 
equation is r.ot unique. The general solution is a function of the running 
coupling wit 1 the asymptotic behaviour 1 + 4>-., for small >-.. To maintain 
the analytic )roperties· 2 of the D-function we can write it as the dispersion 
integral of R:S) = (1/7r )Imii( s + iE), and use RG improvement on the inte­
grand rather than D itself. This method leads to D(t, >-.) = 1 + 4Aetr(t, >-.) 
with T = sjQ2

. The Borel representation of Aetr(t, >-.) has the form 

Aetr(t, >-.) = lXJ dbe-b/X(t,>.) B(b), ( 4.1) 

with B(b) = f(1 + b/30 ) f(1 - b/30 ). Here {30 = 11- 2/3N/ is the first coef­
ficient of the /3-function, and N1 is the number of active flavours. Thus, in 
the Borel plaae there are singularities at b/30 = -1, -2, ... and b/30 = 1, 2, ... 
correspondin?; to ultraviolet and infrared (IR) renormalons respectively. 

The first IR singularity at b/30 = 1 is probably absent since there is 
no corresponding operator in the operator product expansion. Although 

2Recently, iL (26, 27], it has been shown that requiring the correct analytic properties 
for the runnin~ coupling leads to the non-perturbative power corrections of the form 
exp( -1/(X( Q2 )80 ) ). 
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this issue is not currently settled, it seems reasonable to assume that the 
first IR renormalon occurs at b = 2//30 , and we would like to use this 
property of the operator product expansion as an additional c )nstraint on 
the choice of solution to the renormalization group equatimt. This can 
be simply achieved (by judicious integration by parts), and 1s result we 
obtain the following expression for Aeff: 

10.:> >..(kt )..) 
Aeff ( f , A) = d Ti.l,) ( T) ' , 

o 1 + >..(kt, >..)J0 In T 
(4.2) 

in which the factor k reflects the renormalization scheme an biguity and 
the function w(r) = 2r/( 1 + T )

3 describes the distribution )f virtuality 
usually associated with renormalon chains. The function B( b) in the Borel 
transform of ( 4.2) has the form 

B(b) = f(1 + bf]o) f(2 - b~~o) . ( 4.3) 

Thus in this representation for Aeff the positions of all ultraviolet singulari­
ties remain unchanged, but the first IR renormalon singularity at b = 1/ ;30 

is absent. · 
In order to render Eq. ( 4.2) integrable we must combine ;his method 

with the nonperturbative a-expansion in which from the bf ginning the 
running coupling has no ghost pole. Separating the QCD cortribution to 
RT-ratio as ~T and writing RT = R~ (1 + ~T), where R~ is thE well-known 
electroweak factor, we obtain the expression [25] 

M;. ds ( s ) 
2 

( s ) _ ~T = 481 M2 ]\,{2 1- M2 >..(L«)' 
Q T T .. T 

( 4.4) 

in which the factor k again parametrizes .the renonna.lization scheme and 
~ = a2(1 + 3a)/C. In what follows we shall use the M S sche11e, in which 
k = exp(-5/3). Note that the renormalon representation obtcined for the 
coupling modifies the polynomial in the integra.! so that the m< xi mum now 
occurs nears= (2/3)M;. 

Taking as input the experimental value of R~xp = 3.56 ± 0.03 [28], 
three active quark flavours and the variational parameter C = 4.1, we find 
o:.(M;) = 0.339 ± 0.015 which differs significantly from tbat obtained 
(o:.(M;) = 0.40 in leading order [22]) without the renonmlon-inspired 
representation for the coupling. The method, applying the nntching pro­
cedure in the physical s-channel and using standard heavy quark masses, 
leads to Rz = 20.90 ± 0.03, which agrees well with experimental data. 
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5 Conclusion 

In these lee ;ures we have considered an approach to quantum field theory 
-the methcd of variational perturbation theory. The original action func­
tional is rev. ritten using some variational addition and an expansion in the 
effective int ~raction is made. Therefore, in contrast to many nonpertur­
bative approaches, in the VPT the quantity under consideration from the 
very beginn ng is written in the form of a series which makes it possible 
to calculate the needed corrections. The VPT method thereby allows for 
the possibility of determining the degree to which the principal contribu­
tion found variationally using some variational principle adequately reflects 
the problem in question and determining the region of applicability of tlie 
results obtained. 

