PHYSICAL REVIEW D, VOLUME 62, 093016

Baryon magnetic moments in the QCD string approach
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Magnetic moments of baryons composed of light and strange quarks are computed for the first time through
the only parameter of the model—the string tension For example, u,=mg/c Jo, po-= —mpll
+3(mé/c?o) - 33(mélc*o?)] 71, wherem, is the proton massp is the strange quark current mass, and
=0.957, a constant which is caluculated in the paper. Resulting theoretical values differ from the experimental
ones typically by about 10%.

PACS numbegps): 13.40.Em, 12.39.Ki, 14.26.c

I. INTRODUCTION Il. RELATIVISTIC 3 q GREEN'S FUNCTION
AND EFFECTIVE HAMILTONIAN

Recently in a stimulating analysis of the hyperon static
properties[1] Lipkin displayed remarkably successful rela-

tions connecting strange and nonstrange baryon magnetfﬁnction[lO], where the role of “time” parameter along the

moments and the corresponding quark masgesnd vs (in pathz{)(s;) of ith quark is the Fock-Schwinger proper time
order to avoid similar notation for masses and magnetic mo: m A

ments we denote current quark massesiynd dynamical, Si» 1=1,2,3. One hagl0.12

or constituent, quark masses hby). To understand why 3

these relations agree so well with experiment, and to get G(3q)(X,Y)=f H dsDzﬂ)e‘K<W3(X,Y)> (1)
insight into the problems encountered in semileptonic decays i=1

of baryons[1], one needs a dynamical approach which v (1) (@) v(3)eu(1) (@) (3)
would enable one to express the constituent masses of tméhereX,Y—x KELXERYELYELYE

guarks and baryon magnetic moments in terms of a single 3 1 rs/dZ0\2

QCD scale parameter. It is the purpose of the present paper K=Y, {mfsﬁ_f '(_ﬂ) dri}. )
to express the magnetic moments of baryons and constituent i=1 4Jo \ d7

masses of the corresponding quarks in terms of only one ) ]

The starting point of the approach is the Feynman-
Schwinger (world-line) representation of the 8 Green’s

results are in line with the relations of Lipkin. loop is a product of three parallel transporters:
Theoretical investigation of baryon magnetic moments 3

(BMMs) has a long histornyf2]. In the constituent quark Wal(X Y)) = OO (x® vy ) e e 3

model (CQM) BMMs are expressed through the values of (W(X,Y)) .1;[1 b (XY ) | €ajaraoibyhy (3)

constituent quark masses, which are input paramdgt&rs

(see alsq4] for discussion Among other approaches to the The standard approximation in the QCD string approach is

problem, mention should be made of different versions of théhe minimal area law for Eq3), which will be used in what

bag model[5], lattice calculationg6], chiral perturbation follows:

theory [7], and the QCD sum rulef8]. In the latter the 3

BMMs are connected to the values of chiral and gluonic

condensates and to the quartic quark correlator. Although a (W3>=exp< _‘721 S‘)’

lot of efforts have been undertaken along different lines, the

theoretical predictions still differ from the experimental val- whereS, is the minimal area of one loop.

ues(by 10-15% in the worst cag@]). The next step is basic for our approach, and it allows
In all models however theoretical predictions are somefinally to calculate the quark constituent massgsn terms

what biased by the introduction of supplementary parametersf the quark current masses;, defined at the scale of 1

in addition to the only one pertinent to QCD—the overall GeV. In this step one connects proper and real tifreshe

scale of the theory, which should be specified to make théaryon c.m. systein

QCD complete. In the final, ideal case this role is played by

4

Agcp; in our treatment, as well as in lattice QCD calcula- ds— dt 5
tions, we take as this universal parameter the QCD string S_zyi(t)' ®
tensiong, fixed in nature by the meson and baryon Regge _

slopes. wheret=z{(s;),0<t<T, is a common c.m. time on the

The purpose of our paper is to calculate BMMs throughhypersurface = const. The new entity;(t), as will be seen,
this single parameter, in the simplest possible approxima- plays the role of the quark constituent mass and will be cal-
tion within the nonperturbative QCD approach, developed irculated throughr (and s when perturbative exchanges are
[10-15. taken into account
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Considering the exponent in E) as an action one can suggested irf11,12,19. The accuracy of this replacement
define the Hamiltonian and go over to the representationvas tested recently if18] to be around 5% or better for
[11,14 lowest levels.

