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Magnetic moments of heavy =, baryons in light cone QCD sum rules
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The magnetic moments of heavy =, baryons containing a single charm or bottom quark are calculated
in the framework of the light cone QCD sum rules method. A comparison of our results with the
predictions of other approaches, such as relativistic and nonrelativistic quark models, the hypercentral
model, chiral perturbation theory, and soliton and skyrmion models, is presented.
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L. INTRODUCTION

During the last few years, exciting experimental results
were obtained in the baryon sector containing a single b
quark. The CDF Collaboration observed the states ;- and
Ezi [1], while both DO [2] and CDF [3] Collaborations
have seen =,,. Recently, BABAR Collaboration reported the
discovery of ()7 with mass splitting mq: — mq_= (70.8 =
1.0 £ 1.1) MeV [4].

The masses of the heavy baryons have been studied in
the framework of various phenomenological models [5—
13] and also in the framework of the QCD sum rules
method [14-26]. Along with their masses, another static
parameter of the heavy baryons is their magnetic moment.
Study of the magnetic moments can give valuable infor-
mation about the internal structures of hadrons.

The magnetic moments of heavy baryons have been
studied in the framework of different methods. In [27,28]
the magnetic moments of charmed baryons are calculated
within the nave quark model. In [29,30], magnetic mo-
ments of charmed and bottom baryons are analyzed in the
quark model, and in [31] heavy baryon magnetic moments
are studied in the bound state approach. Magnetic moments
of heavy baryons are calculated in the relativistic three-
quark model [32], the hypercentral model [33], the chiral
perturbation model [34], the soliton model [35], the sky-
rmion model [36], and the nonrelativistic constituent quark
model with light and strange gg pairs [37]. In [38] the
magnetic moments of 3. and A, baryons are calculated
with the QCD sum rules method in an external electro-
magnetic field. In [39,40], the light cone QCD sum rules
method is applied to study the magnetic moments of the
Ap (Q =c, b) and 2\, transition magnetic moments
(more about this method can be found in [41-44] and
references therein).

The aim of the present work is to calculate the magnetic
moments of the E, baryons that were recently observed by
DO and CDF Collaborations within the light cone QCD
sum rules framework. The plan of the paper is as follows.
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In Sec. II, using the general form of the baryon current, the
light cone QCD sum rules for =, and =, baryons are
calculated. In Sec. III we present our numerical calcula-
tions on the =, and =, baryons. In this section we also
present a comparison of our results with the predictions of
other approaches.

IL. LIGHT CONE QCD SUM RULES FOR THE E,
MAGNETIC MOMENTS

In order to calculate the magnetic moments of = Ho(Q =
b, c) in the framework of the light cone QCD sum rules, we
need the expression for the interpolating current of Z,. To
construct it, we follow [11]; i.e. we assume that the strange
and light quarks in =, are in a relative spin zero state
(scalar or pseudoscalar diquarks). Therefore, the most
general current without derivatives and with the quantum
numbers of =, can be constructed from the combination of
the aforementioned scalar or pseudoscalar diquarks in the
following way:

Mo = €apcl(qTCs?)ys + Blg*T Cyss?)]0°. (1)

Here a, b, and c are color indices; C is the charge con-
jugation operator; Q = b or ¢; g = u or d; and S is an
arbitrary parameter. Having the explicit expression for the
interpolating current, our next task is to construct light
cone QCD sum rules for the magnetic moments of EQ
baryons. They are constructed from the following correla-
tion function:

(p,q) =i j dxe™(y | T{no@ie0) 10).  (2)

The calculation of the phenomenological side at the
hadronic level proceeds by inserting into the correlation
function a complete set of hadronic states with the quantum
numbers of E,. We get

- Z<O I ;]Q | HQ,(p2)><HQ[(p2)

2
— m
2 Eo

= 0
oo, SEPTAD )

1 Eo

Isolating the ground state’s contributions, Eq. (3) can be
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written as
| 77Q | ~Q(P2)>

IT = <~Q(P2) | —vQ(P]))

pz HQ

<~Q(P1) | Mo | 0)
P1 ZEQ

+ZQM&Q¥QM@MMWM

h; Pz

(i) 1710 o
P1 - m% ,

where p; = p + ¢, p, = p, and q is the photon momen-
tum. The second term in Eq. (4) describes the higher
resonances and continuum contributions. The coupling of
the interpolating current with the baryons E, is deter-
mined as

Ol mg | Eolp)) = Aguz,(p). (5)

where uz (p) is a spinor describing the baryon E with
four-momentum p, and A is the corresponding residue.

