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4. PHYSICS IN AND BEYOND
THE FRAMEWORK OF STANDARD MODEL

4.1. Nucleon spin and radiative corrections.

Review on the Status of
Spin Structure Function Measurements

H.Béttcher

DESY-IfH Zeuthen, Platanenallee 6, D-15735 Zeuthen, Germany

Results are presented on inclusive measurements of the spin structure
function g, (z). 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 successful test of QCD.
The uncertainties arising from the low-z 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 rrobe 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 ifs constituents

[1]

AT 4+ ALg+ Ag+ AL, (1)

B} =
N

where A is the intrinsic spin carried by the quarks, ALg is the arigular momen-
tum of the quarks, Ag is the spin carried by the gluons, and AL, is the angular
momentum of the gluons.

While in the framework of the Quark Parton Model (QPM) AT 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(z)
performed in 1988 [2]. This discrepancy established the so called 'spin puzzle’
and stimulated a variety of experimental and theoretical activities worldwide.
Recently it has been shown theoretically by investigating the Q? dependence of
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coming and the scattered lepton, respectively, and Q> = —¢% = --(k — k') 2

2EE'(1 - cos#)) is the four-momentum transfer squared, with k and k' being the
four-momenta of the incoming and the scattered lepton, respectively, and ¢ 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; 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 & and a
spin-dependent term Ac involv-
ing the lepton helicity h; = £1:

Spit Plane

o=7- %h,Aa. (3)

The spin-independent cross
section is expressed in terms of two
unpolarised structure functions Fy
and F, which depend on @? and
the Bjorken scaling variable z = Scattering Plane

Q?/2Mv, where v = pg/M 2

—FE'3
E]; E' is the energy transfer a:ndM Figure 2: Definition of spin and scattering
the nucleon mass. The variables plane in polarised lepton scattering on a fixed

p and ¢ are the four-momenta of polarised nucleon target. The figure has been
the target nucleon and the virtual ¢ayen from [5).

photon, respectively. Its double
differential form as function of z and @? [6] is

dz— 2 2 2,,2
ddez‘z = %30;— [zyz (1 B 2621;) Fi(=, @) + (1 “vT 141) Fz(l’Qz)] W

where m; is the lepton mass; v y/E, and

2.2 2
¥ = “gf U (5)

v

a variable which approaches zero in the Bjorken limit, i.e. when (2 and v ap-
proach infinity at fixed z.

The spin-dependent cross section can be expressed in terms of two polarised
structure functions g, and g, which also are a function of z and Q. When the
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The Q? 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, Q%) = Agi(z,Q%). (22)

d 2\ aa(Q) 2 2
dngg @ @) = —5o /= [q(— o, (@*)AL(y, @)

+ 2anqg(§,a,(Qz))Ag(y,Qz)] , (23)
Tagitoe @) = 2T 19 [poE o @ipay @)

+ Bl ,0@) 500 ). (20

whereas the non-singlet distribution evolves independently of th2 singlet and
gluon distributions:

d a,(Q?) dy
AgNS 2y e NS 2 NS 2y
Tngp 0@ @) = 25 [ URISC e (@)A W, 0. (29)
The Py; are the QCD splitting functions for pola.rlsed parton distrioutions.

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 @? at leading order the coefficient functions are

c%s f, , Cozvs , _51_£’
q(ya) (ya) ( )

y
0. (26)

T
C:(gyaa)

In this case g, decouples from Ag. Beyond leading order the C; and P;; depend
on the renormalization scheme. In the M5 scheme the complete set of coefficient
functions and the polarised splitting functions P, and Py, up to order a? are
given in [13] while the O(a?) corrections to the splitting functions Py, and Py,
can be found in [14] and [15].This formalism allows a complete NL{) QCD anal-
ysis of the scaling violations of the spin-dependent structure functions. In [16]
the splitting and coefficient functions are transformed from the M5 scheme to
different factorization schemes. One of these other schemes is the Adler-Bardeen
scheme which will be used later.

11












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 perfoimed 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 AX, 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 DESY during
the last years. All these experiments focused on high precision ineasurements
of the spin structure function g,{z,Q?) over the accessible kinematical range
on proton, neutron, and deuteron targets. To date significant 1neasurements
of gi(z, Q?) exist for an z-range of 0.004 < z < 0.7. Table 1 summarizes all
experiments and their kinematics.

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

experiment beam target type | x-range | Q%-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~ 3He 0.03-0.60 1-10 [37]
E143 (1993) 10-29 GeV e~ | NH3/ND; | 0.029-0.80 1-10 [38]
E154 (1995) 49 GeV e 3He 0.014-0.70 1-17 [39] .
E155 (1997) 49 GeV e~ NH;/ND; | 0.014-0.70 1-17 [40]
EMC (1985) 100-200 GeV p~ NH; 0.005-0.75 | .-200 [2]
SMC (1992) 100 GeV ut D-Butanol | 0.003-0.70 1-60 [41]
SMC (1993) 190 GeV p* H-Butanol | 0.003-0.70 1-60 (42]
SMC (1994) 190 GeV u*t D-Butanol | 0.003-0.70 1-60 [43]
SMC (1995) 190 GeV p* D-Butanol | 0.003-0.70 1-60 [44]
SMC (1996) 190 GeV p* NH; 0.003-0.70 1-60 [5, 45]
HERMES (1995) | 27.5 GeV et 3He 0.02-0.70 1-10 [46]
HERMES (1996) 27.5 GeV et ‘H 0.02-0.70 1-10 40
HERMES (1997) 275 GeV et 'H 0.02-0.70 1-10 N

Recent reviews can be found in [47] and [40]. In the following only results for the
spin structure function g; and its first moment will be discussed.
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be mentioned that in QCD the ratio g;/F} is slightly Q*-dependent because the
splitting functions, with the exception of P, are different for polariced and un-
polarised parton distributions. However, in regions dominated by valence quarks
the Q*-dependence is expected to be small [55].

3.3 The Data on the Spin Structure Function ¢;

At first the most recent and partly still preliminary data on g, 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 gp

plotted in Fig. 3 to- 2.95 1
gether with data taken
in 1993. There is no in- LS O 93
dication anymore for a

rise of ¢f at low z as 1750 O 9%
seen earlier [42]. B 93+%6

The HERMES ex-
periment at DESY used ~ 1-25[ )
a polarised proton tar-
get in 1996/97. Pre- )
liminary results on the 0.75}
asymmetry A} from
the 1996 measurements %ﬁ +’ é’
are shown in Fig. 4 to- 0.95 L ¢‘.| G
gether with measure- o o™ »
ments from E143. At - 1 g
present only the sta- - | -
tistical uncertainties of 0% 16 2 10! X 1
the HERMES 1996 data Figure 3: SMC measurements of ¢¥ including the new 1996
are shown since the data {45]. The shaded band indicates the systeriatic 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 gf/F? 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 ®He target which
acts effectively as an polarised neutron target. The final results for g7* are shown
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3.4 NLO QCD Analysis of the Data

New and more precise data for the spin structure function g;(x) and 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 ¢;. 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 update of their data
analysis [5, 45, 60]. In quoting results only two most recent analyses 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 initial polarised
parton distributions at a certain reference scale Q2. The conventiz! form of such
a parametrisation is [59]

Af(z,QF) = Nympz®f (1 — 2)P1 (1 + v2%), (41)

where Af stands for Ag™¥°, AL, and Ag, the non-singlet and singlet polarised
quark distributions and the polarised gluon distribution, respectively, and ay, 5y,
v¢, and &y are free parameters. The normalisation factor Ny is chosen such that
[ Af(z)dz, the first moment of Af, is equal to ;. It should be noted that the
parameter oy controls the low—z behaviour of the parton distributions. These
distributions are then evolved using the DGLAP equations up to :he.values of
Q? where the data are taken.
The free parameters are de-
termined by a best fit to all r N
data on g;(z) used. : ~
In the analysis presented
in [59] particular care was
taken in view of the small x
extrapolation. Four different
parametrisations A-D were
chosen to probe the sensi-
tivity to different possibili- L
ties for the parton distribu- 1
tions (for details see [59]).
The data used were from
CERN (2, 5] and SLAC |38, I ]
39]. The strong coupling o - Sl .,,13 L .,....l2 L ...11 S
constant was assumed to be 10" 10” 10” 10~ 10
a,(m,) = 0.118 £ 0.005 [61] x
and the SU(3) octet axial Figure 9: The function g{(z) from [£9] showing the
charge ag = 0.579 + 0.025 range of parametrisations allowed by the data.

[25]. In Fig. 9 is shown gf(z,Q% = 10 GeV?) for the best fits 1sing the four
different parametrisations. It can be seen that g (z) is predicted tc¢ turn negative

-~ vvllynl T |v|yv1vl T vrrvnl T T

g.%(x,10 GeV?®)

solid: {it A —
dashed: fit B

dotted: fit C

dotdashed: fit D
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anomaly, it has to be stressed that a real measurement of the gluon polarisation
Ag 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 Q2 =1GeV?as

Af(z,QF) = Nynsz® (1 = 2)P1(1 + as2), (45)

with the normalisation

Nf‘l(af,ﬁ,,a;) =/:c"f(1—:c)ﬂf(1+af:c)d:c. : (46)
The parameter a was set to P
zero in the non-singlet and 125 =
gluon distributions and the O EME e
exponent 3 was additionally B sMC
fixed to 4 for the gluon (for %[ A E143

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 g} is shown
in Fig. 11.

The integral of the gluon
distribution at Q2 = 1 GeV'?
was found to be Ag = 0.9+
0.3(exp) £ 1.0(theor), corre- o025 ) . _
sponding to Ag ~ 1.7 at | 107 10 X 1
@ =10 GeV?. In this anal- Figure 11: Published data sets on gf vrith curves from
ysis the gluon contribution NLO QCD fits at the measured Q? for each data set.
to the nucleon spin turned The fits were done by the SMC experiment [45] using
out to be also positive as in the method developed in [16].

[59].

3.5 The First Moment of ¢f and Sum Rules

For the SMC data the contribution to the first moment of the proton structure
function gf at Q2 = 10 GeV?, T? (see Eqn. (27)), from the m:asured range,
0.003 < £ < 0.7, is determined to be [45]

0.7
/0 G Q2)dz = 0.139 % 0.006(stat) + 0.008(syst) = 0.006(theor).  (47)
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To estimate the contribution to I'} from the unmeasured high z region 0.7 < z <
1.0 a constaat value of AY = 0.7 3 0.3 is assumed which is consistent with the
data and satisfies the upper bound A; < 1. This conservative assumption leads

to a value of

1.0
/7 & (z, Q%)dz = 0.0015 = 0.0006. (48)
0.

The main problem arises from the extrapolation into the unmeasured low—z re-
gion. The conventional method is to assume a constant ¢; in agreement with a
Regge-type sehaviour. Alternatively, the low-z integral from the NLO QCD fit
could be used. In the case of the SMC proton data the difference is illustrated in

Fig. 12.

0.08 Xg?
0.015 Figure 12: SMC data
0.07 (squares) for zgl as
0.01 function of z. Shown
0.08 is also the result of the
oos E %% NLO QCD fit (contin-
uous line). Both at
004 0 Q2 = 10 GeV?% For
z < 0.003 the extrapo-
o003 | 00%7 lation assuming Regge—
[ type behaviour is in-
002 w SMCdata . dicated by the dashed
b Regge extrapolation line. The insert is a
0.01  ———— QCD fit .
close-up extending to
Py lower z. The figure is
— - — — - taken from [45].
10 1C 10 10 10 X

Calculating tle integrals leads to

0.003
2y, _ +0.002+0.002 (Regge)
iz Qodz = "1 Yoo (QCD) - (49)

The corresponding values for the first moment of g7 over the entire z range at
Q2 =10 GeV'? are

0.142 £ 0.006 + 0.008 + 0.006 (Regge) (50)

I?(0? =- 1 2 =
1(Qo =10 GeV*) = 1130 1 0,006 = 0,008 + 0,014 (QCD)
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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 gi1(z) which are calculated according to Eqn. (27). Assuming exact
SU(3)s symmetry and an unpolarised strange sea which corresponcs to assuming
as = As = 0 Ellis and Jaffe have predicted [23] for the first moment a value of

T2(Q? = 10 GeV'?) = 0.170 + 0.004. (51)

The value extracted
from the measurement
is smaller and violates
the Ellis-Jaffe predic-
tion by more than 2o.
This is also demon- S\/Il‘+
strated in Fig. 13 taken o

from a previous SMC
publication [5] where EMC/SLAC
results from other ex- 008 -
periments are shown in ‘
addition. It should be g0 | j
noted that this conclu-
sion holds also for the 2 2
neutron and deuteron 05(GeV?)

Ellis-Jaffe

[ )
N
L=
o
=]
s

data. ) Figure 13: Comparison of the experimental results for ['}
Combining their 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 z range using the Regge-type extrapolation of

% — I = 0.195 + 0.029, (52)
which agrees with the theoretical prediction at Q2 = 10 GeV? of

1194 oNs _ 0,186 + 0.003 (53)
6 gv

within 1o. It should be noted, however, that the experimental 1.ncertainty of
about 15 % in the case of the SMC analysis is still relatively large. An alternative
test of the Bjorken sum rule has been performed in {59] using the NLO QCD fit
already discussed above by fixing the value for a, and leaving g4, gv free. The
data used there came from SMC and SLAC. Hence, the Bjorken sum rule was
confirmed again within 1o, but now with a better accuracy of about 8 %.

M-I =
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Using the relations given in Eqn. (29) the individual axial quark charges a,, = Ax,
aq = Ad, and a, = As can be calculated. This has been done by SMC for the two
low—z extrapolation approaches of determining I} adopting the lirger value of
the third uncertainty from the QCD analysis (see Eqn. (50)) for both approaches.
The results together with the first moment I'} are given in Table 2.

Table 2. Results for the first moment 'Y and the axial quark charges at
Q3 = 10 GeV? from the SMC proton data [45].

Quantity | Regge approach | QCD approach
e 0.142 £ 0.017 | 0.130 £ 0.017
ap 0.34 £ 0.17 0.22 £ 0.17
ay 0.84 £ 0.06 0.80 £ 0.06
aq -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 conbined. The
singlet axial charge ay(Q?) amounts to about 0.3 in both approaches with a re-
latively large experimental
error. There are indications
for a slightly negative polar-
isation of the strange sea al-
though compatible with zero
within 2¢.

In the QPM the axial
coupling ag(Q?) is identified
with AX, the quark spin
contribution to the nucleon
spin. In QCD the U(1)
anomaly leads to a gluon
contribution to ag(Q?) which
makes AY scheme depen-
dent. In the Adler-Bardeen
scheme the decomposition of
ap(@?) into AX and Ag is
given in Eqn. (35) with Ax Figure 15: Quark spin contributions to the proton
being independent of Q2. spin as a function of the gluon contritution at Q% =
The determination of AY 9 GeV? in the Adler-Bardeen scheme. The figure has

and the various Ag; from the been taken from [5].
measured ag and g; requires an input value for Ag. The allowed ‘ralues for AL
and the Ag; at Q2 = 5 GeV? are shown in Fig. 15 as function of .Ag. It can be

27












[21} S.A. Larin, F.V. Tkachev, and J.A.M. Vermaseren, Phys. Rev. Lett. 66
(1991) 862; S.A. Larin and J.A.M. Vermaseren, Phys. Lett. B259 (1991)
345.

[22] A.L. Kataev and V. Starshenko, Mod. Phys. Lett. A10 (1995) 235; Preprint
CERN/TH 94-7190 (Geneva, May 1994), hep-ph/9405294.

[23] J. Ellis and R.L. Jaffe, Phys. Rev. D9 (1974) 1444; ibid. D10 (1974) 1669.
[24] Particle Data Group, R.M. Barnett et al., Phys. Rev. D54 (196) 1.

(25] F.E. Close and R.G. Roberts, Phys. Lett. B316 (1993) 165.

[26] A.L. Kataev, Phys. Rev. D50 (1994) R5469.

[27] G. Altarelli and G.G. Ross, Phys. Lett. B212 (1988) 391.

[28] A.V. Efremov and O.V. Teryaev, JINR Reprint E2-88-287, Dubna (1988).
[29] R.D. Carlitz, J.C. Collins, and A.H. Mueller, Phys. Lett. B214 (1988) 229.
[30] H.Y. Cheng, Int. J. Mod. Phys. A11 (1996) 5109.

[31] S. Adler and W. Bardeen, Phys. Rev. 182 (1969) 1517.

[32] X. Jiet al,, Phys. Rev. Lett. 76 (1996) 740.

[33] M. Anselmino, A.V. Efremov, and E. Leader, Phys. Rep. 261 (1995).

[34] S. Wandzura and F. Wilczek, Phys. Lett. B72 (1977) 195.

[35] M.J. Alguard et el. (E80), Phys. Rev. Lett. 37 (1976) 1261; itid. 41 (1978)
70.

[36] G. Baum et al. (E130), Phys. Rev. Lett. 51 (1983) 1135.

[37] P.L. Anthony et al. (E142), Phys. Rev. Lett. 71 (1993) 959; Phys. Rev. D54
(1996) 6620.

[38] K. Abe et al. (E143), Phys. Rev. Lett. 74 (1995) 346; ibid. 75 (1995) 25.
[39] K. Abe et al. (E154), Phys. Rev. Lett. 79 (1997) 26.

[40] A. Bruell, Proceedings of the XVIII International Symposiura on Lepton-
Photon Interactions, July 28 - August 1, 1997, Hamburg, Germany, to ap-
pear.

[41] B. Adeva et al. (SMC), Phys. Lett. B302 (1993) 533.

