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In the framework of two-point sum rules of nonrelativistic QCD, the masses and couplings of doubly heavy
baryons to the corresponding quark currents are evaluated taking into account Coulomb-like corrections in the
system of a doubly heavy diquark as well as the contribution of nonperturbative terms determined by the quark,
gluon, mixed condensates, and the product of gluon and quark condensates. The introduction of nonzero light
quark mass destroys the factorization of baryon and diquark correlators even at the perturbative level and
provides the better convergency of sum rules. We estimate the diffeképeeM == 100=30 MeV. The ratio
of baryonic constantfZ,|%/|Z=|? is equal to 1.2 0.2 indicating the violation 08U(3) flavor symmetry for
the doubly heavy baryons.
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[. INTRODUCTION perturbative interactions caused by higher-dimension opera-
tors, lifting the diquark-baryon factorization, in contrast to
Testing the QCD dynamics of heavy quarks in variousthe consideration in Ref6], where a significant uncertainty
conditions provides us with a qualitative and quantitativeof results was observed in full QCD sum rules with no prod-
knowledge that allows us to distinguish fine complex effectsuct of quark and gluon condensates. This uncertainty appears
caused by the electroweak natureGR violation or physics in two quantities. First, the baryon mass, estimated from two
beyond the standard model. The list of hadrons containingcalar correlation functions defining the two-point correlator,
the heavy quarks, as available to the experimental observ&as the stability with respect to the variable of sum rules in
tions and measurements, was recently enriched by a nethe single correlator only, while the other correlator results in
member, the long-lived, meson, in addition to the heavy the value showing no stability6]. Second, the baryon cou-

quarkoniaHb andcc as well as the mesons and baryons with pImg_constants have the st_ab|||ty regions in bath c_orrelat|on
functions, however, the estimated optimal values differs by a

B e o s Shetor o2 depeningon 1 lvors of gk composing
the baryonic current. This fact shows a bad accuracy in the
) i , . hévaluation of coupling constants, though the dependence on
nique in the reconstruction of rare processes with heavyhe threshold energy of hadron continuum is quite slow, and
quarks by the use of vertex detectors. This experience SUfy s negligible in comparison with the systematic uncertainty
ports the hope to observe other rare long-lived doubly heavyg|ated to the strong deviation of estimates from two corre-
hadrons, i.e., baryons containing two heavy quarks. As eXgation functions. So, the stability regions in R¢6] were
pected they have a production rgf and lifetime[3] simi-  determined from the consideration of coupling constants and
lar to theB.-meson ones. used to evaluate the baryon masses, whose estimates are
In the present paper we investigate the two-point sunquite stable under the variation of continuum threshold, Ref.
rules [4] of nonrelativistic QCD(NRQCD) [5]. The light [6], while such a method of mass evaluation involves an
quark-doubly heavy diquark structure of baryon leads to thexdditional uncertainty. We follow the NRQCD sum rules for
definite expressions for baryonic currents written in terms othe double heavy baryons in Réf], including the higher
nonrelativistic heavy quark fields. To relate the nonrelativis-quark-gluon condensates, which improve the accuracy of es-
tic heavy quark correlators to the full QCD ones we need tdimates, since both correlation functions give close values of
take into account the hard gluon corrections by means odbaryon coupling constants, and the baryon masses coincide
solving the renormalization-group equation known up to thein calculations from two correlators in the region of stability
two-loop accuracy. for the coupling constants. We show that for the strange
The convergency of sum rules results are essentially imé)qq/ baryons the factorization of baryon and diquark corre-
proved by taking into account a nonzero light quark masslation functions is broken already in the perturbative limit
i.e., in the case we consider in the present paper in contragitat allows us to introduce a new criterion for the determi-
with similar studies of two-point sum rules for the doubly nation of baryon masses since we observe the stability of
heavy baryons with a light massless quaé7]. As was sum rules for the masses obtained from both correlators
mentioned in Ref[7], a better stability of sum rules can be standing in front of two independent Lorentz structures for
achieved by destroying the baryon-diquark factorization inthe spinor field of(2 o .
the correlators. Indeed, an essentially improved accuracy of Moreover our choice of baryonic current is convenient to
estimates was obtained due to taking into account the nortake into account ther;/v Coulomb-like correction§8] in-

0556-2821/2001/64)/01400212)/$20.00 64 014002-1 ©2001 The American Physical Society