The last step for obtaining the expression for the physi-
cal part of the correlator function is to write down the
matrix element (E,(p>) | Eo(p1)), in terms of the form
factors. Using Lorentz covariance, this matrix element can
be written as

<EQ(P1) | EQ(pZ))y

= etig (pl)l:fl')’,u,

q
2;::: : fz]“EQ (p2)

(Pl P2)

= ﬁEQ(Pl)[(fl + )y, + e Mfz:l”” (p2)e*,

Q
(6)

where f,(g?) and f,(g?) are the form factors and & is the
photon polarization vector.

For the calculation of the 2, magnetlc moments, only
the values of the form factors at g> = 0 are needed because
the photon is real in our problem. Using Eqs. (4)—(6) for the
physical part of the correlator and summing over the spins
of initial and final = 0 baryons, the correlation function
becomes

P+ mz, (p1 + p2)
0= —2et =2 (fi + f2) v, + 71 2,
p m=
2 Eo Q
ﬁl + m‘-‘
P @

=0

From this expression, we see that there are various struc-
tures which can be chosen for studying the magnetic mo-
ments of E,. In the present work, following [45], we
choose the structure p, ¢ ¢4 which contains the magnetic
form factor f, + f,, and at g> = 0 it gives the magnetic
moment of =, in units of e7/2mz,. Choosing this struc-
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ture in the physical part of the correlator, for the magnetic
moments of =, we obtain

1 1
I1=-—A2 e (8)
Q.2 _ .2 Ho 2 _ 2
pi—mg, py —mg,

where =, = (f1 + f2)l,
E in units of eh/2mz

2 are the magnetic moments of
o

In order to calculate the magnetic moments of =,
baryons, the expression of the theoretical part of the corre-
lation function is needed. After simple calculations for the
theoretical part of the correlation function in QCD, we
obtain

I = _ifabcea'b’c’ [d4xeipx<,y(q) | {’YSSZQC/’)’S Tr(SgaIS{vabl)
+ BysSG Tr(S;" ysSE) + BSG vs Tr(ys Sy Si)
+ B8y Tr(ysSe” ysSype)} | 0) ©9)

where S/ = CSTC, C and T are the charge conjugation and
transposition operators, respectively, and S, and S, are
the heavy and light (strange) quark propagators.

The correlation function from the QCD part receives
three different contributions: (a) perturbative contribu-
tions, (b) nonperturbative contributions where a photon is
emitted from the freely propagating quark (in other words,
at short distances), (c) nonperturbative contributions where
a photon is radiated at long distances. To obtain the ex-
pression for the contribution from the emission of a photon
at short distances, the following procedure can be used:
Each one of the quarks can emit the photon, and hence each
term in Eq. (9) corresponds to three terms in which the
propagator of the photon emitting the quark is replaced by

1 ab

sty =~ [ dvrnst- sl a0
ap

where the Fock-Schwinger gauge, x, A*(x) = 0, has been

used. Note that the explicit expressions of the free light and
heavy quark propagators in the x representation are

Sfree — lx _ mq
a 2a2xt A
2 — 2
Sfree — mQ Kl(mQ X ) — mQ’{ K (m “/—XZ)
0 472 —x2 422 e '

an

where K; are Bessel functions, m, ; = 0, and m; # 0. The
expression for the nonperturbative contrlbutlons to the
correlation function can be obtained from Eq. (9) by re-
placing one of the light quark propagators by

§4y — —13°T ;4" (T aps (12)

where I'; = {1, ¥s, Yo iY5Y o-aﬁ/\/i} and the sum over
I'; is implied; the other two propagators are the full propa-
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gators involving both perturbative and nonperturbative
contributions. In order to calculate the correlation function
from the QCD side, we need the explicit expressions of the
heavy and light quark propagators in the presence of an
external field.