31
























Figure 1: y-dependence of the born asymmetry (dashed line) ar.d corrected
wmmetm (solid line) in the polarization Moller scattering for SLAC kine-
matics. E=50Gev. Longitudinally polarized target.

Figure 2: The QED radiative corrections to asymmetry without ezperimen-
tal cuts for longitudinally polarized target.
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€L.R EL,R\ ELR\\

€L.R €L, eL,R

W=

W=
+ 4-Boson couplings

Figure 1: Gauge interactions
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+igV/2 (AF 2Ty — XA°T°A) — V(4, A*).
F2, = 08,V} — 8.V +gf* Vs

DuX* = 0% + gf Vi

Dux = 0ux — gV T"x

Open questions in Standatd Model

Origin of electroweak symmetry breaking

Scalar Higgs field

Origin of masses (My = 80GeV)

Unification of gauge couplings (Mgur = 10'°GeV)

GUT — how to stabilize mass of Higgs? fine-tuning problem
how to relate highly different scales?

Mgyt ~ My

hierarchy problem

SUSY solves fine-turning problem and hierarchy problem in GUT

If scalar Higgs field is elementary, then SUSY may be >nly consistent
framework in a GUT

Radiative symmetry breaking:

Electroweak U(2) * U(1) spontaneously broken simul:aneously with

SUGRA
Theoretical "merits” of SUSY

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

e Local SUSY — supergravity (hope for a finite theory of quantum
gravity)

e Superstrings + fermions — SUSY below Mpin.k

e Non-renormalization theorems

From these follows thé 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” he ©(Mgyr) +

@(MPlunck)
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particle LSP is stable if R, is conserved)

Unification of gauge couplings Amadi et al. 1991

SUSY 2™ order

o ()

20 F
- a)
O m..lJmi ..JS d. <MJ7 wi v.Jgh..[ - 1‘“‘1 ..J‘Jmi u..ils . 7
10 10 10 10 10 10 107 Mgun0
SUSY threshold . [GeVl

Unification of gauge couplings in minimal SUSY Bagger et al.
1996
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Evolution of SUSY particle masses Bagger et al.
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Argumert for constraining SUSY masses:
Naturalness

Barbieri-Giudice:

Mz depends om EWSB, therefore on ”soft” SUSY parameters
Define: ('(M3%,p) :=| MEE%}L | p any SUSY parameter
C(M2,p) is a measure of sensitivity of Mz on p

Demand: 2(M3%,p) < 10 for example

Anderson- Castano take

; C(M?2,
v(M3,p) := JCVLP)

as a measnure of naturalness, with

o Frdppf(p)CT (M, p)
J7* dppf(p)
f(p) : probability density of p, e.g. f(p) =1or f(p)=1/p
py : expected range of parameter p
This gives mz; < 800GeV,m; < T00GeV, mix < 250GeV, "most
natural” valu:s are mgz &~ m; ~ 250GeV
LEP2 range is "most natural”. This is true, however, only in CMSSM.

o

Present imass limjts

LEP:
Charged SUSY particles:

m % 60 — 80GeV, mg % 13GeV,meg 2 60 — 80GeV
Higgs: mpo 2 62GeV, (my 2 62GeV)

Tevatron:
mg 2 173GeV  if  tanf =4, pu = —400GeV
mg 2216G6V' if mg = mg
m; 2 150GeV  if m; < 300GeV

40GeV £ m;, < 100GeV excluded if m; — mygo 2 30GeV, t, — C¥Y
1
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Which parameters of VSSM are excluded by experin ent?

\C\i\io\ ......................................... )

an R v N N NN : : i
= : ..,.A.....‘ALEPH

Maximal mixing

7

No mixing
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LEP2
Exclusion at 200 GeV
[

tanf

RS RSN O

(dei%nl SOp MRing) N NEN
AR
N

|

l

|
G

120 140
m, (GeV/c’)

SUSY in ete” collisions (SLC, LEPI & II, KEK)

+ - ~0-0 ~0-0 -0-0 -0-0 :
€ ¢ = X1X1 X1X2 X1 X3 X2X2 -

ete” = LX1
T Y T
ete” — et,ReL.Ral‘z,Rl‘L.RyTL.R
x? not seen (lightest SUSY particle)

Characteristic signatures from SUSY particle decays:

o) 4R, R og+d R
lR=1+%8, o143, w+xt
o+ +53, i=23
B ogHit LG v+,
X=X = h(A) + X,
(Barbieri et al, Ellis et al, Hidaka et al, Bartl et al, Chen et al)
Candidates for lightest visible SUSY particle (LVSP): x¥, ér, iir, 71,81, by, W

etem st 2P+ + 30+ %0 two-sided events

ete” o x3xi = + %%+ %Y one-sided events

Cononical signature for SUSY: Missing E,p
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LEP2: e et — ili}

50 discovery reach (left) and 95 % CL limits (vight) for the t search at
190GeV. The solid (dashed) lines correspond to maximal (minimal) coupling
to the Z. The shaded area corresponds to the current 95 % CL Tevatron limits.
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Possible TEVATRON Upgrades
Run 71B”: Peak luminosity ~ 2% 10*ecm™%s71, 18 months — 100pb~!

Main injector: L & 10°?¢cm™=2s~!, Run "II” 2fb~!

CDF, D0: proposed upgrades

Ideas how to bridge time between LEP and LHC:

TeVx: L ~2x10%cm™%s™! Run "II - stretch” — 10fb~!
Incremental CDF and D0 upgrades

TeV33: L~10¥cm™257! — 25fb~' —:—100fb~' ? CDF, D0 ?
SUSY mass reach expected:

JL=2fb"" mys <390GeV, m; < 150GeV, mge < 210GeV.
JL=25fb"": my/5 = 400GeV, m; < 180GeV, mys < 25(GeV

TeVx,TeV33 /s =2TeV
PP = XiX8X — 151V + pr

0 A: BR (¥ — invisible) > 90%

* B: large destructive interference in leptonic decays
x C: BR (3 — h%%%) > 50%

o D: all other cases.

Cross-section x BR x EFF (fb)

‘40 50 70 10 200 300 400 500
Lightest Chargino Mass (GeV)
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Squark production LHC
pp—dt+ X, f+X, bb+X, my;=m;,
Rad. corr. (Beenakker et al.) not included.

o(pd)
Vs = 14TeV

10

10°?
10?
I T ] ] T I I ]
[&] o o (&) o (=)
[45] 8 Q Q 8 (@] (@] o
[§] < O 5] (@] (] < 0
= = hA s

Squark mass (GeV)

Cascade Decay of heavy SUSY Particles:

&L~ e+ Xy, v+ Xk
7 =i+ xx(X), —a@+%E, — g+ 330,
éR—e+Xk, Pov+XR, —e+ Xk
qrr— g+ xx(x1), qL—q+xt
Xk = Z2°+ %, - WE+iF, - H +30, H* + %7,
k= 24X, o WELR), o HY+xE, HE4+
until X9 is reached (LSP)

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

1
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Decays:

g_’Q+‘7+,‘~(?~, t+E+ 0, i Myp>omg

G+q X5, bbb+ XS, EHb+Y

if mg < mg;
qrr— ¢+ \{? fL,R — t+ {? i, —tn 12IXINg

dL—>d+ifr, t~L—>b+,{f 13L—Z7R niNxing

di — u+ Xi by — t + X7 th, b, may be much lighter
Cascades
A. Bartl, W. Majerotto, B. Moblacher, N. Oshimo, S. Stippel

Also: H. Baer et al, R. Barbieri et al., R. Barnett et al.
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Signaturzs of §g pairs:

RO, A°, HP
/
o

X1

‘Figure 6: jets, W*’s, Z%s, Higgses, reduced pyigs

Signaturszs of §§ pairs:

Figure 7: 4 jets, large promss
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RO, A H°

Figure 8: jets, W*’s, Z s, Higgses, reduced prmiss

Figure 9: same-sign dileptons (§ Majorana)
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gluino — neutralinos / charginos m; = 750GeV

~ 70 [T L LS N LR B B
e t LEP200 ]
;é 60 } _
_CE,‘ u ilt " :
S s [ i
& [ \ // ]
w0 - \ / -
\ X5 ]
e, X | AeEste G P ave 8
i \/’X\./ \y's ]
or k N A ;
I ”.“'. g .v’N’ 'lfi N l/ o "’..oo : i
/ "g/."'-"\‘« M "“’;E’ "tf. ]
" FERSTH i SW ]
" ./. /' /,‘ L3 / -, .‘:T\\ \
" ou,l(:"‘.t,‘ L .\f/‘ ool i D IR
-4C0O ~200 o 200 400
p—im; prtmy u(GeV)
T l\ | T T T T I T T T 1 l T T T T R
tang=2
1l ]
800 T Ap=0]
\\\ET ’ \/\ A
~_ i
~. 600 T~ N
&) o . —_—
g 400 DRSNS
2 )
u>0 4
200 - \ .
0 e
0 500 1000 1500 2000

76



m SUGRA at LHC
R, conserved, x¥ is LSP — Fr
Reach in mg—m,, plane by 1-lepton, same-sign 2-lepton. opposite-sign

2-lepton, 3-lepton signals, Y&, ¥9 and ([ production.
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Hadronic Final States in

Deep Inelastic Scattering
at HERA

N. H. Brook
Dept. of Physics & Astronomy,
University of Glasgouw.
Glasgow, United Kingdom.

Abstract

This ecture contains a brief introduction to HERA and deep
inelastic scattering (DIS). before going on to highlight some of the
measurerients of the hadronic final state in DIS performed by the
H1 and ZEUS collaborations.

1 The HERA Accelerator and Detectdrs

The HERA accelerator, located at DESY in Hamburg, is an electron-
proton collider. It is 6.3 km in circumference and collides positrons (or
electrons) at zz 27 GeV with protons at 820 GeV. There are four inter-
action regions two containing general purpose, hermetic detectors (H1
and ZEUS); another experiment (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 beam.

The trackir g system consists of a vertex detector (VXD) [1] and a cen-
tral tracking chamber (CTD) [2] enclosed in a 1.43 T solenoidal magnetic
field. Immediately surrounding the beampipe is the VXD which consists
of 120 radial cells, each with 12 sense wires. The CTD. which encloses the
VXD. is a drif; chamber consisting of 72 cylindrical layers, arranged in 9
superlayers. St.perlayers with wires parallel to the beam axis alternate with
those inclined at 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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Overview of the ZEUS Datector
{ fongitudinal cul )
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IBAC,
10 m 0 -5m

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 covering 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 cm? in the
centres of the forward and rear calorimeters to accommolate 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 (SXTD) [4], which
1is attached to the front face of the rear calorimeter, measures the impact
point of charged particles at small angles with respect to th2 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 that 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 scintillator calorimeters
placed —35 m and —107 m 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 HI1 detectcr is of a very similar layout as ZEUS and a description can
be found in reference {7].

2 DIS Kinematics

The event kinematics of deep inelastic scattering, DIS, are determined by
the negative square of the four-momentum transfer at the positron vertex.
@* = —¢*, and she Bjorken scaling variable, z = ®@*/2P - q, where P is the
four-momentun: of the proton. In the Quark Parton Model (QPM), the
interacting qua-k from the proton carries the four-momentum zP. The
variable y, the fractional energy transfer to the proton in its rest frame, is
related to z and Q? by y ~ Q*/zs, where /s is the positron-proton centre
of mass energy. Because the H1 and ZEUS detectors are almost hermetic
the kinematic variables z and Q? can be reconstructed in a variety of ways
using combinatins of electron and hadronic system energies and angles [38].

(e)
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 “+17. At
HERA energies there are significant higher-order Quantum Chromody-
namic (QCD) corrections: to leading order in the strong coupling constant,
as, 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 241 partors in the final state, as shown in fig. 2. There also exists
calculations for the higher, 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 Atarelli-Parisi
(DGLAP) evolution [9] enables the distributions at higher Q* to be deter-
mined. DGLAP evolution resums the leading log(@?) 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/x ard. therefore,
it is also necessary to resum the log(1/x) contributions. This is acheived
by using the BFKL equation [10].

3 Jet Physics

To relate the hadronic final state to the underlying hard partoric behaviour
it is generally necessary to apply a jet algorithm. The JADE 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 (FROJET [12]
and DISJET [13]). The JADE algorithm is a cluster algorithm based on

the scaled invariant mass-squared

JADE _ 2E;E;(1 —cosf;;) |
A W

for any two objects ¢ and j assuming that these objects are massless. V™2
is the squared invariant mass of the hadronic final state and §; is the angle
between the two objects of energies E; and E;. The minimim y;; of all
possible combinations is found. If the value of this minimum y,; is less than
the variable cut-off parameter y..;, the two objects : and j are merged into
a new object by adding their four-momenta and the process is repeated
until all y;; > yeur. The surviving objects are called jets which represent
the underlying partonic structure that is dependent on a;.

Figures 3a~d show the ZEUS jet rates using data takenin 1¢94, Ry, Ry,
and R34 as a function of y.. for data compared with the DISJET and
PROJET NLO QCD calculations for three Q? intervals 1:0 < Q? <
240 GeV?, 240 < @Q* < 720 GeV? 720 < Q?* < 3600 Gev?. and the
combined region 120 < @Q* < 3600 GeVZ2. There is good agreement be-
tween the corrected 141 and 2+1 jet rates and the NLO QCD) calculation
over most of the range in y.,; shown. Both programs agree well in their
prediction of the jet-rate dependence as a function of y.u.

The values of a,(Q) extracted by the H1 [14] and ZEUS [15] collabora-
tion as a function of @ are shown in Fig. 4. The value of a; was determined
by varying the A scale parameter in the QCD calculation unti the best fit
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ZEUS 1994
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Figure 3: Jet production rates R; as a function of the jet resolution param-
eter Yeur for Q% in the range (a) 120 < Q7 < 240 GeV?, (b) 240 < Q? <
720 GeV?, (¢) 720 < Q% < 3600 GeV?, and (d) 120 < Q? < 3600 GeV?.
Only statistical errors are shown. Two NLO QCD calculations, DIS-
JET and PROJET, each with the value of Az obtained from the fit at

Yeur =0.02, are also shown.

to the ratio A1, was obtained at a particular value of y.,;. The measured
o, decreases ‘with increasing @, consistent with the running of the strong
coupling cons:ant, with Q? taken as the scale. In addition the figure shows
the curves for ACL = 100, 200, and 300 MeV. An extrapolation to a,(M.)

M5
ylelds:

H133: as(M.) = 0.123 £ 0.012(stat) £+ 0.013(syst.)

ZEUS 94 : a,(M.) = 0.117 £ 0.005(stat) *0 oo (exp.) + 0.007(th.)
which are consistent with other values obtained from a large variety of
different processes as shown Fig. 4 (see [16] for references). Even with the

current statissics the HERA measurements are already competitive with
those made elsewhere.
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Figure 4: Left: Values and total error of a,(Mz) from various processes.
The solid line indicates the world average and the band its total error.
Right: a,(Q) from HERA (open symbols) and other processes with increas-
ing Q (closed circles): Ty and owaq/0ior, event shapes and T} agron/Diepton
ete™.

Recently two new, more flexible NLO calculations (MEPJET [17] and
DISENT [18]) have become available allowing the experiments 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. Tle preliminary
values of a;(@)) obtained in the three bins of @ are shown (with statistical
errors only) in Fig. 4 and are consistent with the results obtaiined 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 ¢)/2 in the positive Z direction, and the otgoing struck
quark carries Q/2 in the negative Z direction. A final state particle has
a 4-momentum p? in this frame, and is assigned to the current region if
pZ is negative, and to the target frame if pg is positive. T'he advantage
of this frame lies in the maximal separation of the outgoinz parton from
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radiation associated with the incoming parton and the proton remnant,
thus providing 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 extract the strong coupling constant a,(Mz) 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 framre.

The event shape dependence on () (or energy dependence) can be due
to the logarithmic change of the strong coupling constant a,(Q) < 1/In Q,
and/or power corrections (hadronisation effects) which are expected to
behave like 1/@). Recent theoretical developments suggest that 1/Q cor-
rections are not necessarily related to hadronisation, but may instead be
a universal sot 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 % (being a calorimetric
cluster in the detector or a parton in the QCD calculations) with four-
momentum pf = {EZ, pB} The current hemisphere axis n = {0, 0, —1}
coincides with the virtual boson direction.

i

e Thrust T,
. ‘g
'n
T. = 1nax &“)h—BT’ ny = thrust axis ,
Zh Py |
e Thrust T,
= B B
» . n
T. = =k | Ph 5 I = 2 szh | n = hemisphere axis ,
>rl Py nlpy |
o Jet Broadening B,
“u|PE xn| Tu P24 - .
B : = n = hemisphere axis ,
¢ 22h|Pf| 22h|Pf|

¢ Scaled .Jet Mass p.
M (Zapl)?

Pe = 0T - 0?
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A common characteristic of the mean event shape values (1 —T.), (1 —
T.),{ B.) and (p.) is the fact that they exhibit a clear decrease with rising
Q. fig. 5. This is due to fact that the energy flow becomes more collimated
along the event shape axis as () increases, a phenomenon also observed in
ete™ annihilation experiments.

& m]| S H

II- ) 1 n 5 L dan 1

= — i1t & AT op date I ~— Lt K ep date

Y ooz { L o2 ~— NLo QCD oniculani
v

L]

0 20 40 60 80 100 % 26 3560 80 100
qQ [Gev)] Q [Gev]

0.15
0 Hl—l
A1 ep data
ht s i ep data
N B,

<B,>
<>

S
a0 20 40 80 B0 100 %950 +0 80 80 100
q [Gev] q [Gev)

Figure 5: Méan event shape variables as a function of @ for a) (1 — T.).
b) (1 —T.)/2, ¢) (B.), and d) (p.). HI! DIS ep data (e. 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 shape variables
can be well described by just the first order power corrections o 1/Q.
without the need for any higher order corrections. The second order per-
turbative QCD parton predictions are also shown and their discrepancies
with the data show that the power corrections are substantial at low values
of @), but become less important with increasing energy.