V. V. KISELEV AND A. E. KOVALSKY PHYSICAL REVIEW D 64 014002

side the doubly heavy diquark. of NRQCD leads to the only structure of baryonic current
In Sec. Il we describe the scheme of calculation. There wexpressed in terms of nonrelativistic spinors of heavy quark,
define the currents and represent the spectral densities in teénce the total spin of heavy diquark is fixed By 1 be-
NRQCD sum rules for various operators included into thecause of the Pauli principle. The corrections of the firstd/
consideration. The numerical estimates in comparison witlorder can contribute with the other Lorentz structures, of
the values obtained in potential models are given in Sec. llicourse. However, we deal with the leading approximation of

The results are summarized in the Conclusion. NRQCD in the present paper. For the ground states of dou-

bly heavy baryons containing the heavy quarks with the dif-

Il. NONRELATIVISTIC QCD SUM RULES FOR DOUBLY ferent flavors, the 1/2-spin state of baryon can contain the
HEAVY BARYONS mixture of diquark states witb=1 andS=0, as it does in

full QCD. We perform the separate consideration of these
two currents in NRQCD, and such an approach is generally
In order to determine the masses and coupling constantot optimal in full QCD currents. Nevertheless, as we show,

of baryons in sum rules, we consider the two point correlain the leading order of NRQCD, there are relations between
tors of interpolating baryon currents. The quantum numberghe masses and coupling constants of baryons because of the
of doubly heavy diquark in the ground states are given by itspin symmetry, so that the NRQCD does not distinguish
spin and parity, so thait;=1" or j;=0" (if the identical ~ these spin states until the spin dependemgltorrections
heavy quarks form the diquark then the scalar sﬁ&teO* are taken into account. In addition, as we have already men-

is forbidden. Adding the light quark to form the baryon, we tioned, the analysis in the sum rules of full QCD was done
obtain the pair of degenerate staj€s=1/2* andjP=3/2" Wl_th alarge uncertainty because of a dlfference_ in the eyalu-
for the baryons 20 ZO HO andE*O EXO EkO ations of coupling constants from_ two corrt_elatlon functions
) _cer mher (7bb U F mee 0 bbb [6], and the authors noted that this uncertainty became large
with the vector diquark, ang =1/2" for the =, baryons jn a region of parameters, , defined above, so that this
with the scalar diquark. Unlike the case of baryons with aregion of bad accuracy is placed in the vicinity of point giv-
single heavy quark9], there is the only |r_1dependent current jng the NRQCD choice in Eq2).
component for each ground state. We find The matrix structure of the correlator for two baryonic

i . currents with the spin of 1/2 has the form
JE’QZ,:[Q'TCT?’SQJ ]qksijkv P

A. Description of the method

I=5,=[QTCTY"Q T ymysd"eiji, D Iw)=i f d*x €PX(0]TJ(x),3(0)|0) = #F1 () + F(w),
()

Jn~*<>=[Q”CTV”Q"]qks--k+ly”[QiTCvaj]v q“eiji

=QQ 3 e where w is defined by p?=(M+w)?, M=mg+mq

n o ) o +ms,mg o are the heavy quark masses, amd, is

Whernggg satisfies the spin-3/2 cond|t|0ﬂ]\]568=0. The  the strange quark mass. The appropriate definitions of

flavor matrix 7 is antisymmetric for=, ¢ and symmetric for scalar formfactors for the 3/2-spin baryon are given by the

Edq and 23S . Here T means transposition, ard is the following:

charge-conjugation matrix.
To compare the definition of baryonic currents with the
full QCD analysis, we represent the expression forilgbeo
Cc

current given in6]

M,.w)=i [ d*%&P(01T(3,00.3.(0)}|0)

= =0 loFi(w) +Fa(w)]+---, 4
JE{JS:{rl[UiTCVSCJ]bk+rz[UiTCCj]Ysbk
_ _ where we do not concern distinct Lorentz structures. The
+13[UTCysymuc]y#b ey , (2)  scalar correlators can be evaluated in a deep Euclidean
region by employing the operator product expansiofE
so that the NRQCD structure can be obtained by the choicg, the framework of NRQCD,
of ry=r,=1 andr;=0 and the antisymmetric permutation
of ¢ andb flavors. This connection can be achieved by the
nonrelativistic limit of full QCD spinors of heavy quarks, so Frw)=>, Ct?(w)0y, (5)
that in the leading order of di, expansion, the “large” ’ d
components of spinors contribute only. Therefore, for the
ground states of doubly heavy baryons containing the heawyhereO4 denotes the local operator with a given dimension
quarks with the identical flavors, the leading approximation. Oo=1, 05=(qq), O4={((as/m)G?),..., and thefunc-