The light cone expansion of the propagator in an exter-

nal field is obtained in [43]. It receives contributions from
|

iSo(x) = iSFe(x) — ig, f 2n)

o

S (x) — Sfree( ) quz

— ux*G,,(ux)y”

d*k . K+ m
e ’kxf dv [( 5 kg)ZG "(vx)o,, +

q) 05" <qq><1—z—;€) igsjold”[ﬁixz(;w(”x)“w (13)

—x2A2
)]

;. — iﬂG O-MV<1n(
4252 3272 M
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various §G¢q, gGGq, §qgq nonlocal operators, where G is
the gluon field strength tensor. In this work, we consider
operators with only one gluon field and contributions com-
ing from three-particle nonlocal operators, and neglect
terms with two gluons §GGgq and four quarks gggq [44].
In this approximation the expressions for the heavy and
light quark propagators are

1
2 _ 12 Ux/.LGMV’)/V])
my k

where A is the energy cutoff separating perturbative and nonperturbative domains.

In order to calculate the theoretical part, from Eqs. (9)-(13) it follows that the matrix elements of nonlocal operators
gl';q between the photon and vacuum states are needed, i.e.(y(q) | g(x;)T';q(x,) | 0). These matrix elements can be
expanded near the light cone x> = 0 in terms of the photon distribution amplitudes [46].

V@DIID7,9010)= ~ie,Ga(e,a, ~ 2q,) [ due™ (e, + 1

e
—le(s,, —q

= eqf37<8M
1

A0 =5 e (e =0, 2)

q—i)] ﬁ) L due™ b (1) y(q)1G(x)y .q(0)]0)
0. 2) [ dues g i@l vsa 1)
qx) Jo

30l sy unape” " [ due )Y (@)1098,6,u, (02)9(0)10)

— —ie (G endy — £4,) [ Dar,e 0500055, y(9)1 ()8, G i3 (v2)(0) 0)

— —ie(Gq)eudy — £v4,) [ Dar;e @5 9083, y(9)] ()8, G oy (v3) Y0 y5(O)IO)

— eofsyda(udy — £44,) f Daie @729 A (o, (|G ()8G o (v2)170(0)]0)

=e,f3yq0(e,q, — syqﬂ)fDaie"(“q+"“g)‘”‘V(a,»)W(q)Ié(x)aaBgSGW(UX)q(O)|0>
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(e
(o

(qaxy + qyxa))qﬁ (

EX
_X(anp,—i_qAan) qﬁ+ v =4q9v—N\8Bun

1 ex
—%(CIVX/;"'%XV) qu— 8/3_613% Spa ™

1 . 1
- _(Qan + anv))q/.l,]fDaiel(aq+Uag)qXT2(ai) + _(q,uxv
qx qx

EX
T U —(qu +4q,%p) |q

Vq.x _E(Qﬁx,u. +q,u,xﬁ))qa]
EX

1 ex
~ 4o 8us T —(quxgtapx,) g, — L L

1 ( n )) +< sx)
— X X Eg— —
gx q,u a T qda " qv B Q,qu

x,u,)(gaqﬁ - S,BQa)

. 1 .
X j Darie 58I T (@) +—(qaxs — q55a)(E ndy — £0) j Da,-e’%*qux:lu(a,-)} (14)
qx
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where y is the magnetic susceptibility of the quarks, ¢., (1)
is the leading twist-2 photon distribution amplitude (DA),
¥ (u), p%(u), A, and V are the twist-3 DA’s, and 5 (1),
A, T, (i=1,2,3,4) are the twist-4 DA’s, respectlvely
The explicit expressions of DA’s are presented in the next
section.

The theoretical part of the correlation function can
be obtained in terms of QCD parameters by substituting
photon DA’s and expressions for heavy and light quark
|

2
Q

S
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propagators into Eq. (9). Sum rules for the =, mag-
netic moments are obtained by equating two representa-
tions of the correlation function. The higher states and
continuum contributions are modeled using hadron-quark
duality. Applying double Borel transformations on the
variables p? = (p + ¢)*> and p3 = p? on both sides of
the correlator, for the Z, baryon magnetic moments we
get

2 2
mo/Mp 1,2

b _ (B> — e~

—mZ, 2 S 2
~Xy(Buz,e "M = fj e p(s)ds + 2.