The analysis of the event shapes give results consistent wish each other
for &g, the power correction parameter thus supporting the prediction of
universality {25], and also gives consistent values of a,(Mz). ""he results of
the fit are & = 0.491 +0.003 (exp) F503 (theory) for the power correction
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Figure 6: The inclusive charged particle distribution, 1/o¢y do/dz,, in
the current fragmentation region of the Breit frame comparcd 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 Aqep = 230 MeV) and NLO fragmentation functions derived by
Binnewies et al. from fits to ete™ data [36]. The data and the NLO
calculations are in good agreement, supporting the idea of universality of
quark fragmentation.

The peak position of the £ =In(1/z,) distributions, &pe.x, was evalu-
ated. Figure 7 shows the distribution of £yeax as a functior of @ for the
HERA data [33, 37, 38] and of /s for the ete™ data. Over 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 ete™ data [39, 40] is observed.

The increase of £,eax can be approximated phenomenolozically by the
straight line fit {peax = b In(Q) + ¢ 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 8: Forward jet cross section at HERA as.a function of Bjorken x
within (a) the H1 [{4] and (b) the ZEUS [{3] acceptance cuts. The BFKL
result of Bartels et al. [46] is shown as the dashed line. The sclid and dotted
line give the NLO MEPJET result and a measure for the uncertainity of
NLO prediction through changes in the choice of scale.

evolution while the condition xj. > r leaves BFKL evolutioa active. This
leads to the forward jet production cross section in BFKL dynamics being
larger than that of the O(a%) QCD calculation with DGLAP evolution [43].

In Fig. 8, recent data from H1 [44] and ZEUS [45] are compared with
BFKL predictions [46] and fixed order QCD predictions as celculated with
the MEPJET [17] program at NLO. The conditions pr(j) ~ @ and z;e >
r are satisfled in the two experiments by slightly different celection cuts.
H1 selects events with a forward jet of pr(j) > 3.5 GeV (i1 the angular
region 7° < 6(j) < 20°) with

0.5 < pT(J‘)Z/Q2 < 2 y Tjet = Ejet/Eproton > 0.035 5 (1)

while ZEUS triggers on somewhat harder jets of pr(j) > 5 GeV and n(j) <
2.4 with

0.5 < pr(j)?/Q* < 4, Zjer = P=(J)/ Eproton > 0.035 . (2)

Fig. 8 shows that both experiments observe substantially more forward
jet events than expected from NLO QCD. A very rough esiimate of the
uncertainty of the NLO calculation is provided by the two dotted lines.
which correspond to variations by a factor 10 of the renorir alisation and
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to exploit the Tevatron upgrade (RUN II in 1999) to study CP violation
in the B-system.

CDF Tracking Volume
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Figure 7: A comparison of  Figure 8: Longitudinal View of the CDF
CDF and LEP B meson life- Il Tracking System.

time measurements.

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 very 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 current 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 parameter 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 superconductirg solenoid. It
will consist of an inner silicon vertex detector. surrounded by 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:ated 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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Renormalization group and searching for new hysics
beyond Standard Model

Vladimir Skalozub

Dniepropetrovsk University, Dniepropetrovsk 320625, Ukraine
e-mail: skalozub@ff.dsu.dp.ua

The renormalization group équation 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. £s an 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 /s ~ A, A >> m;
- mass of t-quark. Among possible ways for its solution very popular
is the construction of the effective Lagrangians (EL) which, as usually
is believed, are obtained as a result of decoupling of the virtual heavy
particles in the scattering amplitudes of light particles from tte SM [1],[2].
EL contain the effective operators (EQ), which can be generated either by
the tree level virtual states of heavy particles having masses ~ A or by
the virtual heavy particle loops. Obviously, the EO of the laiter type are
suppressed by at least one degree of A~! as compared with the former ones.
It is usually assumed that EL and EO are the remnants of soine unknown
at present time renormalizable gauge theory [3],[4]. But, as a rule, any
actual properties of EO called forth by the renormalizability are 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 renormalization
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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Thus we accentuate, running of low energy parameters s determined
by the same equations (3), (4) and (5), however in this cas: the §— and
v— functions take into account the loops of SM particles, only. As the
sewing conditions we choice the coincidence of parameters a: u = A:

Aa |u=A: ;\a |u=Aa X |u=A: X |u=A . (7)
This yields

A2

A A?)?
A = /\ +axaln -|-b)‘a [ln—jl + ..
u? u?
. A? A2’
X = X(1+GX1DF+bX [ln;;} +) (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;(p), X () in such a way that the explicit
dependencies of a4 on log—2 disappear [6], and the terms &;’ 4014 been

expressed through the SM parameters convert into the amplitude TJSM :

'n1 MNd—g A
(/\a,ln%, x:';) Cj,d

SM Jy
Leff_ET +EZ An A

7,d>4 1

(9)

17t it gy

where the amplitudes O; 4 have the dimensions d and are constituted from
the parameters v, pegs. v, f/v3/2.

As it follows from the analysis in ref.[6], at energies £ << A, the RG
operator D; and the operator D, are the same ones but expressed 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/A,:

oty M (A, In 2, Ao,
DIM = 0; D(E = A( - ra) ”):0. (10)

n; 1 nd—4

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 irvestigated in
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interactions ~ —A1—2 + O(I;Lz,) 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 descrlbmg interaction of the two
SM particles with heavy one as I'; = F +F ‘(z =1,2,..). Let F| ©) 4
a product of the SM fields enterlng the vertex Fi . In order 1/A? the tree-
level EL equals to K%F(O)FEO)FI-(O)F}O), and the one-loop corrzctions to the
1n1t1al, z, and ﬁnal 7, scattermg amg)htudes on the "external field” equal

5 F F E(O)F-( and ( F , respectively. The1 we have for

2 A J
the EO Ou 6!
at(;))GOU 6 — FI(O F Ft(O)Fj(O)7
ertex 0 0
SL‘Q%~@M}+EFPﬂPﬂX (14)

Since the vertexes enter multiplicatively the EL, the equation (13) is
resulted in the following relation for I';: .

0 _q) _ 0
‘8lnuri B [Zﬂ“ 0Aq - Olnv Z “ﬂd’

~ZNﬂf 7Ahﬂ (15)

where N; 4, N; ; are numbers of fields in the vertex r©

Taken for a specific renormalizable theory, it is just the identity. The
one-loop vertex, describing scattering on the heavy particle external field,
stands in the left-hand side. The one-loop #()- and v*)— fun :tions of light
particles enter into right-hand side, as well as the correspcnding vertex
function in tree~a{)§>roximation. Due to renormalizability, an algebraic
structure of the I't") pole part coincides with the structure »f I'(0);, that
leads to the equality of both sides in eq. (15). But if the model in
not known, this equation can be used to obtain information about the
parameters a;q4. 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 a; 4 one has to represent the vertex I'°

the form of product of an arbitrary number A,» , which to be determlned,
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FS)WHW;W“’H, I"(ZO;H ZoZ2%H. The coupling constants Gy ire dimension-
less and Fg?,)WH, F(ZO%H have a dimensionality of mass. In the order 1/m%
the following tree level EO are produced:

o
Ol = LN = "L (1),
a(o) _
O =~ 2081 gy == = T 7y,

rio2 (©) A
OQwww = __QV:nV;{H WIW - WiWw=° = —_"WW?:V WWIW WS W A,

O ) B O B
OWwz2 _——WWH 22 Wz, 7 = V:n“%”ij 252"

mH

(19)

and analogously the operators OffZZ and Og)%zz-

Now, let us assume for the moment that the couplings I® are not
known. Our goal here is to derive the correlations between the parameters
a©, which follow from renormalizability of the SM. We apply the equation
(15) to solve this problem.

The only mass parameter in the considered case is the scalar field

vacuum expectation value v = —M; —1—27:+ = G rx
V9%t

Let us consider the vertexes WWH and ZZH. The gauge fields
enter the theory via the covarlant derlvatlves together with their coupling
constants. Therefore, FWWH ~ g% Z-bosons is the supergosition of the
neutral components of the SU(2);- and U(1)y- fields. So, the vertex ZZH
contains both of couplings g, ¢’ but remains a quadratic form. Taking into
account the dimensions of the vertexes we parametrize them as follows:

Fgl)’)WH = vAgl)/)WH’ Ag)/)wy -—51927
F(ZO%H = vA(ZO%H’ AZZH—fzg + &a97, (20)

where £1,&,,£3 are arbitrary numbers. We are going to find the ratios
between them. Parametnzmg the values Gwwp and Gzzpy, which corre-

spond to 8?2 Zf(l A(O) in eq.(17),

0 v 5] v
(1) (1) '
Oln pu? Pwwi = 1672 Cww, Oln p? Vozn = 1672 (21)
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Electroweak phase transition in strong magnetic field
Michael Bordag® and Vladimir Skalozub’

¢ Leipzig University,
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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 different values of
field, temperature and the Higgs boson mass my. All other particles - fermions
and bosons - are taken into account with their actual values of masses. It is
shown that the symmetfy restoration is the second type phase transition for
my > M,. The magnetic field essentially changes the parameters of the phase
transition at high temperatures. It is shown that the fields H > 3-10%4G could
not be realized in early universe. The vacuum structure is briefl / discussed.

1.Introduction

The concept of symmetry restoration at high temperaiure has been
intensively used in studying the evolution of thé Univers: 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 mpy of the Higgs boson. Most invsstigations of
the electroweak phase transition have included into consideration a high
temperature environment as the main ingredient [2], [3]. B it in recent a
few years cogent arguments followed from different approaches 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 Ref.[7]). So, the
phase transition at high temperature and strong fields has to be of interest

Moreover, at present time when all masses of fundamental particles,
except mpy, are known there is a possibility to investigate n details the
phase transition as the function of this parameter .This, in particular, will
give a possibility to determine the properties of the vacuum. its structure
and to specify a so-called metastability bound on mg [3],[4].

One of possibilities to have strong magnetic fields in the electroweak
phase transition epoch was clarified by Vachaspati [5]. From his analysis
it follows that under very general conditions the fields H ~ T2 in the
patches of sub-horizon scales can be generated during a large class of
grand unified transitions [6],[7], where T; is transition temperatures. The
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second one is formation of the Savvidy vacuum magnetic state at high
temperature (H ~ g¢T? 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 strer gths presented, but it is difficult to realize that without
detailed inves.igations within specific models. Usually, only one type of
fields is consilered. 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 tave been investigated by many authors [8]-[14]. In Refs.
[11],{18] the p1ase transitions derived with the effective potential (EP) of
the bosonic pert of the Salam-Weinberg model and the vacuum structures
of the phases have also been described. In Ref.[14] in addition to the
temperature énd 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, m; =~ 175 Gev, an unbounded global
minimum of tie 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 aspect of .the electroweak phase transition, which also was
not investigatsd but plays an important role, is the influence of the so-
called ring dicgrams at high temperature and strong field. At zero field
it was investizated 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 present 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 mpyg. As we shall see, the
influence of fermions (mainly heavy quarks) is of great importance. It
also will be s1own that for values of mass mpy > M, 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 the unbounded
global minimum produced by the heavy fermions. At an; 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 hoth the phase
transition and the vacuum structure appeared. The lecture s organized as
follows. In Sects.2,3 the one-loop contributions of bosons ad fermions to
the EP VO)(T, H, 4.) 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 my and fields H considering the cases when only the one-loop EP is
taken into account and when in addition the ring diagrams are included.
The description of vacuum structures and the discussion of the results
obtained are given in Sect.6.

2. Boson contributions to V(T i, 4,)
The Lagrangian of the boson sector of the Salam-Weinb arg model is

1 a v 1 v X
L=~ F,F" — 2GLG* + (D,9)*(D*9)
)y

+—§—(‘1>+‘1>) - Z(‘I>+‘1>)2, (1)

where the standard notations are introduced

Fj, = 0,A, — 8,A% + ge®™ AL AC,
Guu = auBu - 8uBu7
1 . a_a 1 .
D,=0d,+ EnguT + 529’Bu- (2)

The vacuum expectation value of the field ® is

<¢>>:%(£c>.' (3)

The fields corresponding to the W-,Z-bosons and photons respectively,
are

1
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Z, = W(g . — 9By,
1 1 43
A= W(g Au + 9B,). (4)

The external e ectromagnetic field is introduced by splitting the potential
in two parts: 4, = A, + AR, where AR describes a radiation field and
A = (0,0, Hz'.0) corresponds to the constant magnetic field directed along
the third axis. We make use of the gauge-fixing conditions {22]

g%¢*

auWi“ T+ ?:BA_“W:*:“ F Z—E

¢+ = C*(z), (5)

i
3
where e = gsir 8, tangf, = ¢'/g, %, ¢, are the Goldstone fields, ¢, ¢’ are
the gauge fixing parameters, C*,C, are arbitrary functions and ¢, is a
scalar condensite value. In what follows, all calculations will be done in
the general relativistic renormalizable gauge (5),(6) and after that we set
¢,¢' =0 choosing the unitary gauge.

To compute the EP V() in the background magnetic field let us
introduce the proper time,s, representation for the Green functions

0,2" — —(g° + ¢*)/*¢. = C., (6)

G* = —i/ds exp(—-isG_lab) (7)
0

and use the meshod of Ref.[17], allowing in a natural way to incorporate the
temperature into this formalism. A basic formula of Ref.[17] connecting the
Matsubara- Green functions with the Green functions at zero temperature
is needed, .

400
G (2,5 T) = 3 (~1)"H% G (2 — []Bu, 2’ — npu), (8)
where G$%is th> corresponding function at 7' = 0,8 = 1/T,u = (0,0,0,1),
the symbol [z] means a whole part of z4/3,0% = 1 in the case of physical
fermions and ¢ = 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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G computed in the states | ',a) at T = 0, and in the left-hand side
the operators are averaged in the states with 7" # 0. The ‘orresponding
functional spaces U° and U7 are different but in the limit of 780 UT
transforms into U/°.

The one-loop contribution into EP is given by the expre:sion

1
v = iTr log G, (9)

where G* stands for the propagators of all the quantum fields W, ¢%, ...
in the background magnetic field H. In the s-representation tae calculation
of the trace can be done in accordance with formula [20]

7 d:
TrlogG*® = ——/ —gtrexp(—isG;bl) (10)
s

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 with n = 0 in
Eqgs.(8), (9) give zero temperature expressions for, Green’s “unctions and
effective potential V()| respectively. They are the only terins possessing
divergences. To eliminate them and uniquely fix the potential we use the
following renormalization conditions at H, T = 0[18]:

0*V(¢, H 1
’_5(‘1{2—) |H=0,6=6(0)= 5’ (11)
V(¢ H
—% \ir=0 6=5(0)= 0, (12)
0*V (¢, H
_—a(—¢2'_—) IH:0,¢:6(0):I m2 |7 (13)

where V(¢,H) = VO 4+ V() 4 ... is the expansion in a number of
loops and 6(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 = H/Ho(Ho = M2/e), ¢ = ¢./6(0), K = m¥%4 /M2, b = M, 7 =
1/B=T/M,,Y =V/H} and M,, = %6(0).

After reparametrization the scalar field potential is directly expressed
in terms of the ratio K,

YO — — 4+ K(——+ ). (14)



The renormalized one-loop EP is given by the sum of the functions
Vi = VO V(g H K) + w4, h, K, 1), (15)

where V() is 1 he one-loop EP at T = 0, which has been studied already
in Ref.[22]. It has the form:

Yy =y 4y, (16)
where
Yo = s [ﬂLogu ¢2>+ 2¢(<1) 4 L gt
wz = r ! % 16

4 ¢2 2 2
n 5;[_2;12 (h2 + he? )log(h +¢%) + (h* — h¢®)log | h — ¢* |]
+ itah(¢?— WOk — &) (17)
Vil) = K sin®0,(—¢*+ ;Qﬁ)
3 1 3
2 ) (58098 — 26 + )

K2 32

+ 2% ¢4——¢2 g | | T4t + Tl 19

and w() is the temperature dependent contribution to the EP determined
by the terms of formulae (8),(9) with n # 0.

We outline the used calculation procedure considering the W-boson
contribution as an example [23],

a T ds _ 2l +2cos2s
wyza/?ewﬁq ]z p(ihB*n2/ds).  (19)

J sin s T
As Eq.(17), this expression contains an imaginary part for h > ¢* appeared
due to the tachyonic mode €2 = p2 + M2 — eH in the W-boson spectrum
[22]. It can be explicitly calculated by means of an analytic continuation
taking into account the shift sBs — 0 in the s- plane. Fixing ¢*>/h > 1 one
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can rotate clockwise the integration contour in the s-plaie and direct it
along the negative imaginary axis. Then, using the identity

=9 Z —5(2P+1 (20)

s1nh S

and integrating over s in accordance with the standard integral
7 b
/dss”"1 exp(—— —as) = 2(%)"/21&'"(2\/ ab), (21)
s
0

a,b > 0, one can represent the expression (19) in the form

ah
Rewt(ul) = —4;5(3(00 + w; — U.)2), (22)
where
=33 Ky (nBay)iz, = (4 + h+2ph)/* (23)
p=0n=1
=Y 2Kl(nBy),y = (¢* — h)'/? (24)
n=1

and in the region of parameters ¢ < h after analytic continuation

i = =5 S yiwn 1)), (25)

= i %Kl(nBz), z= (¢ + h)V/?, (26)

n=1
and K,(z),Y.(z) are the Macdonald and Bessel functions, respectively.
The imaginary part of w{!) is given by the expression

Imw, = —2¢ —Zlg” Ji(nB |y ), (27)

J.(z)is Bessel function. As is well known, the imaginary part of EP is
signaling the instability of a system [20]. In what follows we shall consider
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mainly the sym metry behaviour described by the real part of the EP and
processes conne:ted with Im{} will be discussed in Sect.6.
Carrying oul similar calculations for the Z- and Higgs bosons, we obtain
[11]:
a nB¢
_ K,
6 Z cos20 n? B2 Gl

—Z%EWI(Q(TLBt)
al 2B,ZYg(nB [t]) }

) (28)

cos 8

Rew, = { (29)

where the varieble ¢ = [Ifx'u,(@zz—_ll)]l/2 at 3¢% > 1 and series with the
function Yz(z) has to be calculated at 3¢* < 1. The corresponding
imaginary part will also be considered in Sect.6.