tions C4(w) are the corresponding Wilson coefficients of
OPE. For the contribution of quark condensate operator we
The superscript> denotes various electric charges depending onexplore the following OPE up to the terms of the fourth order
the flavor of the light quark. in x (the derivation is presented in the Appendix
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<O|Tsia(x)§'-°(0)|0> factorization of the diquark correlator. Indeed, we see that
| . . . .
due to both the higher terms in the expansion for the light
quark condensate and the nonzero quark mass, the diquark

1, x?(m3—2m?2) factorization is explicitly broken, which has to result in a
== 1—25a gij(ss)| 1+ — 16 better accuracy of estimates obtained fremandF,. Be-
low we show numerically that this fact is valid.
al o s o o We write down the Wilson coefficient in front of unity
X5 ;G - Ems(mo_ms) and quark-gluon operators by making use of the dispersion
+ relation overw,
288
X2 [3m3 _t f " pa(@)do
+im553bxﬂy{j‘<qq> 287 22 TO— mgﬂ Calw) mJo w—-w '’ 0

(6)  wherep denotes the imaginary part in the physical region of
) NRQCD.
Note that atms#0 the expansion of the quark condensate Tq relate the NRQCD correlators to the real hadrons, we
sum rules for= oo [7], where puttingns=0 and neglecting with the physical spectral density given by the appropriate
the h|gher Condensates, the authors fOUnd the factorization @ésonance and Continuum part. The Coup”ng constants of

diquark correlator ir-, and a full baryonic correlator iR . baryons are defined by the following expressions:
This fact was the physical reason for a large uncertainty of _
the SR method in the consideration of RET], until the <0|J(x)|E(Q)8Q(p))=iZE(Q)SQu(v,ME(Q))e'pX,

higher-order condensates were included in the calculations.

Indeed, if the light quark is massless, then in NRQCD the /g 3m(y\IZ () 2 (DA} =iZ = s 0 U™ 1 M. o) eiPX
light quark condensate contributes to tRe correlators, (ONTEOIZ(D)ge (PA) =@ (0 Mz() e,
_only. This fact has a simple physical explanation to th? IeaOIY/vhere the spinor field with the four-velocity and massM
ing order the light quark operator can be factorized in the(the mass of baryon satisfies the equationu(v,M)
expression for this correlation function of baryonic currents. y q ’

So, we can write down for the condensate contribution =u(v.M), andu™uv,M) denotes the transversal spinor.
' Then we use the nonrelativistic expressions for the physi-

(O T{I(x),3(0)}]0)=(0| T{aF ()0 *(0)}[0) cal spectral functions

s ) 2128 A
X5 OT(3500 T 0)++++ P g A ®

H H 2 2
whereJ{,(x) denotes the appropriate diquark current with theWhere we Eave .performc?:‘d the' sgbstltutm‘i’(p M*)
color indexj, as it is defined by the structure of chosen —~ (}/2M)3(A —w); hereA is the binding energy of baryon
baryonic currents. Then, we see that the restriction by thénd M=M+A. The nonrelativistic dispersion relation for
first term independent of in the expansion for the quark the hadronic part of sum rules has the form
correlator results in the independent contribution of the di- .

quark correlator to the baryonic one. Since the diquark cor- P17 dw 1 |1Z|?
relator is isolated inF,, Fhe corr_esponding NRQCD sum J o—W 2M K—W.
rules lead to the evaluation of diquark mass and couplings

from F», which are different from the estimation of baryon  \ye syppose that the continuum densities starting from the
masses and couplings frof,. The positive point is the i eshold w,,, are modeled by the NRQCD expressions.
possibility to calculate the binding energy for the doubly then in the sum rules equalizing the correlators in NRQCD
heavy baryons\ =Mz — Mg, (see Ref[7]). The disadvan- and those given by the physical states, we assume the model
tage is the large uncertainty of NRQCD sum rules at thisof continuum given by the calculated perturbative term. This
stage, since the various correlation functions lead to the difimodel cannot be exact because of binding effects as well as
ferent results. In the sum rules of full QCD, various choicesthe truncation of perturbative expansion in the given order of
of parameters in the definitions of baryonic currents result ino. Therefore, the integration abowg,,,; cannot be strictly

an admixture of pure diguark correlator in various functions,canceled, and the model introduces the implicit dependence
so that the accuracy of estimations is low. Say, the charagn the choice of valuass,. This dependence causes an
teristic ambiguity in the evaluation of baryon mass in full yncertainty, which is not essential in comparison with uncer-
QCD is about 300 MeV, i.e., the value close to the expectedainties following from other sources and the variation of
estimate ofA. The analysis in the framework of NRQCD quark masses. Further, we write down the correlators in the
makes this result to be not unexpectable. Moreover, it isleep underthreshold point of= — M+t with t—0.