The equation defining the stationary pointawf as func-

3 . .
tion of v for equal masses is

GeI= | IT pw(t)D32M(t)e A (6)
i=1 oM,
with v

=0. (12
V:V(O)
ot (m? o (Z0(1))2 L L
= i1 The generalization for baryon made of three quarks with dif-
A= | dt| =—+ =+ +0S. 7 _ _ .
i=1Jo 2v; 2 2v; ferent masses is straightforward. The perturbative gluon ex-
_ _ . o changes and spin-dependent terms can be self-consistently
The final step in the approadii2—14 is the derivation of included in the above picturgl5]. Including the Coulomb
the c.m. Hamiltonian containing as parameters to be found term and passing to dimensionless quantitieg,,, and\
from the condition of the Hamiltonian minimum. It has the defined as
following form:

, , , , , x=(2vbh)¥3p,
mk Vi 1 d d
- 4K B (k)
H ;1(2Vk+2) Zm( (952 19772 +0'k21|l’ | B 2vE, 13
(8) €n= (zyb)Z/S’ ( )
Hereé,  are Jacobi coordinates defined a$lifi], andr® is )13
the distance from thieth quark to the string-junction position - 8 10(3v
which we take below for simplicity coinciding with the c.m. ~ %3 o '

point. In addition Eq(8) contains an arbitrary mass param-
eterm introduced to ensure correct dimensions; this paramwhere a4 is the strong coupling constant, one arrives at the
eter drops out from final expressions. Leaving technical defollowing reduced equation:
tails to the Appendixes, we now treat the Hamiltoni@h
using the hyperspherical formalisf6]. g2 d X\
[——2+X+—2—;—8n()\)Jx(X)=0. (14

I1l. EVALUATION OF QUARKS CONSTITUENT MASSES dx X

Considering three quarks with equal masses and introdudt is now a simple task to find eigenvalueg(\) of Eq. (14)
ing the hyperradiup?= &2+ 7%, one has in the approxima- €ither numerically, or analyticallisee below. Then Eq.(12)
tion of the lowest hyperspherical harmortighich is known ~ would yield the following equation defining the quark dy-
[17] to yield accuracy of the eigenvall&, around one per- hamical mass:

cend
) o\ 14 2\ |dgg,
d’x(p) et T2 )| dx
o+ 20{Ey = W(p)}x(p) =0 © v en(M)
P 9 7577_2 1/3 m2
\F +E( . (?—1):0. (15)
W(p)=bp+ 20p?’ b=0\ 35, d=15/4 It turns out that numerical solution of E¢14) may be

(10) reproduced analytically with the accuracy @f-2% pro-
vided one replaces the potenti&lx) =x+ d/x>— \/x in Eq.
The baryon masM ,(v) is equal to(for equal quark massgs (14) by oscillator potential near the stationary poifit(x,)
=0—see Appendix A. EquatiofiL5) applied to the nucleon
(m=0) yields the dynamical massg, of the light quark, and
applied toQ)~ (m=my) gives the strange quark mass.
Before presenting these solutions we remind the reader about
The crucial point is now the calculation of which is to be  spin-spin forces responsible, e.g., fdr- A splitting. Con-
found from the minimum oM ,(v), as it is prescribed in the trary to what might be naively expected the inclusion of
QCD string approach10-15. spin-spin interaction considerably simplifies the problem due
At this point it is important to stress that we have changedo remarkable cancellation of Coulomb and spin-spin contri-
from »(t) depending ort on the trajectory in the path inte- butions into the dynamicalconstituent quark mass—see
gral (6) to the operatory to be found from momenta and Appendix A. Therefore these terms should be kept only if
coordinates in Eq(8) as in[14] and finally to the constant ~ one wishes to calculate the BMMs with the accuracy much
to be found from the minimum of the mad#s, as it was higher than 10%, in which case one should also take into

m2

Mn(V):g'FgV'i‘En(V). 11
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TABLE |. Magnetic moments of baryor(® nuclear magnetongomputed using Eq$12), (20), and(21)
in comparison with experimental data from PD&¥].