The above expressions (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 ¢, number of terms from the zero-temperature contributions
given Eqs.(16) end T-depended terms. This fact has a general nature and
can be used as 2 good check of the correctness of calculations.

3. Fermior contributions to VIV(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]:

. d
Vf(l) = —8—— (=" / j —(m?s+6%n 2/45)(6113)cotheH:; (30)
4 S

n=—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 /(! on H is a complicated function of the ratio m%/eH.
So, at some fixed values of H, T different dependencies on H will contribute
for fermions with 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 zero temperature contribution by means of the relation )~ =

— 00
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o0
1 +2Y and introducing the parameter K; = m%/M?2 = 2G} ,xaua/9%, we

1
obtain for the zero temperature fermion contribution to the dimensionless

EP |
3 2
Vi(h,¢) = = Z K}(-26" + 56" — ¢'logs?)

“log 21as

h
- “Z _Kf—)

Ky’ 1y by 2p2
ST+ ) - el

+ g[&'?(ﬁ‘i + (ZK ¢! — ‘I‘f l g5 | he? ) log — |I'qf¢2 ](31)

- Z 2qfh2 log I'y (

where ¢y is a fermion electric charge, the sum

3 3
Z = Z(leptons Z quarks)
S f=1 =1

counts the contributions of leptons and quarks with their electric charges.
The I'y function is defined as follows (see, for example, survey [22]):

log I'y (z /dy log I'(y) + 21‘(1‘ -1) - 5110g(27r| (32)

The finite temperature part can be calculated in a way, lescribed in
the previous section. In the dimensionless variables it looks a: follows:

h /*h
B S
=0n=1
. 2\1/2
<@+w§fm)fm«Qmam+meme (53

Again, a number of terms from Eqgs.(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. Contribution of ring diagrams

It was shown by Carrington {16] that at T # 0 a consistent calculation
of the EP based on generalized propagators, which include the polarization
operator insertions, 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 at T and H # 0 was also pointed out in literature [13],[14]
but, as far as we know, these contributions have not been calculated, yet.
So, we are going to fill in this gap.

As is known [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 calculited when a symmetry restoration is investigated. To find
the correcticn V,ing(H,T) at high temperature and magnetic field the
polarization operators of the Higgs particle, photon and Z-boson at the
considered background have to be calculated. Just these calculations have
been annourced in Refs.(13], [14]. Then, Vi, (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 zero momenta. As also is known [16], in order to calculate
the contribution of ring diagrams not the complete polarization operators
O,.(k,T,H) but only their limiting expressions at zero momenta Ilyo(k =
0,7, 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;;,,(H, T).This part of EP is given
by the standard expression [15],(16],{13]:

‘/;'in = - !
9 1278

Tr{[M?(¢) + Mao(0)*/? — M3(¢)}, (34)

where trace means the summation over all the contributing states, M(¢)
is a tree mass of corresponding state and Igo(0) = I(k = 0,7, H) for the
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Higgs particle and Ilgo(0) = Ioo(k = 0,7, H) are the zero-zero components
of the polarization operators in the magnetic field taken at zero momenta.
The above contribution has order ~ g3(A\%) in coupling constant whereas
the two-loop terms are to be of order ~ g*. As Ilpp(0) the higa temperature
limits of polarization functions have to be substituted whicl. are of orders
~ T? for leading terms and ~ ¢¢.T, (¢H)/*T, ¢.,(¢H)'*/T << 1 for
subleading ones.

For the next step of calculatlons 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 I1(0) we can just calculate the
second derivative with respect to ¢ of the potential VU(H, T, $) in the
limit of high temperature ,T >> &, (eH)'/? and set ¢ = ). This limit
can be calculated by means of the Mellin transformation technique (see
for example [23]) and the result looks as follows:

c
VO(H 4, Thoo) = (1562 +5oapdt+ I ¢2)T21

+ [ (3N -8 ONT* -

a 3)g2 — 6%(0) .4,
o A= 0o

B 1(1¢2+ H)3/2T+—eHT( &2 + eH)V?

+ aeHT(Zqﬁ —eH)Y?, (35)

3 3
The parameter Cy = 3° G} +3 }_ G?, determines the fermior contribution
i=1 =1

of the order ~ T? having relevance to our problem. We also omitted ~ T4
contributions to the EP. The terms of the type ~ log[T/ f(¢,.1)] 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

o*v (¢, H,T)
T og e

6e? 3e?
A
(6 t sin? 26, + sin’ 8,

IT4(0)

1
2432

l

)+ 26Y/8°
f
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(6[_])1/2
87 sin’ 8,8
The terms ~ T? 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

AV~ 5) 1) (36)

11
3\/5((—5,5) — 1~ —0,39.

Formally, this may result in the negativeness of the I1I(0), for very strong
fields (eH)'/? > T. But this happens in the range of parameters where
asymptotic expansion is not valid. Substituting expression (36) into
Eq.(34) we obtain (in the dimensionless variables),

o _ 1 3421 367 — 1
{(= =5

mns T T 12B 2
As one can sec, the last term of this expression cancels the term in Eq.(35),
which becomes imaginary at 3¢? < 1. This is an important property which
prevents the iafrared 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-bosons and fermions in a magnetic field and some ”chemical
potential”,u, which plays the role of the auxiliary parameter. Then, by
differentiating them twice with respect to u and setting 4 = 0 the mass
squared m%, will be found. Let us demonstrate that in more detail for the
case of fermion 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 vacwim polarization is [21]: '

)32, (37)

i 3/2 ;
K +10,(0)}" + 3%[&(

1 Tds  —p2

v 1 S l+1/
ferm. 4 1_-1( ) / S3ewp( 4s

—m?s)eHscoth(eHs)cosh(Blu),

(38)
where m 1s the electron mass, e = gsind,, is electric charge and a proper-
time represen;ation is used.lts second derivative with respect to u taken
at g = 0 can he written in the form,

82Vf(elr)m. eH ,0 & 141 T ds 2 272
o == ng(—l) + O/?ea:p(—m s — f%1°/4s)coth(eH s).

(39)
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Expanding coth(eHs) in series and integrating over s in accordance with

formula (21) we obtain in the limit of T >> m, (e H)"/%:

> 8m (eH)zlﬁ
m

1) =K, (mpl) +

i Ki(mAh+-](40)

I=1
Series in [ can easily be calculated by means of the Mellin t1ansformation
(see, for example, Refs.[23],[14]). To have the Debye mass squared it
is necessary to differentiate Eq.(39) with respect to 8% anc to take into
account the relation of the parameter u with the zero com»onent of the
electromagnetic potential : ufiieAg [13]In this way we obtair finally,

2 2.2y (17 Lo, 2 2

mh = ghsinfu( — s 5mt + O((mAR, (HF) ). (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 ~ T7% To find the total fermion contribution to m% one
should sum up expression (41) over all fermions and substitute their electric
charges. ’ ’

To calculate m% for Z-bosons it is sufficient to take into account
the fermion couplings with Z-field. It can be done by substituting
uBi(g/2cosb, + gsin?6,) and the result differs from Eq. (41) by the
coeflicient at the bracket in the right-hand side which have to be replaced,
gzsin203g2(4co;29w + tang®8,,). One also should add the terms coming due
to the neutral currents and the part of fermion-Z-boson interaction which
is not reproduced by the above replacement:

2

2’ 2
mp = 8cos29 (1 + 4sin*0,,)T>. (42)

Now, let us apply this procedure for the case of the W-boson contribu-
tion. The corresponding EP (temperature dependent part) calculated at
non-zero T, 1 in the unitary gauge looks as follows,

eH ds
Vu(jl) = ——8—52/ —eap(~m 2s — 1’3%/4s) (43)
TS s
3 ‘ /
[:i—n—h(—eH—s) + 4sinh(eHs)]cosh(Blu).

145



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 interaction with a W-boson magnetic moment. Again, after
differentiation twice with respect to p and setting g = 0 it can be written

as
AN > oods m2.s _I2p%H
_6#2 27r2 am Zo/ 4s ) (44)
[ ’ + 4sinh(eHs))
——— + 4sinh(eHs)).
sinh(eHs)
Expanding sinh™!s in series over Bernoulli’s polynomials,
1 e * & By
= — -2 4
stnhs s ,CZ% k'( )", (45)

and carrying out all the calculations described above, we obtain-for the
W- boson con ribution to mj, of the electromagnetic field,

1 1 1
2 _ g2 2 2 2 : 1/2 :
mp = 3g°s1n 9w[§T - 27rT(m + gsind, H)'* — 2 (gsinb,H) (46)

O(m?/T?, (gsinb, H|T*)?)].

As is seen, stin 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. More detailed it was discussed in Ref. [13].

The contribution of the W-boson sector to the Z-boson mass mj}, is
given by expression (46) with the replacement g%sin?,,8g%cos?0,,.

Summing 1p the expressions (41) and (46) and substituting them in
Eq.(34), we o>tain the photonic part VI, where it is also necessary to
express masses in terms of the vacuum value of the scalar condensate ¢..
In the same way the contribution of Z-bosons V%, can be calculated. The
only difference is an additional mass term of Z ﬁeld and the additional
term in the Debye mass due to the neutral current ~ vy,vZ,. . These
three fields - ¢,v,Z ,- which becomes massless in the restored phase,
contribute into Vg (H,T) in the presence of the magnetic field. At zero
field there is a.so a term due to the W-boson loops in Figs.1,2 . But when
H # 0 the cltarged particles acquire ~ eH masses. The corresponding
fields remain short-range ones in the restored phase of the vacuum and
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therefore do not contribute. A separate consideration should be spared to
the tachyonic mode in the W-boson spectrum . We also shell 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) coraponent 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 formulae (16),(22),
(28)-(33) and the ring diagrams contribution Vi,, 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 consicer the sum of
the three and one-loop effective potentials as the function of ¢? at various
fixed H, T and K . Then, we shall add the term V,;ny anc. calculate the
symmetry behaviour for the total EP at the same fixed H,7", K. This will
clarify the role of the plasmon contributions in the magnetic field. Since
our EP by construction contains as an input all the fundamental particles,
we shall obtain new information about the electroweak phase transition.

As usually [22], to investigate symmetry behaviour let vs consider the
difference V' = Re[V(h,¢,K,B) — V(h,¢ = 0,8)] 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 spectrum will be
discussed separately. Below, we consider the case when the mass mpg is
equal to M,,. Typical curves for small fields & and different /alues of § 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 metastable minimum
is disposed near the value ¢? = 1 that corresponds to the spontaneously
broken symmetry. With a temperature increasing the local minimum
becomes shallower and at 8 ~ 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 symmetry behaviour
at low temperature. As is seen, an increase in h leads to the zetting deeper
of the local minimum and to the growing up the barrier waich separates
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the minima. In this way the magnetic field prevents the tunneling to the
global minimum.

Now, let us 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 increasing. When the field strength is growing further the
potential barrier between the local and global vacua is diminishing and
the depth of the former one is getting smaller. At A > 3 the electroweak
minimum diseppears at altl. 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 stite. From the above analysis one could conclude that the
fields H > 3H, = M?/e ~ 3 - 104G 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 symmetry behaviour (with slightly different values of h, 3) has also
been determired for K = 2. Summarizing the above results we note that
fermions affect. in a very essential way the symmetry behaviour in the field
H.

Now, let us include in our consideration the contribution of V,,,, . In
Fig. 6 the cirves 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
¢), d) describe correspondingly the same potentials for the middle values
of fields. From the plot it follows that V,,,, is inessential for intermediate
h, 3. But it is important for small 2 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 V.., included (curve b))the influence of the field is
resulted in the removing of the barrier and in this way the transition to the
global minimu m is stimulated. This effect is important for the cosmology
scenario with she 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 K. 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 p? = M2 —
eH which becomes unstable for H > MZ2/e. The evolution of this state
and its consequences have been investigated by many authors in various
approaches [24],(22],{12]. For the considered case of high lemperatures
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 tem 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
~ @*T? in field equations. In Refs.[11],[18] the vacuum structures at
high temperatures generated due to the evolution of the unstable mode
for different values of the parameter K have been described | In these
papers both the classical equations and the one-loop EP wzre included.
The latter is obligatory because of the complicated behavioir 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 with fermions
included shown that symmetry restoration is really to be the second type
phase transition ( for values of K considered ,;my > M,, ). Therefore, the
results of Ref. [12] seam to be relevant. However, at finite temperature
not only the terms ~ ¢*T? 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 effectivz 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 imaginary part
ImV® is small, the results of Refs.[11],[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 from 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 properties of the phase transition due to magnetic field. We
have seen thet at low temperature the field acts to prevent the phase
transition fron the metastable to stable minimum of the EP. Since the
charged ferm'ons and gauge bosons oppositely influence the symmetry
behaviour in a magnetic field, for the actual values of particle masses
these two cortributions compensate each other and the position of the
metastable m nimum remains near the initial point ¢ = 1 for any values
of h. The infl ience 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 A = 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 my, etc. which
are characteristics of the first type phase transition. That will be the topic
for future.

Other interesting problem which can be studied on the base of the
obtained resu ts is the generation of the chromomagnetic field in massless
non-abelian tieories at 7" # 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 got been calculated. 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 1 1
mp =g’ [5T" = —T(gH)'* — —gH + O(gH/T?),  (47)

g is the gauge coupling constant. Hence it is seen that the second term has
the negative s 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/ance 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. Bt 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 ycung 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 spactrum 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 Belarus
Minsk 220072 Scorina av., 70
E-mail: plet@dragon.bas-net.by, tea@dragon.bas-net.by

Using the oscillator 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 spectrura of the problem.

1. Introd iction

It is well-<nown 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 construct 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 present work we are interested in the hydrogen-like systems in
the dimensions 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]

(%‘2‘—%)4/3:6% (1)

where 7, = —i0,—A%A., p=0,...,4, a=1,2,3; R* =r,r,; A, arethe
generators of t 1e SU(2) representation with "isospin’ equal [ ; ¢ € L(2+1)—
linear space of the representation; Af are the components of 1-form of the
‘BPST-instantonic connection:

1
R(R + 7'0)

Our goal is to calculate the energy spectrum of (1).

Aldrt = (—r4drg + rodry — Egperpdre.) (2)
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2. 5-dim hydrogen-like atom as 8-dim singular oscillator

Consider 8-dim singular oscillator with the Hamiltonian

8 2 2 8
=1

2 2
= Oz 2 z

Following [10] we bind the coordinates in R® and R® by neans of the

Hurwitz transformation ‘
r, = C}lz.z;. (4)

This transformation possesses the property
rur, = (ziz))? or  R=z" (5)

There is the set of the operators X, [11] obeying the SU(2) commutation
relations [X,, X;] = i€45.X,, such that every of them removes the function
depending on r, only: X, f(r,) =0.

It is shown [11] that the Schrédinger equation for the Hariiltonian (3)

HY® = py® (6)
with the constraint
X20® = (1 4+ 1)u® (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:

vE = ZD;m,(Z)tp(T,‘), (8)

a=E/4, e=-w?/8 (9)

where D! ,(z) are the Wigner functions depending on tic auxiliary

mm/!

coordinates z [11], index [ is fixed (for instance, m’ = 0 for iateger [ and
m’ = [ for half-integer ().

3. Energy spectrum

The eigenvalues of the Hamiltonian (3) are given by [6, 7]

[0nj = 2w (n+1/2+\/—l(l+1)+j(j+3)+9/4), (10)
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where j takes integer and half-integer values.
Taking i1to account the relations (9) one can readily find

a?

2(n+1/2+\/:l(l+l)+j(j+3)+9/4)2.

(11)

€4 = —

But such coasideration doesn’t make clear what values j ezactly takes.
To obtain the expression (11) in the closed form we shall use the
approach bised on the ideas of the dynamic symmetries. Consider the

operators
. 201+ 1)

Bf = —zwa;}a;F =

. 201+ 1

Bg = iwajaj+iL‘2I—_—), (12)
z
201+ 1

H = uJ(a;-FaJ-+4)——(I—;l_Z

The creation af (wz; — 0;) and annihilation a; = ﬁ(wzj + 0;)

operators ob.ey the usual relations

o

[aj,af] = &i;.

Let us irtroduce the operators

H Bf B,
Ko=—, K,=-% (= — 1
to 2w’ t+ 2w’ 2w (13)
which satisf7 the standard SU(1,1) commutation relations
(Ko, K4] = + Ky, [K-,Ki]=2K,. (14)

The representation of the SU(1,1) is constructed as follows [7]

Koln, k) = (n+ k)|n,k),
Kiln, k) = /(n+1)(n+2k)n + 1, k), (15)
K_|nk) = y/n(n+2k—1)ln—1,k),
wheren = 0,1,... and k(k—1) are the eigenvalues of the Casimir operator
Co=K: - Ko— K,K_. (16)
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From the formal relation

— =n+k (17)
2w
and by force of (9) the next formula derives
2 2
Wik a
. S — 1
Enk 8 2(n + k)? (18)

Here n takes the arbitrary integer non-negative values. One siould figure
out what values k takes.