quite evident that the introduction of interactions between Now the sum rules in the scheme of moments, with re-
the light quark and the doubly heavy diguark destroys thespect tot, can be written down as follows:

9
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1 o . Vi(mQQrw)B/Z
(10 Pl,Q’QQ,(w)— 15 015773(Mdiq+ w)3[771,0(w)+ms771,1(w)

1 [ocont p12dw M Z[?

EJO (0+M)" 2M MM’

wherep; contains the contributions given by various opera- +Miny A )], (17

tors in OPE for the corresponding scalar functiéns Intro-

ducing the following notation for theith moment of two Where we have found

point correlation function: _ 5 3 5 ) 3

71,0 @)= 1607 (429Miq + 713MGjqw +403Miqw + 77w"),

1 (ocont p(w)dw

Ma=— f 0 (@t AT 1D 5 4(0) =1040(231M5+ 207TM3E + 121M g+ 150°%),
(18

we can obtain the estimates of baryon msdor example,

10
as the following: mAw)= —(/\/ldiq+ )2 (3003M i+ 9009M
+9438M3 %+ 4290M G 0°
M[n]:M n , (12) diq dig
n+1 +87 Mg+ 770°).
and the coupling is determined by the expression The first term of this expansion reproduces the result ob-
2 M tained in Ref[7]. A new feature is the appearance of non-
|Z[n]|2=WMnM“+1, (13)  zero perturbativmz,%g density, which is proportional to

mS
where we see the dependence of sum rule results on the oo
scheme parameter. _ 2V2w(Mgqr») M

2
1o = + + )
Pz,QQQ,(w) 105 3(Mdiq+w)2 (12,0 Ms72 1+ Mg 722

B. Calculating the spectral densities (19

In this section we present analytical expressions for th%nd
perturbative spectral functions in the NRQCD approxima-
tion. The evaluation of spectral densities involves the stan-
dard use of Cutkosky ruld4.0], with some modification mo-
tivated by NRQCD:

12,0 420( Mg+ 48 Mg + 140?),

721= 3(35MGig+ 28Mgqw + 50?), (20)

1
. ; _ 2
heavy quark.ﬁ—po_(rner /2m)—>2m S po— (M+p/2m)],

1
— 3 2
7’2,2_ (Mdiq+ (,L))Z (105Mdiq+ 315Mdiqw

1
light quark: pz_m2—>27ri S(p?—m?). +27IM g’ + 770°).
We derive the spin-symmetry relations for all the spectral. _The accoun.t fo_r the Coulqmb-like interaction Igads to the
densities, due to the fact that in the leading order of thdinite renormalization of the diquark spectral densities before

heavy quark effective theory, the spins of heavy quarks arthe integration over the diquark invariant mass by the intro-
decoupled, so duction of Sommerfeld facto€, so that

C bare
= 1o = * Pdi = Pdi (21)
pl'QgQ 3p1’QQQ, 3p1’QQ8, (14) diquark dlquarkc
o —3 o =3 . (15 with
Pz,QQQ— PZ,QQQ,_ Pz,ﬂgo,
2mag 2mag\ |7t
and we have the following relation for the baryon couplings C=gp |l e —3,— ]| - (22
in NRQCD: QQ QQ
wherev 1, denotes the relative velocity of heavy quarks in-
1Z0/2=3|Zq/[2=3|Z+ 2. (16 2 Y v A

side the diquark, and we have taken into account the color

Using the smallness of the strange quark mass we use tr§:1ent|tr|plet structure of diquark. The relative velocity is given

following expansions immg for the perturbative spectral den- by the following expression:

sities standing in  front of unity operatorfmgq 7
=MgMg /(Mg+mMq) is the reduced diquark masslj, Dy = \/1_ , MoMq: ., 23)
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whereQ? is the square of heavy diquark four momentum. In

(1) (n+1)!