Q

28872

{’YE(66Q + es)msm(2)<QQ>} - 72M?§

—m?2 /Mz

X {(es + eq)m(z)<55><C?‘I>”71}

+ (B + 1) f3 e mami(ss)(my + ¢ (ug))} +

X [

X [(6eg + e,)yrm3(Gq)] —°

+emia)(1 + B7) + eamiaa)| (1 = ) + ln[f])]) T

+2qg)(1 - B},

MM

2 _
where M3 = s M2 and ug =

M2
M
MZEM2
Mi+M;

432M3,

—mixie,(up)l] — 3e,(B* + 1) f3,m(5s)n,} —
—mZQ/M

28872

Q{(B2 — D)m¥(5sXGg)36ey + (e, + e )A(uo)]

,m2 /MZ

{1 = BH)EsHag12eq —
(B> — e~

)
967 my

(es + eq)

Q/MBM%.m

(3(32 - 1)eQm0<qq){ 342y + 2ln[

=

DM 11 + )

T2
2 1447

(15)

Since the masses of the initial and final baryons are the same, we will set M7 = M3

and uy = 1/2. The functions appearing in Eq. (15) are defined as

1
n = f@ai[ dvS(a;)é(a, + va, — uy),
0

1
n, = f@aif de(ai)6’(aq + va, — u),
0

2 _
pls) = (& —1

14_4_77.21‘41%3 {m(z)(6eQ + es)ms<L7Q> ln(

—my* + s)} .
AZ

(1 = Bm{gq) o

3(1 + BYegmi, {13 1 1

+[+3] i) * Shal+ st
_ mg
2887T2m2
2
201 = BaMol} + oo 2((e T 12¢0)

— i — %l/fzo + 323 + 3¢ + ) ln(s

where

{(B2

Q

=9 -2+ efous (8 = Dmaamin
2

+(1+ ,Bz)f3«/772|:l//21 — ot %'ﬁzo + %lﬁoo + ln(%ﬂ})

1 1 1
D,.=[d-fd /d 5(1 —
[a anoaqoag( o

{Zeqszm -
2

{(,82 — Dmgle, + 6eQ)<qCJ>[3 1n<%) _ (471; N ln[ 2_2

7+ o _5%0 _5%0

647
2

(e, + eq)m(z)l:8 + ln(s _ATQ>]}

’ ])] + beol3m3{(1 + B2)5s)

0

)m(z)ms@q)[—(l + ve) Wy + 2412) — dop — U

0

(16)

—a, — a,), (17)
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and the functions #,,, are defined as
(s = my*)"
sm(mZQ)n*m :

Pum = (18)

Note that the contributions of the terms ~(G?) are also
calculated, but their numerical values are very small, and

(8 ="
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therefore, for customary in Eq. (15), these terms are
omitted. From Eq. (15) it follows that, for the determina-
tion of the =, baryon magnetic moments, we need to know
the residue A . The residue can be obtained from the two-
point sum rules and is calculated in [25]. For the current
given in Eq. (1), it takes the following form:

/M (f Jse ?/Mz{(l + BZ)mQ[(l )(é - % + 1) - 121nx]

(1 + b>)(5s)

L L+ PG

(=) (1= B +

s {(1 + BIMGES) iy
2 6

2

DD o e
(1= e
where x = mp/s.