Baryon p n A 3 30 3t

I

Present work 254 -169 -0.69 —-0.90 0.80 248 -0.63 —149 —-2.04
Experiment 279 -191 -061 -—1.16 246 —-065 —-125 —2.02

account pion corrections, higher hyperspherical harmonicsyheree, is the electric charge of the quaré is the cor-

etc. which is out of the scope of the present paper. responding spin operator, and the definiti@ of the con-
Thus in order to determine the quark masses and eventtituent mass was used.

ally the baryon magnetic moments one needs only two pa- Introducing thez component of the magnetic moment op-

rameters: the string tensian and the strange quark current erator

massmg (u,d current quark masses are set to 2eRresent 3 ®

calculations were performed for €k

Mz= & 20,

: (20
0=0.15 GeV¥, m,=0.245 GeV. (16)

The string tension valu€l6) which is smaller than in the one can write the BMMs as matrix elements

meson case is in line with baryon calculations by Capstick pwe=(Vg|u,¥p), (21)

and Isgur[19]. A similar smaller value ofr is implied by

recent lattice calculations by BdlR0]. Since the values of whereW¥y is the eigenfunction of Eq8), andv, is taken at

the above parameters are allowed to vary within certain limthe stationary point, given by E@12).

its [15,20,2] one can in principle formulate the inverse  For the baryon wave function we shall take here the sim-

problem, namely express the BMMs in line with the presentplest approximation, namely

work and then fit their experimental values to determine the

optimal choice ofc andm;. Wg=U"Nr) >N a,f)§?(color), (22)
Consider first the case of a nucleon made of three quarks

with zero current masses and equal dynamical masges where (o,f) is the spin-flavor part of_the wave function.
Keeping in mind cancellation of the Coulomb and spin—spinThe form(22) neglects the nonsymmetric components in the

terms and thus setting in Eq&L4) and (15) A=0 and mak- coordinateys(r) and spin-flavor parts of the wave function,
ing use of the oscillator approximation described in AppenWhich appear in the higher approximation of the hyper-

dix A, one finds, from Eq(15), spherical formalism{16], and for lowest states contribute
only few percent to the normalizatidi6]. The spin-flavor
20| 2 2 \ 1% functions for different baryons were known for a long time
v,=2\— 7l 1t [3], and are briefly outlined in Appendix B. Using these
T[3X5 35 functions it is a simple task to calculate the matrix element

17) (21), e.g., the proton and neutron magnetic moments are

=c\o=0.95%/c=0.37 GeV. given by

This result agrees with the exact solution of Et4) at A

—3/4
=0 with the accuracy better than 1%. A similar procedure M :ﬂ: }, [T 2 1+ 2 ~2.54u
applied to the) ~ baryon yields the strange quark dynamical P v, 2 V20| 3x5l3 35 N
massvs. From Eqgs.(15) and(17) one gets
2
3 m§ 15 m‘s‘ Mn:_gﬂp:_l-GgﬂN- (23)

ve=c\o

1+—-———=]=0.46 GeV (198
4 c’o 32 cta?
Magnetic moments of other baryons as well as new relations
for m¢=0.245 GeV, and where the constanis defined in  between them are obtained from E¢£5), (17), and(18).

Eq. (17). Now we turn to baryon magnetic moments. In particular one has
2 4\ -1
IV. BARYON MAGNETIC MOMENTS g 3ms M o,
Mo-="Mp +4cz 32452 7 A
The form(1) for G®% does not take into account spins of o 7 (24
qguarks. When those are inserted, a new additive term appears
in the exponent of Eq6), proportional to the external mag- s +(4c20+m2) = — 2 z0(3¢%0+ 2mP), (25)

netic fieldB, namelyA acquires the following term22,23:

e (k) where terms of the orden?/c*o? were omitted in deriving
o Bdt (19  the last relation.
o 2y Results on the BMMs are summarized in Table I. As