NRQCD we take the limit of low velocities, so that denoting ~ Mgq(N)=—— PLMP(n+1)
the diquark invariant mass squared Qy= (Migt €)2, we '
find (n+3)! .
T PaM¥(n+3),
27« € (28
:—Sy UZQQ/:—a (2) " (I’H-Z)' .
vy 2Moq Mg =PoM™(n) = —=—P,M(n+2)
at e<mQQ,. (n+4)| diq
The corrected spectral densities are equal to + n! PaMTAn+4),

mZQQ,aSw(ZMdiq-I- )
67 (Mgt ®)°

c c 2 ¢
(710t Msny 1+ Mg71 ),

(24

pS(w)=

where
75 0= (2 Mg+ )?w?,

¢ 3(2Mgg+ 0)w

3 2 2 3
N1,1~= (Mdiq+w) (4Mdiq+ 6Mdiqw+4Mdiqw +w ),

(29

it - S (12M G+ 24M 5 0 + 32M35 02
© (Mgt o) “ a &

+ ZOMdiqw3+ 5w4) .

We see that the first term again reproduces the result of Ref.

[7]. For thepgﬂro we find
" Qg

2
B MsMor (2Mig + w)wag

pg— 27 ( Mg+ w)? (77(2:,0+ mS77(2:,1+ m???%,z),
(26)
750= (2Mgig+ 0) o,
ngl:m (ZMgiq+ 2Mggw + 0?), (27)
C _ 2 P
720~ W ( 2Mdiq+ ZMdiqw +w ) .

The use of these expansions numerically leads to very small
deviations from the exact integral representations of spectral G
densities(about 0.5%, but they are more convenient in cal- 2

culations.

The contribution to the moments of the spectral densities

where we have introduced the coefficients of expansian in
by P; [see Eq.(6) and Appendi} Thenth moment of two-
point correlator function of diquark is denoted By%9(n).
Then the diquark spectral density takes the following form:

12/2m3% Vo
Pdig=

(29

which has to be multiplied by the Sommerfeld factOr
wherein the variable is substituted byw, since in this case
there is no integration over the quark-diquark invariant mass.
This corrected density is

2
487TaSmQQ,

— (30

Pdiq™
and it is independent ab.
The corrections due to the gluon condensate are given by
the density
2 5/2
(Mg +mg, +11IMgMg )Mo, Vo
21X 21 %2 Tm3mg, (Mg + ©)?

2
P (w)=
G2 G2 2 G2 31
X (1ot Msny1+Mgn71,), (31
with
2
78 o= 84MGg+ 19GM3E 0+ 133M g’ + 1103,

2(210M§y+ TOM G + 21M gigw? + 3w°)

G%_ _
7]l,l_ Md|q+ ) '
(32
o 2(210M§,+ TOMGiw + 21M giqw? + 30°)
.2 (Mgig+ ®)? '

where we again make the expansionnig. In the case of
nonzero quark mass we get the nonzero density proportional
to mg

2 2 5/2
2 :ms(mQ+mQ,+1]QOQ,)mQQ,\/w
2 2
3X2V2mmgmg, (Mgt @)

2 2
X (750t Msn5y), (33

determined by the light quark condensate can be calculated

by the exploration of Eq(6),

with
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7]GZZ_(Q Mg+ o) with the characteristic uncertainty of about 10% basically
20 dig™ %/ 3 due to the variation of hard and soft scale poipf§q soft
(34 Note that the values oK; do not change the estimates of
baryon masses, but they are essential in the evaluation of
baryon coupling$13].

Gz_ gMdiq+ w
721 Mdiq+w '

For the product of condensatégq){(as/7)G?), wherein
the gluon fields are connected to the heavy quarks, it is con- [ll. NUMERICAL RESULTS
venient to compute the contribution to the two-point correla-

tion function itself. We have found Evaluating the two-point sum rules, we explore the

scheme of moments. We point out the well-known fact that
an essential part of uncertainties is caused by the variation of
, (35 heavy quark masses. Indeed, the results of sum rules for the
29\/§wQOQ,( —w)®? systems containing two heavy quarks strongly depend on the
_ choice of masses, and this fact allows one to pin down the
and we putF‘fqG (w)=0, since we have restricted the di- values of masses with a high precisidd]. In order to avoid
mension of condensate operators, while the correspondingffects caused by a slow convergency of perturbative expan-
term inF, would appear in the fifth order in expansi). sion in QCD or a renormalon ambiguifg5], the authors of
The result is given in the form, which allows the analytical Ref. [14] performed the analysis in the schemes with the