Let us express C; through the operator of the squared SC'(8) angular
momentum F? .

C; = ZF2+2—l(l+1), (19)
where F2 = Y icm FimFim , Fijm = 1(2;0m — z,0;), 1<j<m<8.

In [12] the complete set of the wavefunctions of the 8-dim oscillator
has been constructed by means of the consideration of the subgroup chain
SO(8) D SO(4) x SO(4) > U(1) x U(1) x U(1) x U(1). Thne obtained
wavefunctions Y7, . ms, are the simultaneous eigenfunctions of the
mutually commuting operators F2, I = I? = I, N* = N? = N2, I, I5,,
Ny,, N, with eigenvalues

FY! = f(f+6)Y/,

I’y = (i +1)Y/,
Ny = 5@, +1)Y/,
Ilayf = mllyf, (20)

Igayf = mngf,
N,Y' = my, Y/,
No, Y/ may Y7,

where
0< f<2n-2, n integer, f even,

1< f<2n—1, n half-integer, f odd;
0<ji+352<f/2, [ even, ji+J2 integer,
1/2 S jl + j2 < f/za f Odda jl + j2 ha'lf'intege]-;

=71 £ my1,mye <1,
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—J2 < may,may < J2.

Comparing :he explicit form of the operators I , Ny and X [12] one can
immediately deduce that I, + N; = X.

We recall that there exist the constraint (7). According to the angular
momentum addition rules [ = j; — j2,...,J1 + J2 {we put j1 > j; for
certainity), i.e. that [ takes values dependent on j; and jo. We shall
rearrange the scheme (20) in order to make [ the free index, i.e. taking the
arbitrary inreger and half-integer values: [ =0,1/2,1,....

Let us define j = f/2 and put [ = p—gq , where ¢ = j1 + Jj2, p =
0,1,...,2j2. From the comment to (20) it follows that j = ¢,¢+1,... =
g+ 7, wheep' = 0,1,2,.... Fixing [ we find j = [ + (p+ p'), where
p"=0,1,2,

Mutual respect of the formulas (19) and (20) leads to the relation

K(k—1) = j(j+3)+2 - (L +1), (21)

which allows to express & through j

k=1/2+\/=I(1+1) +5( +3) +9/4. (22)

Substituting it into (18) we obtain the energy spectrum for the 5-dim
hydrogen-lil.e atom on the background of the SU{2) BPST-instanton

a2

Enk > Enj = — 5 - (23)
2(n+1/2+/=11+1)+j( +3) +9/4)

It exactly coincides with {11), but now we are convinced that
J=0L1+1,...
In particular case [ = 0 the result

a?

Epj = — . 24

is in the ful correspondence with that derived in {13].
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4.3. QCD Processes
Nonperturbative QCD effects

L. Babichev, V. Klenitsky, V. Kuvshinov, V. Shaporov, R. Shulyakovsky

Institute 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:
squeez:d gluon states in jets, strong instanton in DIS and temper-
ature lysteresis phenomenon in the first order QGP phase transi-
tions.

I Introcuction

In this short 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 experiments.

First of them is gluon analogy quantum photon states and in particular
quantum squ eezed states which are actively studied now in quantum optics.
We demonst -ate that nonperturbative QCD evolution can lead to quantum
gluon squeezed statesin QCD jets.

Second paenomenon is strong instanton induced processes in DIS which
can appear and are search now in Hl experiment at HERA. We study cor-
relations between 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 piiase transitions and can be connected with the properties of
chiral symmetry violation and confinement.

IT Two gluon correlations at the nonperturbative stage of jet
evolution.

There we e a number of phenomenological attempts to describe hadron
multiplicity listribution (MD) and KNO scaling functions for different
high-energy processes 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 steady oscillatory behaviour that differentiates from the pois-
sonian and n3gative 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 antiphases) statistics corresponding to antibuaching 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 [6] 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 I] [I | &f(t) > corresponds to SS, i.e.
b=11=1

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 Schrédinger represent:ttion in the
form

Ab+ ~b+ Ab A
b(2) _ <a, a0 a,>
9 = 3

(1)

In Earticular, for a coherent field with a poissonian distributicn of gluons
g,b @) is equal 1. The averaging of gl(g) here is carried out over th: final state
vector at the moment t after the beginning of nonperturbative stage.

If gf(2) > 1 for V! then bunching of gluons takes place and the gluon
antibunching can occur in the case gf(z) <1

In particular, for the squeezed coherent state of photons the second

normalized correlation function at 0 < 1y < 1 is

) rfafe™™ + (of e -
[ou [ 2r: | o ¥ [o7e~2 + (a)2e™]

It can be for real a both less than 1 in the case § = 0 (coincide phases),

g” =1

Lis . . .
and more than 1 for antiphases (§ = -) corresponding to a:atibunching

(sub-poissonian MD) and bunching (super-poissonian MD) of photons for
V1 (8]

163



At the baginning of the nonperturbative gluon cascade
g® =1 (3)

because the gluon state vector at this moment (t=0) is the product of the

8 3
gluon coherent states of the type I I |af(6;,0),al(6,,0) > . Averaging
b=11=1

3
96(2) over the evolved vector H H | ab(6, + db,t),al (0, + 6,t) > which
describes gluon squeezed state we obta.m

' Ml (017 02)

| of |1 =2 | af |2 My(61,02) + Ma(61,60;)

0?66 = 1- (4)
Here the explicit form of the functions M (64, 6,), Ma(6;,6,) are given for
the colour index b=1 and an arbitrary vector component [ and we supposed
for symplicity that of =| « | € for VI and o =| 3 | e~*7, when b # 1, for
T

lLd—~v=—":
VI, d—v 1
Mi(61,0)) = 24tugm | o | B | sin(46 — n/2){(1 + 8n) (2 + w1 — 6n) x

1
(sin 91 + sin 92) - E ’U,l(SiIla 91 + SiIl3 92) (2611 - 6[2 - 513)}, (5)

My(81,8,) = 80twym | o P B sin(26 — w/4){(1 + 8n)(2 + w1 — &) x
1
(sinf, + sin 6;) — 5 W (sin® @) + sin®6,) (26, — &0 — 613)}, (6)

m2 k4 2
where u; = (1 - Rg), Uy = Z@fr—)—a%(ul) .

Unlike corresponding expression (2) in QO gb(z)(91,02) (4) has also
function M>(#;,6,) which appears due to the Hamiltonian containing the
various composition of the annihilation and production operators of gluons
with the diflerent colours and vector components.

An angle dependence of squeezed gluon correlation function is plot-
ted on Fig.. for b=1 at the time t=0.001 and #> = 0 under reasonable
parameters j, mg, ko.

From this figure we notice that as the angle #; increases to some angle
0 max ~ 8.€° for VI , b(2)(91) decreases steeply down and after that it
saturates and falls very smoothly down.

nI
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Flgure 1: The angular dependence of the squeezed gluon correlation func-
tion g, @ (6,) at 6, =0, g P(6, =0) = 1.

IIT 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 associated 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 (5) in QCD
and baryon (B) and lepton (L) charges in Standard Model of electro-weak
interactions [12].

Possibility of the B and L numbers nonconservation is connected with
the problem of the baryon and antibaryon asymmetry in the observable
part of the Universe [13]. At low energies cross section of the B + L is
exponentially suppressed [14, 15]: Otunneiting ~ exp(———) = 1(71%% where
ay, is a coupling constant of the electro-weak 1nteract1(;uns In ngh energy
particle collisions (in multi TeV regime) the cross section can increase expo-
nentially if it is associated with multi W*, Z° and H-bosons production in
the weak instanton field (16, 17): Oiunnetting ~ exp(g’w—[«l +1 (21 0)4/3 s
where /s is a total energy of the processes; Eg =~ 14TeV is 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 the other hand for strong SU(3) instantons in QCD such phe-
nomenon can exist at hundreds MeV [19] and be important in deep in-
elastic ep-scattering for decreasing Bjorken variable X p; and high photon
virtuality @* [20]. Search of QCD-instantons has started already in ep-
collisions at HERA(H1). The processes have some features: instanton
contribution to structure function F3(Xp;, Q%) rises strongly with decreas-
ing Xpj; of, strongly peaks with decreasing of Xp;; hadronic band emis-
sion of semi-hard partons is isotropic in the instanton rest system; current
quark jet and characteristic flavour, strangeness- K, charm and muon flow
take place [21, 22, 23]. Moreover instanton-induced processes manifest new
mechanism of multiparticle production and can contribute to intermittency
exponent [2]. ‘

We study properties of the second correlation function Ca(y),y2) =
= pa(y1,y2) = p1(¥1)p2(y2) as signature of SU(3) instanton-induced multi-
gluon state for classical instanton with the first quantum correction in
QCD; pa(y1,y2) and p;(y) are inclusive distributions on rapidities of pro-
duced gluens.

We use the following natural assumption (in laboratory subsystem in
ep-collision) [25]:

(k)2 > (I—C’T)2 > m?, kKT = | ET |= kT,
' ¢ 9 i i
Ei ~ kTChyi, le ~ kTShyi. (7)

where E;, mq, kT and kl 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]:

3
Ca(yr, 1) = [-24%+ EaA2H(Y)]ch2ylch2y2 —4daArch(y, +y2)th(yi —y2)—

—2ash y1 — y2)th(y1 — y2) + 2aAshY[chylch2y2 + chyach2y |+
chy
+2aAfarctg(—= Y

where A = 3(9 2rVspPkT)?, o = 8(kT 2n?p? (\/') )%, g, is a constant of
strong interz.ction, p - instanton size.

2 \ch2y, + arctg( )ch2y1], (8)
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Figure 2: Correlation function vs. rapidity y; of one of the particle, when
Ya = 0.

Corresponding curve lies in negative region of the plot C:(y;,0), has
maximum at y; = 0 and minima at y; = +3,5 (see Fig.1). Central 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 phase tran-
sition

The purpose of the section is to investigate the possibility” of the ex-
istence of new and interesting features that characterize the ‘QCD phase
transition from quark-gluon plasma to hadrons.

Statistical QCD predicts that strongly interacting matter exists in two
different states. Lattice gauge theory has shown that at low energy 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-gluon 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 collisicns 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 er tropy and thus eventually to thermalized state of quarks and
gluons (quark-gluon plasma). What happens at this stage is of crucial rel-
evance for t1e subsequent properties of the system, and much important
work on this 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 indeed lead to a thermalized system of quarks and gluons, this
hadronizaticn 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 spectra 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 hysteresis phenomenon. Let us demonstrate this on the exam-
ple of the Ginzburg-Landau model for phase transition from quark-gluon
plasma to hadrons (29, 30].

The Ginyburg-Landau density of free energy is given by

F() = blgf* + alpl’ + fl¥l° )

where ) is uniform parameter order which characterize a hadron phase;
the controlliig parameters b, a, f are functions of the temperature in ways
which are nct known. In (9) |¢|® term take into consideration for the de-
scription of first order phase trasition [29]. The phase transition take place
due to the chiange of the controlling parameters with temperature. In fig.1
and fig.2 we show the plane of the controlling parameters a,b, f = const
of potential '9) and the dependence of ground state || from parameters
a, b respectively. 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. Hysteresis take
place when the physical process is not completely reverse, i.e. direct and
reverse phase transition occur at different values of the controll ng parame-
ters. So, the second order phase transition, both direct and revsrse, occurs
at b — 0,b, f = const near point of phase transition. The first order phase
transition take place along line b = 4—1fa2,a < 0. In this case direct and
reverse phase transition could occur at different values parameters b,a and
hysteresis phenomenon is possible.In 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 7., and reverse T, phase transitions.
In fig.3 and 4 we show dependences || vs. T for first and second order
phase transitions. In case the first order phase transition T.; > T,, 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.

2 G,:b=(13 1) &

Gy:b=(1/40) &

Figure 3: The plane of controlling parameters potential [29]
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Figure 4: Tt e dependence of ground state |1p| from controlling parameters
a,b

¥l — : [l
\

) }
0 - 0

Ta Ter . T Te T
Figure 5 The dependence Figure. 6 The dependence
|ho| ve. T for first order |to| vs. T for second order
phase 1ransition phase transition

V Conclusion

We show that three new QCD nonperturbative effects can be seen in
the HEP exg eriments. Specific form of second correlation function of final
gluons can be 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 transition to QGP phase transition and back exists in the first order
QGP phase 1ransition 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 Physics
M. Bogdanovich Str.153, Minsk 220040, Belarus

The effective action for 7, K-mesons in the external uniform static electro-
magnetic fields was obtained on the base of the relativistic quark niwodel. The
wave function of the meson ground state is the Airy function. Usinjj the virial
theorem we estimated the mean charge radii of 7, K-mesons in terms of the
string tension and the Airy function zero. On the base of the perturbative
theory in the small external magnetic field we found the magnetic pole rizabilities
of 7, K-mesons (8, = —0.8 x 107 fm?, Brz = —0.57 x 10°* f17®, B0 =
~0.23 x 1074 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 effects 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, ~ mg ~ 7 MeV
acquire the dynamical masses y, >~ pq >~ 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 was
confirmed by the Monte-Carlo simulations and experiments. 3oth non-
perturbative effects of strong interactions can be explained by 1 troducing
stochastic gluon vacuum fields with the definite fundamental correlators
[3,4]. Then the linear potential between quarks appears and it provides the
confinement of quarks. Besides the Regge trajectories are asymiptotically
linear with a universal slope [4].

It is important to calculate different intrinsic characteristics of hadrons
on the base of the QCD string theory and to compare themr with the
experimental values. It will be the testing of this scheme. The charge
radius (and electromagnetic form-factors) and electromagnetic polariza-
bilities of scalar mesons are fundamental constants which claracterize
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 coinciding
experimenta] data and theoretical predictions. In [8] we made the crude
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estimation of 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, § enter the induced
electric D =: aE and magnetic M = SH 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

Ula, B) = —%aEz - %ﬁHz. (1.1)

Electromagetic 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 payper is organized as follows. In Sect. 2 after describing the
general baccground 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. Sect. 4 contains the evaluation of the pion and kaon magnetic
polarizabilities using the perturbative expansion in the small magnetic
field. In the conclusion we made the comparison of our results with other
approaches and experiments.

Units are chosen such that & = c=1.

2. Effective Action for Light Mesons

To get the effective action for pions in the external electromagnetic
fields we proceed from the Fock-Schwinger representation of the Green
function. For 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“f we write the Green function of the
spinless quzrk in the Minkowski space

oo g z(s)=z ) s ] 2
S(z,y) ——/0 —i—./z(o)zy Dz exp{z(/(; [Zz#(t)

(2.1)
-m? - eé,,(t)A;'(z)]dt)}@(r,y),

where z,(t) is the path of the quark with the boundary conditions 2,(0) =
Yu 2u(8) = 7, and

® = P explig / " Audz,) (2.2)
v
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is the path ordered product (the parallel transporter), A, means the
gluonic field and ¢ is the coupling constant. Neglecting quark-antiquark
vacuum loops and omitting the annihilation graph the Green junction of
mesons (the quark-antiquark system) takes the form [4]

G(z,%;y,7) =< irS(z,y)®(y,9)5(y,2)®(%, z) > . (2.3)

Inserting (2.1) into (2.3) we find the expression

G(z,%;y,¥) /w ds/ ds /;:)—: /(o))_ Dz ezp{z/s[iz’; (t) —m?—
(24)
i (DAL (Ndt + i [ 17520 — md — eabu (DA (DN < W(C) >

where ej, e; are charges and m,, m, are current masses of the quark
and antiquark; z,(t), Z,(%) are the paths of the quark and antiquark with
the boundary conditions 2,(0) = y,, 2,(s) = z,, 2,(0) = F,, i(3) = 7,
and z,(t) = 0z,/0t. As compared with [12,13,4] we added the interaction
of charged quarks with the external electromagnetic fields. The gage - and
Lorentz invariant Wilson loop operator averaged over the exterral vacuum
gluonic fields is given by ‘

tr .
<W(C)>= o <P ezp{zg/CA,‘dz”} >, (2.5)

where N¢ is the color number, C is the closed contour ¢f lines zz
and yj connected by paths 2(t), (f) of the quark and antiquark. The
Wilson operator (2.5) contains both the perturbative and non-perturbative
interactions between quarks via gluonic fields A,. We suppose that pions
consist of quarks which move slowly with respect to the time fl ictuations
of the gluonic fields (T, > T,). It is the potential regime of :he string.
Voloshin and Leutwyler remarked [14,15] that in another case (T; < T)
the dynamics is non-potential and the QCD sum rules can be used. We
consider the case when the distance between quarks r > T,. The Monte-
Carlo calculations (16,17} gave Ty, ~ 0.2 + 0.3fm. So we imply that
the characteristic quark relative distance is # ~ 1fm. 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) >= ezxp(ioeS), (2.6)
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where o is the string tension and S is the area of the minimal surface inside
the contour C.. The surface S can be parametrized by the Nambu-Goto
form [18,19]

S = / d‘r/ dﬁ\/ (wuw),)? — wiwl?, (2.7

where w, = Gw, /0T, W, = w,/0p. Usmg the approximation {4] that the
coordinates of the string world surface w,(7, ) can be taken by straight
lines for the minimal surface we write

wu(7, B) = 2,(7)B + 2,(7)(1 - B), (2.8)

where 7 is implied to be the proper time parameter for both trajectories
7 = (tT)/s := (IT)/5. For the uniform static external electromagnetic fields
we have the representation of the vector potential through the strength
tensor F,

1 sy Lo
5 Pz Ad(z) = 5 P Za (2.9)
The paths z,, z, are expressed via the center mass coordinate R, and the

relative coordinate r, {4]

AY(2) =

S -
—r, A=

with the boindary conditions for R,(7), r,(7):

zy(7) = R, —

2.1
S+§ru ( 0)

R,(0) = flflyu + ﬂzyu’ R.(T) = T, + e,
m+ pa ~ Ha :*— U2
rl‘(O) = yl‘ - yﬂ’ T'“(T) = xu - xu-

?