III. NUMERICAL ANALYSIS

The present section is devoted to the numerical analysis
of the magnetic moments of =, baryons. The values of the
input parameters, appearing in the sum rules expression for
magnetic moments, are (iiu)(1 GeV)={(dd)(1 GeV)=
—(0.243)3 Ge V3, (5s)(1 GeV) = 0.8(uu)(1 GeV),
m3(1 GeV) = 0.8 GeV? [47], A = 300 MeV, and f3y =
—0.0039 GeV? [46]. The value of the magnetic suscepti-
bility, (1 GeV) = —3.15 = 0.3 GeV 2, was obtained by
a combination of the local duality approach and QCD sum
|

¢¢m=6mu+¢xm@“w—m>

S0 - 0+ Sx)}

~ (1= pmiag) e + [datt - e |}

(19)

l
rules [46]. Recently, from the analysis of radiative heavy
meson decay for y(1 GeV) = —(2.85 + 0.5) GeV 2 was
obtained [48], which is in good agreement with the instan-
ton liquid model prediction [49], but slightly below the
QCD sum rules prediction [46]. Note that, first, the mag-
netic susceptibility in the framework of QCD sum rules is
calculated in [50], and it is obtained that y(1 GeV) =
—4.4 GeV~2. In the numerical analysis, we have used all
three values of y existing in the literature and obtained that
the values of the magnetic moments of Z, baryons are
practically insensitive to the value of y. The photon DA’s
entering the sum rules for the magnetic moments of =, are
calculated in [46], and their expressions are

$'(u) =33Qu—1)*—1)+ —(ISWY —5wh)(3 — 30Q2u — 1)? +35Qu — 1)%),

0w) = (1 — Qu — 1)(5Qu — 1) — 1)2 (1 + 2w

6"
V(a)) = 540wl (a, — apa,ezad,  h(u) =

167/
—10(1 + 26)CY?(u — i),

1
WA) Ala;) = 360aqaqa§(1 + w’;‘,i(7ag — 3)),

A(u) = 40ui*Br — k™ + 1) + 8(& — 35 [wit(2 + 13uit) + 2u>(10 — 15u + 6u?) In(u)

+ 2i3(10 — 15a + 6i?) In(ir)],

T (a;) = —120(3, + {;)(aq - aq)aqozqag,
Ts(a;) = 30a%(a; — a,)(k — k) + ( —
Ts(a;) = 12038 — &) e — a)aza,an,

{0 = 2a,) + 53 — 4ay)),

T y(@;) = 30ag(az — a)(x + &%) + (& + {0 = 2a,) + HG — 4ay)),

S(e;) = 30ag{(k + k)1 — a,) + (& + &)1 — a,)

S(a;) = =30a{(k — k)1 — a,) + (

—2a,) + 5H[3(ag — aq)2 —a,(l -
— {0 — a1

ag)lh

—2a,) + H[3(a; — ay)? — a,(1 — a,)] (20)
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The constants appearing in the wave functions are given as
[46] @,(1 GeV) =0, wy = 3.8 = 1.8, w;‘ = —2.1 = 1.0,
k=02 k"=0,{=04,(,=03,¢ =0,and S =
0.

From the explicit expressions of the magnetic moments
of EQ baryons, it follows that it contains three auxiliary
parameters: Borel mass squared M%, continuum threshold
5o, and B, which enters the expression of the interpolating
current for Z,. The physical quantity, magnetic moment
ME,, should be independent of these auxiliary parameters.

In other words, we should find the “working regions” of
these auxiliary parameters, where the magnetic moments
are independent of them.

The value of the continuum threshold is fixed from the
analysis of the two-point sum rules, where the mass and
residue Az 0 of the EQ baryons are determined [25], which
leads to the value s, = 6.5 GeV? for =, and s, =
3.02 GeV? for E,. If we choose the value s, =
6.4> GeV? for E;, and s, = 8 GeV? for =,, the results
remain practically unchanged. Next, we try to find the
working region of M% where uz , are independent of it
at fixed values of 8 and the above-mentioned values of s.
The upper bound of M% is obtained, requiring that the
continuum contribution should be less than the contribu-
tion of the first resonance. The lower bound of M3% is
determined by requiring that the highest power of 1/M%
be less than 30% of the highest power of M%. These two
conditions are both satisfied in the region 15 GeV? =
M2 =20 GeV? and 5 GeV? = M3 =8 GeV? for E,
and E ., respectively.