5/2 2 2
mQQ,(mQﬂL mQ,+1]QOQ,)

a2
F39%(w)=—

continuation ovetw=— M+w. short-distance running heavy quark masses or the quantities,
which are defined in the way free of renormalon contribu-
C. Matching with full QCD tions. These infrared stable masses have a slow variation

) with respect to the normalization point and the ordetgfn

_To connect the NRQCD sum rules to the baryonic cougnirast to the perturbative pole mass of heavy quark. So,

plings in full QCD we have to use the relation these quantaties determine the thereshold of quark loop con-
tribution independently of the order of perturbative calcula-
JOCPb= KJ(“SaMsoﬁ-Mhard)JNRQCDa tions in as. P y P

where the coefficient;(as, wsofi, tnard depends on the soft T the given order iy for the NRQCD sum rules, we
normalization scalgis,. The K factor obeys the matching Use the leading quark loop approximation to account for the
the anomalous dimensions of effective baryonic currentsthe heavy quark masses and Coulomb coupling constants are
order. They are known up to the two-loop accurfitg]. In  Nium leptonic constants and the masses as described by the
our consideration, we use the one-loop accuracy, since tHgCD sum rules to the same accuracy. The stability or con-
subleading corrections in the firat, order are not available Vvergency of the sum-rule method applied to these heavy

yet. So quarkonia results in the masses of quarks, which agree well
with the values of heavy quark masses defined as free of
- d INK5( s s fsofts hard) _ < ag my“") infrared contributions; the potential subtracted mass
din(u) m=1 |4 '

PS_
(36) m,°=4.60£0.11 GeV,

(MU=[-2Cg(3a—3)+3Cr(a—2)],
Y [ B( ) F( )] and the kinetic mass

where Ce=(N2—1)/2N,, Cg=(N¢+1)/2N,, for N.=3,

anda is the gauge parameter. In the Feynman gaaigd, mi"=4.56+0.06 GeV,
and we gety(Y)= —4. So, in the leading logarithmic approxi-
mation and to the one-loop accuracy we find both obtained in strict three-loop analyses of QCD sum rules

for the bottomonium14]. The correspondind.S mass de-

as(thard fined by A. Hoang has a slightly larger value. These mass
m ' 37 values are dependent of the normalization point, which was

chosen in the range of 1-2 GeV. In the quark loop calcula-

where Bo=11—2/3Ng=9. Further, we determine the soft tions for the bottomoniuntsee Fig. 1 and charmonium we

normalization scale for the NRQCD estimates by the averagéind the optimal values

momentum transfer inside the doubly heavy diquark, so that

M§Oﬁ= 2Mgq Taiq, Where Ty is the kinetic energy in the m.=1.40£0.03 GeV, my,=4.60=0.02GeV,

system of two heavy quarks, which is phenomenologically

independent of the heavy quark flavors and approximately

equal to 0.2 GeV\[12]. Then, the coefficient&’; are equal to

7(1)/250
Ky(as, softs hard = )

2We have required that the ratio of initial moments for the spectral
densities calculated over the data and in QCD sum rules would be
KQCC~1.95, ICchml.SZ, ICbe~1.30, (38) stable.
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FIG. 2. TheE,. (lower curvg and Q. (upper curvé masses

FIG. 1. The leptonic constant &f in two-point sum rules in the obtained in the NRQCD sum rules from the first correldigr

scheme of moments of spectral density; the dashed line gives t —\_0 7+ _ 4
result at my=4.63GeV, while the solid line does ainy I}iﬁl 3<I\§Z>\7q;r2dm0.(7l_(g§/,)=(12%—221(1)8[232\\//] Vtg'igel.tf]e
_ *1. , s ./£18. .