The integraling with respect to z,, z, in (2.4) is replaced by the integration
over new viriables R,, r,. As 7 is a common time for the quark and
antiquark (the time of the meson) the parametrization 2z, = (7,32), 2, =
(7,%) is possible [4]. This leads to the constraints: Ro(7) = 7, ro(7) = 0.
In accordance with the approach [4] we introduce the dynamical masses
i1, p2 by relationships

T T

20 T o

Replacing t1e integration with respect to s, § in (2.4) by the integration
over dpy anl dy,; with the help of (2.6) - (2.10) we find [8] the two-point

function

g = (2.11)

L o diy oo du
G(z,5y,9) = T2/ ﬁ A 2/; /DRDT‘ exp{iSess} (2.12)
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with the effective action

T m? m2 1 . 1
Sup= T[T L e L
1f o T 2/‘1 2”2 + 2(/‘“ + “2) [ + ZIurll

(2.13)
) : 1, q : . ! . 2.
§Fuue(RuRu+ Zruru) - ZFM(R“TV +7,R,) —/(; dﬂao\/(w,,w“)‘ — wuwu] ,

where w, = R, + [B — p1 /(1 + p2)]r; 8 = prapa/ (1 + p2) is tre reduced
mass of the quark-antiquark system, e = e;+e,, ¢ = €, —e,. The expression
(2.13) defines the effective Lagrangian for light mesons (for exanple pions
or kaons) in the external uniform static electromagnetic fields in 1ccordance
with the formulae S.;; = fJ L.;ydr. 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 g - cependence
and the spectrum is similar to that of the relativistic quark mcdel.

The mass of the lowest states can be found on the base of the
relationship [20)

/DRDr exp{iSess) =

i (2.14)
<R=MPEXIT o enp{—iT My i)} | R = 2V
g o
r=iu- g >,

where the mass M (uy, ;) is the eigenfunction of the Hamiltor ian. After
that the Green function (2.12) is derived by integrating (2.14) over the
dynamical masses g1, p,. In accordance with [4] we estima e the last
integration on du,, dp, using the steepest descent method which gives
a good accuracy when the Minkowski time T — oo. To have the
correct formulas, it is necessary to go into Euclidian space «nd 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 ~ 5%
[4] by the relation

1 1 —
/0 dﬂ\/(w“wL)z —wiw? = /0 dp,[r? — (8 — llll:‘lllz)Z(I: X 12 V2
3.1)

It is the potential regime at low orbital excitations of the string: when the
orbital quantum number [ is small. As the equalities Ro(7) = 7 ro(7) =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-momentuins corresponding to the center mass coordinate R, and the
relative coo-dinate r,

oL,
nk - jj ([l] + ﬂ2)Rk - _Fulel - Fukrlﬂ
OR, 4 (3.2)
BLE” .. € .
T = =5 = UTk — S U'pkTy — ZFulew

O 8
The Hamilt snian H = mirs + MRy — Les; found from (2.13) with the help
of (3.1), (3.2) takes the form

m} pit e o e q ‘
= ~(ER) - 2(E Vr2,
=5 +2u2 7 T R+ it 2(BR) - 4(En) + oV
. (3.3)
where E) = iFy4 so that the equation for the eigenvalues takes the form

The terms contained the strength of the electric field in (3.3) describe the
interaction of the dipole electric moment d with the external electric field.
Using the d:finitions we have

1
%(ER) + g(Er) = S(eir1 + earz)E = dE (3.5)

and the interaction 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
® of the auxiliary "Hamiltonian” H = H —m?/2u; —m2/2p5 — (1 + p2)/2
is given by

1 e q 2

[-y@ ~fexH) - LR x H)) +

2 8 4

(3.6)

1 e
m;(n — SR xH) - S x H)) 4 a(,\/_] — e(u, H)9,
where ¢(p, H) is the eigenvalue. In accordance with the Noether theorem
we come to :he conclusion that the canonical momentum I corresponding
to the center mass coordinate is the constant, i.e. Il = const. Therefore
it is possible: to choose the condition IT = 0. Putting II = 0 and R = 0 in
(3.6) we arr ve to the equation

[% (1r ~Sirx H))2+ 3—2-(;27;”)@ x H)2+UO\/§]<1> — (u, H)®. (3.7)
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The second term in (3.7) describes the effect of the recoil 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 7y — —13/0r,. We can apply equation (3.7) for pions
with light quarks with masses m; = my = m, gy = gz = g so that i = u/2
and for kaons when m; # mg, yu; # uz .

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 approximation
when the external field H is switched off (H = 0) and the equation for the
eigenvalue is given by

1 0?
<—§—ﬁ—6_1? + ao\/r7)<p = ¢(p)®. (3.8)
Equation (3.8) gives the discrete values of the energy e(i) 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 the variables

pr = (2i00)Pry, (i) = (2)" 302 3a(n) [4], equation (3.8) beomes

(—g—? +p) () = a(n)2(p). (3.9)

The solution to equation (3.9) may be chosen in the form1 ®(p) =
R(p)Yim(0, $), where Y, (6, ¢) are spherical functions. After :etting the
variable R(p) = x/p we come to the equation for the radial function

" (l+1
K (0)+ (atm - o - D)) = 0, (3.10)
where x"(p) = 8*x(p)/0p?, | is an orbital quantum number. The solutions
to equation (3.10) for the ground state [ = 0 are the Airy functi>ns Ai(p—
a(n)), Bi(p — a(n)) [23]. The finite solution to (3.10) at p — oo (I = 0) is

x(p) = N Ai(p — a(n)). (3.11)
The constant N can be found from the normalization condition
/0 x*(p)dp = 1. (3.12)
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The requir:ment that this solution satisfies the condition x(0) = NA:
(—a(n)) =1 gives the Airy function zeroes [23] a(1) = a, = 2.3381, a(2) =
a; = 4.087¢ and so on. The main quantum number n = n, +{ + 1, where
n, is the radial 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) = a; (here n, =0, =0):

xo(p) = NoAi(p — a,). (3.13)

Now let ur estimate the mean squared radius for the state which is
described by the function ® (the solution of equation (3.8)). Multiplying
(3.8) on th: conjugated function ®* and integrating over the volume we
find the relations

<T >+ <U>=¢f1),
) (3.14)
<T>= —;/qra,f(pdv, <U>= 00/\/r—2(1>‘<bd\/,

It is seen from (3.14) that the mean potential energy < U >= 0y < V2 >
is connectel with the mean diameter < vr? > (because r is the relative
coordinate and quarks move around their center mass), which defines the
size of mesons. 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 defined from the equality U(Ar) = A*U(r). In our case of the
linear potential £ = 1 and from (3.14), (3.15) we get

2 2
<U >= 3e(i) = 5(28) P05 a(n). (3.16)

The usage of the steepest descent method for the estimation of the
integration in x (at H = 0) leads to the conditions [4]:

OM(p1, 12) OM (1, p2)
—_—_— 0’ —_— = 0, 317
Om Opa ( )

where the riass of the ground state M(p1, u2) is given by (see (3.3),(3.4))

m?Z  m? + o
M(p1,p2) = ‘2711 + El‘llz + 4 5 £ (2i) V2o a(n). (3.18)

Here we coisider the more general case as compared with [4] when p; #
p2 (my # 113). This case is realized for K-mesons. It is assumed that the
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current mass of u,d-quarks (m, = 5.6 £ 1.1 MeV, my =993 1.1 MeV
(25]) my is much less than the dynamical mass gy (g1 =~ 330 MeV), ie.
m; < p; and the mass of s-quark m, (m, = 199 + 33 MV [25]) is
comparable with g, but m,; < py. Using these assumptions we 1.eglect the
term m?/2y, in (3.18) and from (3.17) have the equations

(2i00)3a(n) = 32, 3Imk 4 (2fi00)*a(n) = 3pl. (3.19)

From (3.19) we arrive to the expression for the dynamical miss p; (for

s-quark)
2 = /ut +mi. (3.20)

To find g, the perturbation in the parameter m2/u? will be assunied. Using
the relation gy ~ p3(1 + m3/2u}) which is obtained from (3.20) and the
definition of the reduced mass i = pypq/(p1 + pz) from (3.19) we arrive

to the equation
am)\"* (), m
~ 1+ —=1. 3.21
1 Uo( 3 ) < + 8;@) ( )

In the zeroth order we come to the value pp = 1{” = oo(a(n /3)3* [4].
The next order gives the relationship

In a particular case m, = 0 we arrive to p; = gz = po = \/oo(a(n)/3)>/*
[4). The value of the string tension oo = 0.15 GeV? was found from
the comparison of the experimental slope of the linear Regge t -ajectories
o = 0.85 GeV~? and the variable o’ = 1/80¢ [4]. Il leads for the lowest
state n, = 0,/ = 0,a(1) = 2.3381 to the value po = 321 MeV [4]. This
means that for 7-mesons when m; = m,, my = my we have the lynamical
masses of u, d-quarks gy = p; = po. For K-mesons using 13.20) and
my = m, > 200 MeV [25] from (3.22) we get the reasonable va'ues

iy ~ 337 MeV, py ~392 MeV, i~ 181 MeV. (3.23)

Inserting equation < U >= 0o < v/r? > into the Lh.s. of (3.16 one gives
the expression

2
<Vr?>= g(z,w(,)-lfi‘a(n). (3.24)
From (3.20), (3.22) using the first order in the parameter m2/u* we find
2

m a(n)\**
20 >~ po (1 + %—ﬂ%l) (po = Voo ((_32> ). (3.25)

181



Eq.(3.24) with the help of (3.25) gives the approximate relation for the
mean relatie coordinate

For pions putting m, = 0 in (3.26) we arrive to

<Vrz>,= %(@)3/4. (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 m, ~ 5 MeV, my ~ 10 MeV [25] we can write the
approximate relation for the mean charge radius of 7*-mesons !

\/2 12, > L ) >,=0.67 < V2>, . (3.28)

my + my

At o9 = 0.14 GeV? [4,8] and a(1) = 2.3381 Eq.(3.27), (3.28) give
V<l > ~056 fm (< Vr?>,=084 fm). (3.29)

The calculated value (3.29) is close to the experimental data < 24 >.,,=

. .02 2 2 ~ (. 26]. > 1
(0.44 £0.02) fm? (\/<ri, > 0.66 fm) [26]. For neural pions the

mean radius is

1
V<rh >~ o< V2 >,=0.42 fm. (3.30)

Value (3.30) characterizes the radius of the sphere where the wave function
of the 7%-meson is concentrated (remember that r is the distance between
quarks).

For calculating the relative coordinate of K-mesons we should use
Eq.(3.24) or (3.26) with conditions py = g, for K* and y; = pq for
K°-mesons énd py = p, (3.23). As a result formulae (3.24) gives the value
of the mean relative coordinate of kaons

< Vr? >g=10.79 fm. (3.31)

With the he p of this relation we can estimate the mean charge radius of
K-mesons

YThe relaticnship V< 72 > ~< vr? > is confirmed by the numerical calculations
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V< ik >

The experimental data of the mean charge radius of K*-mesons are

different /< r%, > = (0.53 £0.05) fm [27], < rk. >=(0.34 £ 0.05) fm?
[26] and for neutral K°-mesons y/< r%, > = (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.

<Vr?>g=054 < Vr? >r=043 fm  (3.32)
ﬂ1+ﬂ2

4. Perturbative Expansion and Magnetic Polarizabilities

To calculate the magnetic polarizability of pions and kaons in accor-
dance with (1.1) we should know the Hamiltonian depending on the
magnetic field H. From (3.7) we arrive to the expression of the auxiliary
"Hamiltonian”

H = ! 62 ¢ HL+ e + ¢ [F?H? — (rH)? + 0oVr?
—\r ; r

“ohar 1287 3201 + p2) 7oV IS

(4.1)

where L = —i(r x 3) (0 = 0/0r) is the angular momentum. Considering
the external magnetic field H = (0,0, H) expression (4.1) is rewritten as

~ 1 0% eH e? q’ H? —
H=_ et § — —(r? 4 r2 20 (4.2
2ﬁ8r?+8ﬁ 3+<4ﬁ+u1+u2_32(”“’)“"”’ (4.2)

where L3 = i(r30, —r10;) 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

eH e? q? H%*r?51n%0
H=H L , 4.3
°+8” 3+(4u+u1+ﬂ2) 32 (4.3)

where 6 is the angle between H and the relative coordinate r ar.d the free
Hamiltonian is given by

Ho = — 162+ Vr.
0 24 Or} 7o

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 [1381, we find the shift of the energy in the state | n > with the
accuracy >f the second order in H

. eH e?
A, -—<n‘—8——L3+ E"r

q? H?r?sin?0
— in >
i i+ g2 32 44
eHL3/8ii|n >|? (4.4)

|<n |
2 B, _E.

For the g-ound state | = 0 (s-state) the first and third terms of (4.4) do
not give the contribution to the energy because L3 | 0 >= 0. Taking the
mean valt e and using the condition (1/4x) [ sin?0d? = 2/3, from (4.4) we
come to

e2 q2 H2
AEy=|-—+ —<rt>. 4.5
° (4ﬂ 1 +ﬂ2> 48 (1.5)
Comparing (4.5) with (1.1) we find the magnetic polarizability of light
mesons , ,
1 {e q 2
=—— =+ <rt>. 4.6
P 24 (4/1 ur+ /,tg) ’ (4.6)

It should be noticed that here < 72 > 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 have here only the diamagnetic part of the polarizability (§ < 0)
because w, K-mesons are spinless particles and the paramagnetic part is
absent. lor estimation of (4.6) we can use the experimental values of
< 12y >e.p instead of < r? > in accordance with formulas (3.28), (3.30)-
(3.32) or expressions (3.26), (3.27). Inserting parameters e = e; + ey,
g = e; — 3 and values for pions py = p; = po = /go(a(n)/3)**(3.25),
(3.27) intc Eq.(4.6) one yields

(€2 4 €2) fa(m)\
i & DI
which is similar to the expression for the electric polarizability of pions
a,+ [8]. Calculating equation (4.7) for charged pions at og = 0.15 GeV,
e1 = 2e/3 e, = ¢f3, e = 1/137, n = 1 in Gaussian units one takes the
value

(4.7)

frt ~ —0.8 x 107* fm3. (4.8)
In rationalized units, the polarizability is 47 times greater. For the neutral

pions (7%) the equalities

10e?
<7r)|(el—ez)2|7r0>=lg , <7l (e1+e)?|m">=0
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occur [9] and Eq.(4.7) gives the same value f,0 = —0.8 x 10~" fm3 as for
charged pions. In accordance with the dispersive integral [9] the sum of
the electromagnetic polarizabilities is (a+ 8),+ = (0.3940.04) x 10™* fm3
for charged pions and (a + f),0 = (1.04 £ 0.07) x 10™* fm> for neutral
pions. Using the calculated value (4.8), the equality 8,0 = [+ and the
dispersion sum rules we arrive to the values of the electric polirizabilities

e =12%x107% fm®, e =18x 107" fm’. (4.9)

The pion polarizabilities obtained from the model of the instan .on vacuum
gave the greater values [29]. The values (4.9) are in reasonable agreement
with the experimental data a,+ = (2.24+1.6) x 107" fm? [30], ‘o= f8),0 =
(0.8 £2.0) x 107* fm® [31]. In [8] we made the crude estim:tion of the
pion electric polarizability which proved to be less as compared with the
presented evaluation. Obviously that it is more easier to czlculate the
magnetic polarizability using the perturbative expansion than o calculate
the exact eigenvalues of Hamiltonian (3.3).

For cha.rged kaons K+ = u3, K~ = sii, Eq.(4.6) at the va ucs (3 23),
(3.31) (< 1t >v< V2 >) leads to the magmtude

B+ = —0.57 x 107" fm?. (4.10)

There is an experimental restriction only on the electric pclarizability
of kaons:-15 x 107 < ax- < 7 x 107> fm? [32]. So our predictions
concerning kaon polarizabilities can be checked in new experim :nts. Using
the mean radius (3.31), the equalities [9]

2
<K% | K°>=0, <K°|q*| K" L

and the approximate relation < r? >~< v/r? >? we arrive to t1e value
Bro = ~0.23 x 107 fm3. (4.11)

Unfortunately there are not experimental data of kaon polariza silities yet.
5. Conclusion

The QCD string theory allows to estimate the mean square1 radii and
electromagnetic polarizabilities of 7, K-mesons which are in reasonable
agreement with experimental data. These quantities were derived as
functions of the string tension which is a fundamental variasle in this
approach. Here we considered spinless quarks so that the accuracy of

185



calculations can be improved due to taking into account spins of quarks.
Then more orecise calculation of the electromagnetic polarizabilities can
be done on the 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 pio1s and kaons using this approach. For that we should take the
quantum numbers n, = 1,/ = 0 (n = 2) and evaluate the mean relative
coordinate i1 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,+ =
—Brt = 2.8 x 107* fm?® [33-36]. Unfortunately the effective Lagrangian

of the ChPT contains 12 constants L; and it is the phenomenological one-

which is not obtained from the first principles of QCD yet. Nevertheless the
ChPT predi:tion is quite reliable because the evaluation of the necessary
constant corbination (L} + L},) is based on the pion decay 7+ — e*v,y.