The possibility of performing calculations using this approach is based 
on the fact that the VPT, like standard perturbation theory, uses only 
Gaussian functional quadratures. Here, of course, the VPT series pos­
sesses a diff(:rent structure and, in addition, some of the Feynman rules 
are modified at the level of the propagators and vertices. The form of 
diagrams thEmselves does not change, which is very important technically. 
The diagrams contributing to the Nth order of the VPT expansion are of 
the same form as those contributing to the Nth order of ordinary pertur­
bation theor~'· 

The variational parameters arising in the VPT method allow the con­
vergence p.roperties of the VPT series to be controlled. In [8, 12] has been 
shown that in the case of the anharmonic variational procedure for the 
scalar <p4 mo :iel there is a finite region of parameter values in which the 
VPT series ecmverges for all positive values of the coupling constant. For 
the harmonic variational procedure there are indications that VPT series 
can be also converge on the sense of so-called induced convergence, by 
fine-tuning the variational parameters from order to order. Note also, that 
a possibility of constructing Leibnitz series in field models is interesting, 
because, in this case, the first few terms of the series can be used to obtain 
two-sided esti nates of the sum of the series, and existence of variational pa­
rameters mak.~s it possible to narrow these estimates the maximum amount 
in a given order of VPT (see [23]). 

Here, we have mainly concentrated upon the application of the method 
to quantum chromodynamics. (see also [29]), where the VPT idea leads 
to an expansion with a new small expansion parameter. This parameter 
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obeys an equation whose solution is always smaller than unity for any value 
of the coupling constant. Therefore, while remaining within the limits of 
applicability of this expansion it is possible to deal with considerably lower 
energies than in the case of perturbation theory. An import 'Lnt feature of 
this approach is the fact that for sufficiently small value o · the running 
coupling constant a. it reproduces perturbative predictions. Therefore, all 
the high-energy physics is pre11erved in the VPT method. In going to lower 
energies, where standard perturbation theory ceases to be ualid, a. ~ 1, 
the VPT running expansion parameter a remains small and we do not find 
ourselves outside the region of applicability of the method. 
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The instanton-induced multi particle events in deep inelastic snttering (DIS) 
are considered in nonperturbative quantum chromodynamics (Qc=D). Normali­
zed factorial moments are calculated for these processes. The first. quantum 
correction to the classical instanton configuration is taken into a< count. 

We believe, that specific behaviour of moments can be a new criterion 
for the identification of the instantons in Hl experiment at HERA (DESY, 
Hamburg). 

I. Introduction 
As it is well-known, Yang-Mills gauge theories have high!~ degenerated 

vacuum structure even on classical level [1]. As a ru.le, quantt m.tunnelling 
transitions between different vacuum states are called "insta 1tons''. 

The existence of the instantons [2]leads to the significant consequences 
of the quantum field theory: nonconservation of the baryon and lepton 
charges in the Standard Model electro-weak interactions, chi :·a! symmetry 
broken in QCD [3]. 

In according to theoretical calculations, instantons in electro-weak 
theory can be observed in high energy particle collisions <ct multi-TeV 
regime [4,5]. In QCD such phenomena require much sm -tiler energies 
(about some hundreds MeV [6]). Experimental search •>f the QCD­
instantons has already goes at HERA (DESY, Hamburg) in hpton-hadron 
deep inelastic scattering [7,8]. 

The distinct event topology of instanton induced ew nt allows to 
discriminate them from normal DIS events. There are following theore­
tically predicted features of instanton-induced multiple statEs. 

1. High part on multiplicity: number of produced quarks in each 
instanton induced event nq = 2n f - 1 [3], where n f is numb·~r of flavours; 
average gluon multiplicity< n9 >"' 3- 10 [6,7]. 

2. lsotropically parton distribution in the instant.on rest. ::yst.ern [:~]. 