3 3

S
A= j ‘dreo®B=>
k=1 Jo k=1
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these results differ from the experimental values typically by Next we demonstrate the cancellation of the Coulomb and
only about 10% and are subjected to plentiful correctionsspin-spin contributions into the quark mass. Again this con-
(meson exchanges, higher harmonics,)etone may con- clusion results directly from numerical calculations but it is
clude that the outlined QCD approach is successful even ialways preferable to present transparent estimates. The de-
its simplest form. rivative dE, /dv [see Eqs(11), (12), and(13)] may be writ-
More refined treatment of th&~ baryon magnetic mo- ten as
ment within the present approach should take into account
the fact that for baryons with spi&=3/2 Coulomb and spin- dE, K2 (ZVb)m_ (2vh)?3 2
spin forces do not cancel each other in the eigenvalue equa- dv  Mor T 2w 2v Jdv
tion (15) as it was explained here for baryons wisk 1/2.
The account of thi§24] does not change the results for quark where the () sign stems from the fact thalt:/d\ <0. Ex-
constituent masses;,=0.37 GeV,r,=0.46 GeV, and for pandinge(\) in Taylor series in\ and keeping only the
the baryon magnetic moments presented in Table |, but akinear term[the small parameter is/£(0)=1/4] one gets
lows us to reproduce them with a smaller value of the strange 23
quark current mass, namely with;=0.15 GeV—seq 24| ﬁz_ (2vb) £(0)
for detalils. dv 612
It is important to realize that the QCD string model used
above is a fully relativistic string model for light current The value ofe(0) is given by Eq.(Al), the estimate of
masses, and the “nonrelativistic” appearance of the Hamil-de/d\ in the small\ regime is straightforward, then recall-
tonian(1) is a consequence of the rigorous einbein formalisming that according to Eqg13) A« (»%/¢)* and solving the
[25] which was introduced in the most general forn{26].  simple equations one obtains that due to Coulomb interaction
The approach enables us to investigate other electromagnetig increases by=0.03 GeV. This is confirmed by numerical
properties of baryons: transition magnetic moments, polarizsolution of Eq.(14).
abilities [28], etc. The spin-spin interaction in baryon results in the shift of
E, equal to

de A2
an (A2)

N |de
1+ma ) (A3)
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As a result spin-spin interaction leads to a contribution into
APPENDIX A: EIGENVALUE EQUATION FOR BARYONS dE,/dv proportional tor~%2 This in turn results in the

decrease of the quark dynamical magdy 0.035 GeV, i.e.,
The eigenvalue equation for baryons in hyperspherical bathe contributions from the Coulomb and spin-spin interaction
sis [16] in its standard form is given by Eq9) and in its  into the quark mass almost exactly cancel each other. Thus
reduced form with Coulomb term included, by Eq.4) we are led to a Va'ueu: 0.37 GeV given by Eq(l?')
Though Eq.(14) can be easily solved numerically, it is in-
structive to present the analytical solution resorting to theAPPENDIX B: SPIN-FLAVOR WAVE FUNCTIONS AND

oscillator approximation near the stationary poift (xg) BMM IN IMPULSE APPROXIMATION
=0. This approximation is known to yield the accuracy of

1-2%[17]. It will be demonstrated below that the Coulomb  As stated in the main text we have restricted the basis by
term which tends to increase the quark dynamical mass atonsidering only totally symmetric components of the
most exactly cancels with the spin-spin interaction termbaryon wave function in the coordinate spdsee[3] for the
Therefore one can consider ER1) at A=0. Then the discussion of corrections to this approximadioiherefore
ground state energy is equal\é(x,) plus the first quantum the spin-flavor part of the wave function has to be symmetric
correctionw/2, wherew?=2W"(Xo). too. Then the calculation of the BMMs in “impulse(addi-
This yields tive) approximation proceeds along the well trotted gah
For example, the nucleon spin-flavor symmetric wave func-
3(15\ /3 2 tion entering into Eq.(22) is a combinationyY™ M o, f)
e(0)= 5(?) (1+ —) ) (A1) =(¢"(a)x"(F)+ o' (o) x' (f))/\2, where prime and double
3\5 prime denote mixed symmetry functions symmetric and an-
tisymmetric with respect to the-:2 permutation. The ™
Substitution of this result into Eq$13) and Egs.(11) and  spin-flavor wave function is obtained from that of the neu-
(12) leads to the expressiaiil7) for the light quark current tron one by substitution of the-quark by thes-one and so
massv,, . on for other baryons. Due to the antisymmetry of the com-
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plete wave function(22) the calculation of the matrix ele- wso 2 vy p=- 1 4w, w=o 2 4,
ment(21) reduces to the averaging of the operatés,( v, o9t 9u T T9 9, =79 9.

+ 835/ vs) OF (83q/vy+ S35/ vg). In this way one arrives at o Vs Ko Vs Ko VS(Bl)
the well-known relations

Bo_ 2 pa_ P psr 8 wvyops 4 L Various corrections to the impulse approximation have been

ko 3'mp  3vswp, 9 9w, 9 9y’ discussed in the literatuf@,4].
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