The Nan 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 NJI. model leads
to the greater value oyt ~ o = e* < r2 > [3m, >~ 15 x 107" fm?
[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 confinement of quarks phenomenon [4]. This theory is like the NJL
model [39] and takes into account only the chiral symmetry breaking.
Therefore tle calculation of the pion electromagnetic polarizabilities on
the base of the IVT gave the similar result a,+ ~ o [29] as in the NJL
model. ‘
The eval 1ation of #, Kmeson polarizabilities in the framework of the
current algeora leads to the values [44,9] a,+ = —f,+ = (2.4 £ 0.7) x
107% fm3, ags = —Pg+ = (1 £0.3) x 107* fm3, which are close to our
calculations. The necessary parameters hy, hy were taken from decays
7™ — evy, #* — 27, and therefore the calculated polarizabilities are quite
reliable.

All this shows that the obtained good agreement of the theoretical
evaluation of the pion electromagnetic polarizabilities and the experimental
data is the consequence of a good description the chiral symmetry breaking
and confineraent of quarks in the framework of the QCD string theory.
Naturally that 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 new electron
accelerators by reducing the statistical errors. There is an analysis {47] of
the most favorable kinematical regions of the reaction ym — 7 to get the
information on the pion polarizabilities. 1t allows to plan new e<periments
to obtain more precise values of pion electromagnetic polarizab lities. The
more difficult task is measuring electromagnetic polarizabilities of kaons.

There are also the other models of the estimation of 7, K-meson
polarizabilities [45,46).
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Local properties of local multiplicity
distributions
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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 ibout the dy-
namics of multiparticle production beyond single-particle densities, is the
multiplicity distribution. While the study of the multiplicity distribution
Py in full phase space deals with limited dynamical informat on influenced
by charge- and energy-momentum conservation, the invest gation of the
evolution of the probabilities P,(8) of detecting n particles i1 ever smaller
sizes § 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 dynamical local multiplicity” fluctuations.

The important quest behind such a study is the understanding of
the origin of short-range correlations between final-state particles, leading

*On leave from Institute of Physics, AS of Belarus, Skaryna av.70, Minsk 220072,
Belarus.
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to the appezrance of dynamical multiparticle spikes in individual events.
As a consequence of these correlations, the normalized factorial moments

(NFMs)
(n[Q])

(n)r”

(nle) = in[qlpn((s), = nn—1)...(n—qg+1), (2)

Fy(é) = (1)

of the local multiplicity distribution P,(é) exhibit a power-like increase
with decreasing 6, namely F,(6) o< §7%¢ [1]. The constants ¢, are called
intermittency indices. This phenomenon reflects the peculiarity of P,(4)
to become broader with decreasing 8. Since NFMs satisfy the scaling
property F,(A8) = A% F,(§), this is widely regarded as evidence that the
correlations exhibit a self-similar underlying dynamics.

Experimeatally, local fluctuations in ete -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 §. The conclusion has been reached that
such a phenonenon 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 selected 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 current Monte-Carlo models can, in general, describe the data,
even without additional tuning.

Recently, it has been realized that the factorial-moment method poorly
reflects the information content of local fluctuations, since the NFM of
order g contaiis a trivial contamination from lower-order correlation func-
tions (see reviews [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 P,(d) are missing, together with the small statistics
used, may be the reason why different Monte-Carlo models can reasonably
describe the lccal fluctuations measured in e*e~ annihilation so far.

Another shortcoming of the factorial-moment measurement is that in
moving to ever smaller phase-space bins, the statistical bias due to a finite
event sample [N., # oo0) 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] ard references
therein). However, their measurement is rather difficult and was rarely
attempted. Besides, the cumulants are expected to be influenced by the
statistical bias to even larger degree, since they are construcied from the
factorial moments of different. orders gq.

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
A” e n—i+1
Pu(8) = Po(8)~— Ln,  La =L (8),
: i=2

where A\ = P1(8)/Fo(8). The factor L, measures a deviation of the distri-
bution from a Poisson with L, = 1. Non-poissonian fluctuaiions exhibit
themself as a deviation of L, from unity. The L, is construc:ed from the
bunching parameters (BPs)

4 PP
WO =TT

g>1 (3)

The values of the BPs and NFMs for most popular distributions are shown
in Table 1. The most interesting observation is that while the NFM is an
“Integral” characteristic of the P,(d) and the BP is a “differential”, both
tools have values larger than unity if the distribution is brcader than a
Poisson. Generally, however, one should not expect that all BPs are larger
than unity for a broad distribution; BPs probe the distribution locally,
i.e. they are simply determined by the second-order derivat.ve from the
logarithm of P,(d) with respect to the n. Note, that in the case of local
distributions, the width of distributions is mainly determined by 7(4).
This observation is based on the simple fact that P,(8) ceases to be bell-
shaped at sufficiently small §.
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LDistribution ] P, NFMs BPs ]

Pos. Binornial CNp(1 — p)N e, (1 - ﬁ) <1 33—3‘:‘% <1
Poisson p" exp(—p)/n! 1 1

. . D(ntk) _n —(k+n i —1+k
Neg. Binoinial ﬁ;;)'—r(%p (1 4 p)~(k+7) L4 >1 Z#ik s 1
Geometric p(p4 1)~"! (14>t EET > 1

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 P,(4) with
decreasing 6 than are the NFMs [6]. In the case of intermittent fluctua-
tions, one stould expect 75(8) o« §~%. For multifractal local fluctuations,
the n,(8) are é-dependent functions for all ¢ > 3, while for monofractal
behavior 7,(%) = const for ¢ > 3 [4].

JFrom an experimental point of view, the BPs have the following im-
portant adventages [5):

1) They are less severely affected by the bias from finite statistics than
the NFMs, s nce the gth-order BP resolves only the behavior of the multi-
plicity distri>ution near multiplicity n = q — 1;

2) For the calculation of the BP of order ¢, one needs to know only the
g-particle resolution of the detector, not any higher-order resolution.

The prob em we are dealing with in this paper is to investigate whether
different Monte-Carlo (MC) models, which were tuned to reproduce the
global-shape variables and single-particle inclusive densities, can lead to
the same str icture 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 L3 Collaboration [10].
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3 Monte-Carlo Analysis

1) Horizontal BPs:
[n order to reduce the statistical error on the observed loc:] quantities
when analyzing experimental data, we use the bin-averaged BPs [4,5]:

q NJM)N,_,(M)

M) = — 4
malM) = o NZ (M) =
M) = L 52 Ny (5)
al! = — Ng(m, o), ] J

' A] m=1 !

where NV, (m, é) is the number of events having ¢ particles in bin m and M =
A/d is the total number of bins (A represents the size of full shase-space
volﬁme). To be able to study non-flat distributions. like for rapidity, we
have to carry out a transformation from the original phase-space variable to
one in which the underlying density is approximately uniform. ¢s suggested
by Bialas, Gadzinski and Ochs [11].

2) Generalized integral BPs:

To study the distribution for spikes, we will cousider the generalized
integral BPs [5] using the squared pairwise four-momentum difference
Q% = —(p1 — p2)®. In this variable, the definition of the BPs is given

by

v (Q2) _ ___Q_Hq(QZ)Hq-Z(QZ)

R U FNTsC
where II,(Q?) represents the number of events having ¢ sp kes of size
@* in the phase-space of variable Q1, . 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 tor which a
many-particle hyper-tube is assigned a size Q? corresponding t» the maxi-
mum of all pairwise distances (see 5] for details). For purely independeut
particle production, with the multiplicity distribution charact >rized by a
Poissonian law, the BPs (6) are equal to unity for all g.

(6)

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 i1 the full rapidity range | Y [< 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 P,(4) first occurs at n = 0. At
large M, all BPs show a power-law increase with increasing M, n, ~ M?q.
This indicates that the fluctuations in y defined with respect to the thrust
axis are multifractal scale invariant.

04 03
: k — JETSET7.4
P AADNE 4on
0
" | - =~ HEAWIG 5.8 0.25
035 -

0.2

=" o8

FIFIFETY B S S S W e |

10 102 10 10°
M

Figure 1. BPs as a function of the number M of bins in rapidity defined
with respect to the thrust azis. The shaded areas represent the statistical
and systematizal errors on the JETSET predictions.

Note that the conclusion that fluctuations have a multifractal structure
is possible without the necessity of calculating the intermittency indices
@, 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 multislicity distri-
butions. Such a result confirms that obtained by the ALEPI Collabora-
tion [12]. ,

To study the disagreement between Monte-Carlo models in more detail,
one can split n, into two BPs:

s = pit ) 4 it (7)

Here ni**) is defined by (4) with Na(m,8) = NS (m, §y), V&EH) (m, sy)
being the number of events having like-charged two-particle combinations
inside bin m of size dy. Analogously, 172(,+_) is constructed from. the number
of events N2(+_)(m,5y) having unlike-charged two-particle combinations.

Note that due to a combinatorial reason, ngii) < 17§+_).

0
01
0.2
| — JETSET 7.4
JETSET 7.4 (no BE)
ARIADNE 4.08
R HERWIG 5.9 1 -0.3 - | |
2 2
10 10 10 10
M

Figure 2. The second-order BP as a function of the number M of bins in
rapidity defined with respect to the thrust azis for like-charged and unlike-
charged particle combinations.

Fig. 2 shows that 7{**) and n{*~) indeed behave complete y differently.

While néii) shows the expected rise, 17£+_) shows a strong de:rease at low
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M and the onset of an increase at large M. The structure of 7, observed
in Fig. 2 is a combination of these two effects.

Note thet 7 is strongly effected by the Bose-Einstein (BE) interference
incorporated into the JETSET generator!. This is not unexpected since
n2 ~ P,/ P}, which is very similar to the correlation functions used for
Bose-Einstein studies.

Let us remind that in order to model the BE interference in JETSET,
the momenta of identical final-state particles are shifted to reproduce the
expected two-particle correlation function. The main disadvantage of such
ad hoc metiod is that it spoils overall energy-momentum conservation
and it is nezessary to modify also momenta of non-identical particles to
compensate for this. This effect in JETSET model can be seen in Fig. 2.

The stroag anti-bunching tendency seen for unlike-charged particles at
M < 30 caa be attributed to resonance decays and to chain-like parti-
cle production along the thrust axis, as expected from the QCD-string
model [13]. The 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 77§+_) is much
larger than 7r§ii) at small M. Having correlation lengths 6y ~ 0.5 — 1.0 in
rapidity, the resonance and the charge-ordering effects, however, become
smaller with increasing M.

Note tha 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 question 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 defined in (6).

Fig. 3 shcws the behavior of x, as a function of —InQ?. The full lines
represent the behavior of the BPs in the Poissonian case. In contrast, all
BPs obtainecd from the Monte Carlo models rise with increasing — In Q?

!Here and below, we show JETSET predictions with the BE interference disabled
after the retuniag of this model to describe global-shape variables.
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—- JETSET74 v
1.4 1. IETSET 74 (noBE) 14
1.3 - ARIADNE40B 5 | 13
{p | HERWIG 59 12 |
11 - 1
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0.9 q=2 09
T S
508 byt i) 08
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14 ¢ 14+
13 L 3 | 13
12 v, 12
11k ’ 11
1 5 1
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0.8 - - - L 0.8

-In Q2

Figure 3. Generalized integral BPs as a function of the squared four-
momentum difference Q? between two charged particles.

1.6 1.6
e JETSET 7.4
1.4 |- JETSET 7.4 (no BE)
----- ARIADNE 4.08

----- HERWIG 5.9

-In Q°

Figure 4. Generalized second-order BP as a function of the :quared four-
momentum difference Q? between two charged particles.
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(decreasing Q?). This corresponds to a strong bunching effect of all or-
ders, as expected for multifractal fluctuations. The anti-bunching effect
(xq < 1) for small —InQ? is caused by the energy-momentum conserva-
tion constrant [5].

To learn more about the mechanism of multiparticle fluctuations in
Q?, variable, we present in Fig. 4 the behavior of the second-order BP as
a function o’ —In Q? for multiparticle hyper-tubes (spikes) made of like-
charged and those of unlike-charged particles, separately. A significant
difference is observed 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 ete™ 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 spening angles is inherently multifractal [15]. Qualitatively,
this is consistent with our results on the BPs for rapidity. Quantitatively,
however, the QCD predictions disagree with the ete™ 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 IBE effect. This means that the intermittency observed for
like-charged particles 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 noticeakle 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]. Tiis can be a
rather natural candidate to explain the observed difference hetween local
fluctuations in these models. A particular concern is the large difference
between MC’s for n,. The behavior of 1, 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 quantum field theory,
variational perturbation theory (VPT), is briefly reviewed.

Solution of many physical problems is based on appro<imation of a
quantity under consideration by a finite number of terms o™ a certain se-
ries. In quantum field theory this is conventionally an e<pansion into
a perturbative series. This approach combined with the renormalization
procedure is now a basic method for computations. As is well-known,
perturbative series for many interesting models including realistic 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 lct of problems
of quantum chromodynamics require nonperturbative approiches.

Many approaches have been devoted to the development of nonpertur-
bative methods. Among them is the summation of a perturbative series
(see reviews {1} and monograph [2]). The difficulty is that the procedure of
summation of asymptotic series is not unique as it contains a functional ar-
bitrariness. A correct formulation of the problem of summat 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 models [4]. 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 corrections to the value
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found by a variational 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 with an optimizing procedure. The nonperturbation 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 R.+.-. Different ways of
constructing the 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 not still sufficient. Here of fundamental importance are the
properties of convergence of a series. Indeed, unlike the case when even a
divergent perturbative series in the weak coupling constant approximates
a given object as an asymptotic series, the approximating series in the ab-
sence of a smzll parameter should obey more strict requirements. Reliable
information ir this case may be obtained only on the basis of convergent
series,

We shall consider the 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 each order, according to the principle of minimal sensitivity.
This induced--onvergence phenomenon is discussed in detail in ref. [15].
In ref. [16] ] the proof of convergence of an optimized §—expansion is given
in the cases of zero 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 nonperturtative renormalization group analysis in quantum chromo-
dynamics. Apglications to the definition of the QCD running coupling in
the timelike domain and to the semileptonic decay of the 7 lepton will be
considered. Thz 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

Wi(g) = /_o; dz exp(— S[z]). (2.1)

The expression (2.1) can be considered as the zero-dimensicnal analog of
the ¢*-model. The function S[z] plays the role of “the actio1 functional”

S[z] = Solz] + Siz] = 2* + g*. (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 quantity (2.1)
by using the Gaussian integrals of the sort

/ dz P(z)exp(—az?) (2.3)

with some polynomial P(z) of x.

The standard method of calculations is the expansion of the expression
exp(—S[z]) in the power series of the “coupling constant” 3. Indeed, in
this case, one uses the Gaussian integrals (2.3) and obtains the standard
asymptotic perturbative series

W(g) = Y w (2.4)
k=0
with the coefficients
1 oo 4k
WE = o ‘/_oo dz (—gz*) exp(— So[z]). (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 t1e 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) asymptot:c behavior at
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large values of the coupling constant g. The reason for the incorrectness
of the sumir ation procedure is the asymptotic nature of the perturbative
expansion (%.4). Therefore, the perturbation series by itself without any
additional ir formation 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 simpl: case, we know the needed additional information about W(g)
and can appy to the series (2.4) some method of summation, for example,
the Borel m=sthod. But, in the real field theory models, we do not know
this informasion about function that is represented by functional integral
and the prollem requires special attention.

The VPT approach makes it possible to construct different expansion
for the funciion (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.!

By using a new split of the action let us rewrite Eq. (2.2) in the form

Slz] = Sglz] + Sil=l, (2.6)

where we have introduced a new free action Sp[z] = (~'z? and an action of
interaction Si[z] = gz* — ((~! — 1)z%. Here ( is an auxiliary parameter of
a variational type. Actually, the orlglnal quantity W(g) does not depend
on this pararaeter, 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

W(g) =) W, (2.7)
where the terms of the VPT expansion have the form

W,

- / df‘(‘sﬂﬂ )" exp( — Syla]) 2.8)
- z:: (n—k |k|/d$ —gz?) [(C‘1 *1)$2]n_kexp(——5{)[;p])_

'Here, we use 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
Sela) = ¢t = (14 w(¢T = 1)) 2 (2.9)

and set k = 1 after all calculations. In this case, any power of ((7!—1)x?
in Fq. (2.8) we can obtain by differentiations with respect to x. The
remaining polyvnomial (——g.l"‘)k has the standard perturbative form, there-
fore, we have a possibility to apply to calculations the standurd diagram
technique with modified propagator

1

A:1+~(g—1—1)' ©(2.10)

For x = 1, one finds A = (.

The terms of the VPT expansion can be written down in the form

n 1 d n—k
W, = —— = Wk 2.
kz:% (n — k)! ( 8&) g (2.11)
where the coeflicients
1 k \ - v
we = / dr(—ga*)” exp (——.I'A l.z') (2.12)

are given by the standard diagrams of perturbation theory witli the prop-
agator (2.10).