4.59 Gev. variation of parameters in the range, which is in a good

aagreement with values given above as well as with the con-

where possible systematic errors are not included. We see : : =i
. servative estimategss)/(qq)=0.8+0.2 that corresponds to
good agreement between the estimates of bottom quark matsnge variations of the sumnf,+mg)[1 GeV]=12—14 MeV

in Ref.[14] and the values following from the accepted ap- : .
proximation. The analysis for the charmed quark ma@ee [ji]éozg%oslug?/ge quark mass is taken in the ramge

tEe regeLence to Narison iln Reff14]) is not so accurate, "5, \ye have described the set of parameters entering the
though the agreement Is also good. ) scheme of calculations. In Figs. 2—4 we present the results of
l_\Ie_vertheIess, we slightly enlarge the region of masspe two-point sum rules for the masses®i, and Q. (the
variation, so that we accept figures for the other baryons are simjlaFor theQ,, bary-
_ _ ons one can observe the stability of mass with respect to the
me=1.35-1.45GeV, m,=4.56-4.64GeV. changing of the moment numbers in both correlators. We
The same sum rules are also explored to estimate the coguPPOSe it is connected with the destroying of diquark-

: L ea ; S aryon factorization in the perturbative limit in contrast to
Ele'g%‘:’/ gﬁi{g:ﬂg‘g the Coulomb-like interactions inside thethe E baryons. The stability regions fdf; and F, do not

coincide because the contributions of higher-dimension op-

o T _ erators become valuable at the different numbers of mo-
as(bb)=0.37, ay(ch)=0.45, ay(cc)=0.60, 39 0 However, the quantity 1424[n]+M,[n]) has the

since they fix the absolute normalization of correspondind@'9er stability region, and we explore this fact to determine

leptonic constants known experimentally. The calculated valt®  baryons masses as well as thatBfbaryons. The
ues of coupling constant characteristics for the charmoniurﬁheoreuCal uncertainties in th@-baryon masses are mainly
and bottomonium are consistent with the estimates given iﬁietermlned by the difference between the values of baryon
Ref. [16]. masses at the regions of stability.

Since the squared size of the diquark is two times largerMzs,q,., GeV
than that of the meson, the effective Coulumb constants hawvt

to be rescaled according to the equation of evolution in ’
QCD. We use the one-loop evolution equation \/\

) a (Qal) 6.8 _ﬂ
ai(QQ)= R e
1—(9/4m)ag(QQ') In2 . S
So,
ay(bb)=0.45, a(bc)=0.58, a(cc)=0.85. (40) o

The values of condensates are taken in the rarfgeg 6.2 \ .
=—(0.26-0.27 GeV, m3=0.75—0.85 Ge¥, ((as/m)G?) ¢ s 10 15 200 25 30 38
=(1.7-1.8)x10 2 GeV*. FIG. 3. TheE, (lower curve and Q. (upper curvg masses

The modern review on the values of light quark massesbtained in the NRQCD two-point sum rules from the second cor-
and condensates can be found in Ré&f], where we read relatorF,.
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Mzq,,, GeV Ma,,, GeV
7 10.4
| .
” . - s———d//
6.8 e e 10
AN 9.8
6.7 \\
\ 9.6
6.6 A
0 5 10 15 20 25 30 35 n

—_— 15 20 25 30 35 40 45
FIG. 4. TheE, (lower curve and Q. (upper curvgé masses L

obtained by averaging the results from both correlators. FIG. 6. The mass of),, baryon in two-point sum rules in the

h h h L f . for th scheme of moments of spectral density from two correlation func-
We have shown the variation of mass estimates for t %onsFl andF, (upper and lower shaded regigngth the variation

Oy, baryon from the correlation functions; , versus the ¢ m.=0.15-0.20 GeV.

mixed condensate valueg in Fig. 5 and versus the strange

quark mass in Fig. 6. AM. So, for the masses we find the following results:
Then, we investigate the difference between the masses _ _

VA (Miq+Myg)—(Miz+M,=)] shown in Fig. 7. In our Mo, =3.6550.07GeV, Mg =3.55-0.08GeV,

scheme of baryon masses determination, this quantity has the B B

meaning of the difference between tlie and = baryon Mg, =6.89£0.07GeV, Mgz =6.79:0.08 GeV,

masses. It has the large region of stability and is determined (41)

with a good precision. We obtain _ _
Mg, = 10.09-0.07GeV, M 2, 10.00+0.08 GeV.

AM= May,~Mzy, The obtained values are in agreement with the calculations in
the framework of nonrelativistic potential moddl$9,2Q,
:MQCC_MECC though the models based on the calculation of three-body

systems with the pair interaction20] give slightly higher
values of masses. In Reff7] the other method of baryon
mass determination was used, since the quantifies and
M, =, separately, have no good stability in the sum rules.
dSo, the difference oM,;— M, close to zero was stable. The
use of 1/2M;+M,) stability criterion results in thé& gq
masses coinciding with those of Réff/] up to 10 MeV.
Ma, . GeV Figures 8 and 9 show the dependence of baryon couplings
o) calculated in the moment scheme of NRQCD sum rules. Nu-
merically, we find

- I\/lnbc_ M Ebc
=100x30 MeV.