In Figs. 1 and 2, we depict the dependence of =1 and
p=- on My at fixed values of B and sy = 6.5 GeV?. In
Figs. 3 and 4, we present the dependence of pzo and uz+
on M% at fixed values of B8 and s, = 3.0> GeV2. From
these figures, we see that the values of the magnetic mo-

0 T T T T T T T T

- B=5 i
— B=—
-- B=+5

=0
=
1
o
—

T

|

L L L L L L L L L
03516 17 18 19 20
M_*(GeV?)

FIG. 1. The dependence of the magnetic moment Mz on M3
at 5o = 6.5 GeV?and B = *5, —1.
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0 T T T T
-0.1F e —
.02 - B=-5 1
‘[1] — Bz—l
-0.3f - B=+5 T
-0.4F y

L L L L L L L L L
0516 17 18 19 20

M, (GeV?)
FIG. 2. The same as Fig. 1 but for uz-.
1 | |
0.8} - B=>5 |
i — B=-1 ]
, 0.6 — B=t5 -
Tn
0.4} -
0.2 .
S———% 7 s
2 2
M, (GeV")
FIG. 3. The same as Fig. 1 but for uzo and at sy =
3.0% GeV2.
1.5
| ... B==5 |
1+ — b= .
3 -- B=+5
[x]
N e
S———% 7 s
M, (GeV?)

FIG. 4. The same as Fig. 3 but for uz-.
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0 T T T T
- 2 — M,’=15GeV’
[1] -0.1* 2 2 1
= - My =20 GeV
| L | |
027 05 0 05
cosO

FIG. 5. The dependence of the magnetic moment
cosf at sy = 6.52 GeV? and for M% = 15 GeV? and

M0 On
)
B

20 GeVZ2.
0
N | e e
= — M,’=15GeV’
1] -0.2* 2 2 N
- M, *=20 GeV
0.3f .
| L | |
-0.43 05 0 0.5
cosO

1
08 |- M,*=5 Gev? ]
2 2
00.67 - MB :8 GCV |
T
0.4} -
0.2f *
07 05 0 0.5
cos0

FIG. 7. The same as Fig. 5 but for pzo and s, = 3.0> GeV?

and for M% =5 GeV? and M% = 8 GeV>.
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1.5—— -
— M,=5GeV’
-~ M.’=8 GeV”
1} B 1
+O
[1]
o5 =====ee__ =]
07 05 0 05 1
cos0

FIG. 8. The same as Fig. 7 but for uz-.

ments of =, and E.. exhibit good stability when M? varies
in the region 15 GeV? = M3 = 20 GeV? and 5 GeV? =
M?% =< 8 GeV?, respectively. The last step of our analysis is
the determination of the working region for the auxiliary
parameter B. For this aim, in Figs. 5-8 we present the
dependence of the magnetic moments of =, baryons on
cosf where tanf = B, using the values of M% from the
working region which we already determined and at fixed
values of s.

From these figures we obtained that the prediction of the
magnetic moment uz, (4z, ) is practically independent of
the value of the auxiliary parameter 8. From all these
analysis we deduce the final results for the magnetic mo-
ments in Table I for y = —3.15 GeV?. Comparison of our
results on the magnetic moments of E, baryons with
predictions of other approaches, as we already noted, is
also presented in Table 1.

We see that within errors our predictions on the mag-
netic moments are in good agreement with the quark model
predictions. Our results on the magnetic moments of =,
are also close to the predictions of the other approaches,
except the prediction of [33] on uzo.

In summary, the magnetic moments of =, baryons,
which were discovered recently (more precisely, =, was
discovered), are calculated in the framework of light cone

TABLE 1. Results for the magnetic moments of =, baryons
in different approaches.

=N HE, HE MEr
Our results —0.045 = 0.005 —0.08 £0.02 0.35*0.05 0.50 = 0.05
RQM [32] —0.06 —0.06 0.39 0.41
NQM [32] —0.06 —0.06 0.37 0.37
[33] —1.02+ —1.06 0.45-+0.48
[34] e e 0.32 0.42
[35] s s 0.38 0.38
[36] B e 0.28 0.28
[37] s s 0.28 +0.34 0.39+0.46
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QCD sum rules. Our results on magnetic moments are
close to the predictions of the other approaches existing
in the literature.
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