3. Homogeneous quarks flavours distribution (large fracti•m of strange­
ness and charm in final states as compared with normal DIS) [3]. 
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4. Instanton induced total cross section a{01 strongly peaks with 
decreasing of x [6]. 

5. Second structure function F2 ( x, Q 2
) rises strongly with decreasing 

Bjorken vari;,ble x [7]. 
6. Two-particle correlation function in dependence on rapidities of 

produced gluons has specific form [9]. 
We stud:y properties of the normalized factorial moments as a new 

criterion for the experimental identification of the instantons. Our ca­
lculations co11tain contribution of the first quantum correction to the 
quasiclassical approximation. 

II. Distdbution on multiplicity for the instanton induced 
multigluon events in DIS 

On the b;,sis of the instanton solution [2]: A~1(x) = (2/g)ry~,Jv(x 2 + 
p2

)-
1

, one obtained the following formula for the multiplicity distribution 
for the instanton induced multigluon events in DIS (in quasiclassical 
approximatio1) [6,7]: . 

p~ci)=e-AA~' (2.1) 
n. 

where A = a}Q2 ) e:x )2
, p is instanton size, a. denotes coupling constant 

of strong inte·action (a.(Q2
) = 0.2 for Q2 = 2500GeV2

), Ti~v is a 't Hooft 
symbol [3]. 

The first quantum correction to the expression (2.1) is calculated on 
the basis on the gluon -propagator on the instanton background [10] and 
leads to the fc·llowing distribution [4,7]: 

p(cl+qu) = p = N (An - B An-2 ) 
n n 1 ( _ 2)1 ' n. n . 

(2.2) 

where B = te:x )3 ; normalization factor N = e-A(1 - B)-1
. Expression 

(2.2) is obtain ~d for the x > 0.5; there are not exact formula for the small 
values of Bjorken variable. 

III. Calcdation of the normalized factorial moments for the 
instanton induced DIS processes 

Let us rem nd the well-known definition [11]: 

Fq = _1 ___ dqQ(z) I oo < n >; dzq z= 'Q(z) = LPnzn, < n >= dQ(z)l 
1 n=O dz ' z=1 

(3.1) 

218 



where Fq is qth normalized factorial moment, < n > is average multiplicity, 
Q( z) is so-called generating function. 

In the case of quasiclassical approximation (2.1) of instarton induced 
multiparticle production processes (Poisson multiplicity dist ~ibution) we 
have trivial result Fq = 1. 

If we take into account first quantum correction ( distributi )n (2.2)) the 
following formula takes place: 

_ q-l Aq(1 -B)- 2qAq-I B- q(q- 1)Aq-2 E~ 
Fq - (1 -B) (A(1 -B) - 2B)q . (2.3) 

1 .5 ,..----,---,..-------,---,------, 

c 
LL 

0.5 

- x-0.8 
-- x-0.55 
--- x-0.7 
- Po1sson d1stnbutton 

. ·:.:._: ~--::- --. --- L. 

I 

I 

n 

Fig.l. Normalized factorial moments for the different valw!s of Bjorken 
variables x and fixed 4-momentum transfer Q2 = 2500Ge V2 . 

Thus, Fq for the distribution of the instanton-induced CIS processes 
are decreased with moment number growth. Deflection of th~~ normalized 
factorial moments from Poisson distribution is increased wi1 h increasing 
Bjorken variable x (see Fig.1). 

IV. Conclusion 
In this note we have calculated normalized factorial moments for the 

instanton-induced processes of multiparticle production in deep inelastic 
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scattering. Quasiclassical approximation gives trivial results. If we take 
into account tl.e first quantum correction, that Fq have specific form. Thus, 
we have obtained new feature of instanton induced events in addition to 
the known foo ;prints. 

It should be noted, that our results are obtained for the parton 
distribution. Local parton-hadron duality [12] allows to apply them to 
hadrons and to compare with experimental data. 

The au tho :s are grateful for the support in part to Basic Science 
Foundation of Belarus (Projects F95-013, M96-023). 
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