Consider a structure of the VPT term (2.11). First of al, note that
the differentiation with respect to parameter x gives the additional factor

(I—C) F m
! ( 8) Ar=1)=(1-¢)"Ar=1). (2.13)

m! Ok
Secondly, it is easy to see that in this model the number of i1 ternal lines
(L) in any diagram (here, all diagrams are vacuum diagrams) equal to the
double number of vertices (V): L = 2V. The internal line rorresponds
to propagator and leads to the factor ¢, and the vertex gives the factor g.
Thus, schematically, one can write down

Wo ~ (g + (1= (g 4+ (1= 9¢H) + (1=
(2.14)
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N 0] 12 ]3] 4 6 E
c 1.14 | 2.64 | 3.56 | 5.46 | 6.12 | 871 | 11.33
D(g=10) % | 2.76 | 4.83 | 0.26 | 0.73 | 0.038 | 0.006 | 0.0012
D(g=1000) % | 5.01 | 6.52 | 0.56 | 1.13 | 0.089 | 0.017 | 0.0033

Table 1: The relative error D(g) = |Wiheor.(9)/ Wexper.(g) — 1]

From (2.14). we can see that if the value of (1 — () will be proportional to
(gC?), the e>pression W, will contain the common factor (1 —¢)". So, let
the parametzr ¢ obeys to equation

1-¢=Cg(? (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 ¢ = 1 — ({ obeys
the inequality: 0 < 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()(g) = Wy(g) +
Wi(g) and use 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 W, = 0 we find C =
3/2. In this case, we have the approximation W(g) by the expression
WM (g) (wita Wy = 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 5.195. Similar results can be obtained if one uses the principle
of minimum sensitivity, or a normalization at some “experimental” value
W(go) = Wexperim.- If one includes to our consideration the next orders of
the VPT expansion 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) = |Wiheor.(9)/Wexper.(g) — 1|.
Here, to find the parameter C' one makes use the normalization condition
min| W (go) — Werper.| = min|W (g0) — Wesace(g0)] at go = 1.

3 Variational perturbation theory in QCD

To explain the basic idea of the method in the QCD case, let us first con-
sider the pure Yang-Mills theory (quarks can be included without prob-
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lems). The Lagrangian density has the form

1 1 1
LYM = —Z (F;w)2 - EgFuu [Au X Au] + 192 [Au X AV}2 + Lgf + LF.P.
= Lo(A)+gLs(A)+ ¢ Lo(4) (3.1)

where F,, = 0,A, — 0,A,, Lgy. and Lpp are gauge fixing «nd Faddeev-
Popov terms. ‘

The L3(A) generates the three-gluon and ghost-gluon—ghost vertices.
This interaction is the Yukawa type interaction. The term L, A) generates
the four-gluon vertices. Let us introduce the x,, field and transform the
term L4(A) to the Yukawa type diagrams

exp{ /dz [A, x A)] } /Dxexp{-——/dzxw (3.2)
z%/dzxw[Au X A,,]} .

The action functional can be written in the form
S = So(x) + S(A,x) + Sy(A), (3.3)
where ,
S(AX) = 5 [dedy A3(e) [DMeul0]” A (34)

and the gluon propagator D(z,y|x) in the x—field is defined as

ab

[D—l(xy le)]W = [_a2guu6ab + g\/ﬁfabcxfw + gauge term:;] 8(z — y).

(3.5)

The Green’s functions can be written as

where
Gyue(- 1) = [ DA[-Jexp{i [S(A) + ST ()]}, (37)

and

= [ Dx[+ ] expliSo(x)] - (38)
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Figure 1: Tae 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 Gy uk.(- - - |x) contain only the Yukawa type di-
agrams appearing inside the brackets (---) with the gluon propagator
D(z,y|x) . In Fig. 1 (a), the full gauge propagator is shown. The ex-
pansion D(z,y|x) in perturbation theory generates the four-gluon graphs
[Fig. 1 (b)} that are added to the Yukawa diagrams, and in this case we
obtain the stzndard perturbation expansion [Fig. 1 (c)].

Let us rewrite the Lagrangian in the form

L(A7X) = LO(A’X) + LI(AvX)a
LO(AaX) = (_1 L(Av X) + 6_1 L(X)’ (39)
Li(Ax) = n[gLyii(4) = (' - DI(Ax) - (€ - 1) L],

where ( and ¢ are the parameters of variational type. The original quantity
L(A, x) does 10t depend on ¢ and &. Therefore, the freedom in choosing
¢ and £ can te 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 < ¢ < 1land 0 <
£ < 1, we “strengthen” the new free Lagrangian and, at the same time,
“weaken” the Lagrangian of interaction. After all calculations we put
n = 1. This >arameter will be also written in the propagator D(z,y|x)
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in the combination with the coupling constant. The VPT s=ries for the
Green’s function is given by

Ge-) = Y Gal

Gul) = o [ DADAL [ Si(A T exp [Sol A ] (310)
. n = u k
= (1) g;om/D\D‘” ][ ;uk(”]

n—k .
[ = DS + (€7 = DS exp i So(4,0)]
We redefine the Lo(A, \) for convenience of calculations as follows:
Lo(A,X) = Ly(A, ) = [14+(¢T =LA O+HI+R(ET =D]L(). (3.11)

In this case, any power of [((™! — 1) S(A,\) + (67 — 1) S(\)] in (3.10)
can be obtained by the corresponding number of differentiation of the
expression exp[iS4( A, \, k)] with respect to x. After all calculitions we set
k=1 : )

From Egs. (3.10) and (3.11) we have

k=0

G, =" §n (-2 " (gr(K)) (3.12)
" g (n — k)! Ik Gk ) .
where the functions

i* , ‘
gel) = = [ DAL S’.-“"'(A)]
exp{[1+n D] [de L{AN) } (3.13)

correspond to the Yukawa diagrams of the Yang—Mills theorr with gluon
propagator [1 + x(¢™* — 1] ' D(x,y|x) = ¢D(z,y|\) for x = 1. The prop-
agator of y-field includes the factor [1 + x(¢=! —1)]”" transformed into &
for k = 1.

The operator of differentiation (—d/dx)'/I! gives the factor (1 —¢)' for
the gluon propagator and (1 — &) 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 O( gV *+! ), therefore,
the VPT expansion does not contradict the perturbative restlts obtained
for the small coupling constant.
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Figure 2: The diagrams for the VPT expansion of the full gluon propagator.

The diagrams corresponding to the new expansion of the full gluon
propagator ace shown in Fig. 2. The gluon line with slash signifies the
differentiation over x and contains the factor (1 — ¢). If this line arises
due to the x-field propagator, the corresponding factor is (1 — £).

The outline of the VPT expansion structure can be written as

Lo 4n(l - +7° [0 =0+ ¢*¢ + ¢*¢] (3.14)
+ P [ -+ @O -+ PN - O+ Pl -] +

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 choosie £ = (®and (1 — ¢)® = CAC3, where Cisa positive constant,
we obtain that the nth order term of our series contains the factor (1 — ()"
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 the running coupling constant a,(Q?). To fix the parameter C
we will use non-perturbative information from meson spectroscopy and de-
rive a,(Q?) in the perturbative region at large Q2. In other words, we will
find the connection between the universal tension o in the linear part of
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the quark-antiquark static potential Vji,(r) = o 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(q?) = —16ma,(q?)/3¢%, where a,(q?) describ=s both large
and small momentum, and that o;(¢*) has the singular inirared asymp-
totics a,(g?) ~ g~2, we obtain, by taking the three-dimensional Fourier
transform, the large-distance linear potential in coordinate space. The
corresponding singular infrared behaviour of A = a,/(47) conforms to the
asymptotics of the B-function: S(A) — —A for a large coupling constant.

In the framework of this approach consider the functions 3(2), 33) 3(4)
and 3 that are obtained if we take into consideration the terms O(a?),
O(a®), O(a*) and O(a®) in the corresponding renormalizatior. constant Zy.
As has been shown [19], the values of — 8(¥)(X) /) as furctions of the
coupling constant for parameters C, = 0.977, C3 = 4.1, Cy = 104
and Cs = 21.5 go to 1 at sufficiently large A. The increase of Cy with
the order of the expansion is explained by the necessity to compensate
the high order contribution. A similar situation takes place also in zero-
and one-dimensional models. The behaviour of the functions + 8(*)(X)/A
gives evidence for the convergence of the results, in accordance with the
phenomenon of induced convergence. At large coupling, — 8% (A\)/\ ~ 1,
which corresponds to a;(Q?) ~ @~?% at small Q2.

The value of the coeflicient & in the linear part of the quark-antiquark
static potential Vii,(r) = or is o ~ 0.15 = 0.20 GeV?. At a small value of
Q? the corresponding behaviour of o,(Q?) is o (Q?) ~ 30/2Q?. Here we
will use this equation at a certain normalization point @ ind the value
o = 0.1768 GeV? which has been obtained in [24]. The reiormalization
group method gives the following equation for the Q2%-evclution of the
expansion parameter a:

Q2 = Q?) exp[‘b(a)Nf) - (}5((10, N?)] (315)

with R
d

a,Ni) = | ——. 3.16
HaNy) = [ 555 (3.16)
In an appropriate region of the momentum, the value of o(Q?) =
2/3Q* a5(Q?) is almost independent of the choice of Qo 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 parameters and can now
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consider the behaviour of the effective coupling constant at large Q*. For
example, we find aeg(mz) = 0.126. It should be stressed that we have
obtained this result by evolution of the effective coupling starting from a
very low energy scale. Taking into account this fact the value of aeg(mz)
obtained in such a way seems to be quite reasonable.

4 Renormalon representation and 7 decay

In this section we will concentrate on a description of the inclusive decay
of the 7 lepion taking into account renormalon contributions (for detais,
see [25]). Consider the Adler D-function D(Q?) = —Q*dIl/dQ? corre-
sponding to the vector hadronic correlator in the massless case. The two-
loop perturt ative approximation is given by D(t,A) = 1 + 4A(u?), where
t = Q*/u®. Standard renormalization group improvement leads to the
substitution A(u%) — A(t,A), which implies a summation of the leading
logarithmic :ontributions. However, due to the ghost pole of the running
coupling at (* = Adp this substitution breaks the analytic properties of
the D-function in the complex ¢° = —Q? plane, namely that the D-function
should only have a cut on the positive real g? axis. We may correct this
feature by noting that the above solution of the renormalization group
equation is rot unique. The general solution is a function of the running
coupling wit1 the asymptotic behaviour 1 + 4, for small A. To maintain
the analytic sroperties-? of the D-function we can write it as the dispersion
integral of R's) = (1/m)ImlI(s+:¢), and use RG improvement on the inte-
grand rather than D itself. This method leads to D(t,A) = 1 + 4Aen (2, A)
with 7 = s/()?. The Borel representation of \.g(t,A) has the form

Aet(t,A) = /0  dbetNeN) B(p) | (4.1)

with B(b) = I['(1 + b8) (1 — bfy). Here By = 11 —2/3 Ny is the first coef-
ficient of the 8-function, and Ny is the number of active flavours. Thus, in
the Borel plane there are singularities at b3y = ~1,—2,... and b3, = 1,2, ...
corresponding to ultraviolet and infrared (IR) renormalons respectively.
The first IR singularity at b8, = 1 is probably absent since there is
no corresponding operator in the operator product expansion. Although

2Recently, ir. [26, 27], it has been shown that requiring the correct analytic properties
for the running coupling leads to the non-perturbative power corrections of the form

exp(—1/(N(@?)6o)).
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this issue is not currently settled, it seems reasonable to assume that the
first IR renormalon occurs at b = 2/3,, and we would like to use this
property of the operator product expansion as an additional constraint on
the choice of solution to the renormalization group equation. This can
be simply achieved (by judicious integration by parts), and is result we
obtain the following expression for Aeg:

Nkt \)

At N = [ drw _ . 42
w(t:A) /0 T T Skt e nr (42)

in which the factor k reflects the renormalization scheme an biguity and
the function w(7) = 27/(1 + 7 )* 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) = (1 + b3o) (2 — b3p) . (4.3)

Thus in this representation for Aeg the positions of all ultraviolet singulari-
ties remain unchanged, but the first IR renormalon smgulautv at b=1/5
is absent.

In order to render Eq. (4.2) integrable we must combine -his method
with the nonperturbative a-expansion in which from the beginning the
running coupling has no ghost pole. Separating the QCD cortribution to
R, -ratio as A, and writing B, = R%(1 + A,), where R? is the well-known
electroweak factor, we obtain the expression [25]

: db s \° s\ :
_48/ (MQ> (1— ME)A(A-S), (4.4)

in which the factor k again parametrizes.the renormalization scheme and
X = a®(1 + 3a)/C. In what follows we shall use the MS schei e, in which
k = exp(—5/3). Note that the renormalon representation obteined for the
coupling modifies the polynomial in the integral so that the meximum now
occurs near s = (2/3)M?.

Taking as input the experimental value of RSP = 3.56 + 0.03 [28].
three active quark flavours and the variational parameter (" = 4.1, we find
as,(M?) = 0.339 £+ 0.015 which differs significantly from that obtained
(as(M?) = 0.40 in leading order [22]) without the renormelon-inspired
representation for the coupling. The method, applying the matching pro-
cedure in the physical s-channel and using standard heavy quark masses,
leads to Kz = 20.90 £ 0.03, which agrees well with experimental data.
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5 Conclusion

In these lec:ures we have considered an approach to quantum field theory
— the methcd of variational perturbation theory. The original action func-
tional is rewritten using some variational addition and an expansion in the
effective intzraction 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 the
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 different 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 theory.

The variational parameters arising in the VPT method allow the con-
vergence properties 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 ¢* model there is a finite region of parameter values in which the
VPT series converges 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 estinates of the sum of the series, and existence of variational pa-
rameters makes it possible to narrow these estimates the maximum amount
in a given ordzr 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 important feature of
this approach is the fact that for sufficiently small value o’ the running
coupling constant @ it reproduces perturbative predictions. Therefore, all
the high-energy physics is preserved in the VPT method. In going to lower
energies, where standard perturbation theory ceases to be valid, &, ~ 1,
the VPT running expansion parameter @ remains small and we do not find
ourselves outside the region of applicability of the method.
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Normalized factorial moments for the instanton-induced
multigluon production processes in deep inelastic scattering

V.Kuvshinov, R.Shulyakovsky

Institute of Physics, Academy of Sciences of Belaius
Minsk 220072 Scorina av.,70
F-mail: kuvshino@dragon.bas-net.by

The instanton-induced multiparticle events in deep inelastic scattering { DIS)
are considered in nonperturbative quantum chromodynamics (Q¢°D). Normali-
zed factorial moments are calculated for these processes. The first.quantum
correction to the classical instanton configuration is taken into account.

We believe, that specific behaviour of moments can be a new criterion
for the identification of the instantons in H1 experiment at HERA (DESY,
Hamburg).

1. Introduction

As it 1s well-known, Yang-Mills gauge theories have highly degenerated
vacuum structure even on classical level [1]. As a rule, quantum-tunnelling
transitions between different vacuum states are called ”instastons”.

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, chiral symmetry
broken in QCD [3]. »

In according to theoretical calculations, instantons in electro-weak
theory can be observed in high energy particle collisions «t multi-TeV
regime [4,5]. In QCD such phenomena require much smaller energies
(about some hundreds MeV [6]). Experimental search of the QCD-
instantons has already goes at HERA (DESY, Hamburg) in l:pton-hadron
deep inelastic scattering [7,8].

The distinct event topology of instanton induced event allows to
discriminate them from normal DIS events. There are following theore-
tically predicted features of instanton-induced multiple states.

1. High parton multiplicity: number of produced quarks in each
instanton induced event n, = 2ny — 1 [3], where n is number of flavours;
average gluon multiplicity < n, >~ 3 — 10 [6,7].

2. Isotropically parton distribution in the instanton rest system [3].

3. Homogeneous quarks flavours distribution (large fraction of strange-
ness and charm in final states as compared with normal DIS) [3].
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4. Instanton induced total cross section o, strongly peaks with

decreasing of z [6].

5. Second structure function F3(z,@?) rises strongly with decreasing
Bjorken variable z [7).

6. Two-particle correlation function in dependence on rapidities of
produced gluons has specific form [9].

We study properties of the normalized factorial moments as a new
criterion for the experimental identification of the instantons. Our ca-
lculations coatain contribution of the first quantum correction to the
quasiclassical approximation.

II. Distribution on multiplicity for the instanton induced
multigluon events in DIS

On the besis of the instanton solution [2): A%(z) = (2/g)n2, z.(z* +
p*)~!, one obtained the following formula for the multiplicity distribution
for the instanton induced multigluon events in DIS (in quasiclassical
approximation) [6,7]: ‘
e~ A"

n!’

P = (2.1)

where A = ;%ﬂ(l_;z)27 p is instanton size, a; denotes coupling constant

of strong inte-action (a,(Q?) = 0.2 for Q? = 2500GeV?), n%, 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 fcllowing distribution [4,7]:

A" An-2 )

(cl4qu) — — o -
F, Fr N(n! B(n—?)!

(2.2)
where B = 1(12%)% normalization factor N = e™#(1 — B)~!. Expression
(2.2) is obtainzd for the z > 0.5; there are not exact formula for the small
values of Bjorken variable.

III. Calculation of the normalized factorial moments for the
instanton induced DIS processes
Let us rem nd the well-known definition [11]:

1 diQ(z)

<n>! dzo

, Qz) = iPnz", <n>= d?i(z) , (8.1)

z2=1 n=0 z=1

F,=
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where F), is gth normalized factorial moment, < n > is average multiplicity,
Q(2) 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 F, = 1.

If we take into account first quantum correction (distribution (2.2)) the
following formula takes place:

AY(1 — B) — 2gA""'B — (g — 1) A"2F

= (1 - B)?! 2.3
Fq ( ) (A(l—B)—-QB)q ( )
1.5 T T T T
1 ;-g...\.'r,;_ e e =
! |\ ~ |. '
c | LN,
- : : AN
05+ : : \.\
I 1 ] I \
| | | PN
0 Lt | | |
2 4 6 8 10
n
— x=0.8
—- x=0.55

.- x=0.7
—— Poisson distribution

Fig.1. Normalized factorial moments for the different values of Bjorken
variables £ and fixed 4-momentum transfer Q% = 2500GeV?2.

Thus, F, for the distribution of the instanton-induced LIS processes
are decreased with moment number growth. Deflection of th: normalized
factorial moments from Poisson distribution is increased with increasing
Bjorken variable z (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 tle first quantum correction, that F, 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 autho's are grateful for the support in part to Basic Science
Foundation of Belarus (Projects F95-013, M96-023).
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