The uncertainty in thég-baryons masses are determine
through the uncertainty in th@-baryons masses and that of

AM, GeV
10.4
0.2
10.2
™ 0.175
10 0.15
0.125
9.8
0.1
9.6 0.075
) ) 0.05
15 20 25 30 35 40 45n 0.025
FIG. 5. The mass of),;, baryon in two-point sum rules in the o . 10 s 20 25 n
scheme of moments of spectral density from two correlation func-
tionsF, andF, (upper and lower shaded regiongth the variation FIG. 7. The mass differenceM=Mq —Mz obtained from
of m3=0.75-0.80 Ge¥. the results shown in Fig. 4.
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2

|Za,.|?, GeV® |Zay|
be 5
[Zzbel

0.028 1.6

0.024 DR —

0.016
0,012} TTeTeseccem--emTTTT T TN
0.008

0.004

0 5 10 15 20 25 30 35 n 0 5 10 15 20 25 30 n

FIG. 8. The Coup|indZ(l’2)|2 calculated in NRQCD sum rules FIG. 10. The rat|0|ZQ |2/|Z |2 calculated in NRQCD sum
for the form factors=, andF2 (solid and dashed lines, correspond- (jes in the scheme of moments for the spectral densities at

ingly) in the scheme of moments for the spectral densities. (38)/(qq)=0.8.
Zo_J?=(10.0-1.4x 107 GeV, The uncertainty of this result, as mentioned above, is mainly
connected with the little known ratio ofss)/(qq)=0.8
|Zz_|?=(7.2-1.0X107°GeV, +0.2.

For the sake of comparison, we derive the relation be-
tween the baryon coupling and the wave function of the dou-
bly heavy baryon evaluated in the framework of potential

(42 model, where we have used the approximation of quark-
|Zz, [?=(11.651.2X10"° GeV’, diquark factorization. So, we find

|szc|2= (15.6+-1.9 X 10 3 Ge\f,

1Zg, |?=(6.0-1.0)x 102 Ge\, 12 =2v3[ ¥ 4(0)¥,50)], “3
whereW¥ 4(0) and¥, ((0) denote the wave functions at the
|2z, |?=(4.2£0.7)x 10 > Ge\". origin for the doubly heavy diquark and lightstrange
quark-diquark systems, respectively. In the approximation
In Fig. 10 we present the sum rules results for the ratio otised, the values o¥(0) were calculated in Ref19] in the
baryonic constantZ, |%/|Zz, |>. We have also found potential by Buchmller-Tye [21], so that

47|¥,(0)|=0.53 GeV}?,
12, 21|22, |?=Zq, |2z |? Vam|w,(0)]

_ /2

=120, |25, |? V4| W(0)|=0.64 GeV”,

=1.3+0.2. V47| W (0)|=0.53 GeVF?,

|ZYE12, GeV® VAT W,(0)|=0.73 GeVP?,

V4| W,,(0)|=1.35GeV

0.028
In the static limit of potential models, these parameters result
in the estimates

0.024

0.016

5" 2=8.8x10 2 GeVP,  [Z2V[2=6.0}107%GeV,

0.012

_________ |Zo! [P=1.6x10"*GeP, |ZZ"|?=1.1x107?GeV’,
o008 ~-"""" ¢ ~be

(44)
0.004 |Zgn |7=5.6x10"2GeV?, |ZE!|*=3.9x10 > Ge\’.

[ 5 10 15 20 25 30 35

The estimates in the potential mod@) are close to the
FIG. 9. The coupling$Z 12)| calculated in NRQCD sum rules values obtained in the sum rules of NRQ@ER). We also
for the form factors; and F2 (SO|Id and dashed lines, correspond- see that the S(3)-flavor splitting for the baryonic constants
ingly) in the scheme of moments for the spectral densities. |Za|?/|Z=|? is determined by the rati¢W¢(0)|%/|¥,(0)|
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=1.45, which is in agreement with the sum-rules result. Théo know how to get the vacuum average of type
values obtained in the NRQCD sum rules have to be multi{0|D,,...D,q(0)q(0)|0). The main formulas are the fol-
plied by the Wilson coefficients coming from the expansionlowing:

of full QCD operators in terms of NRQCD fields, as they The definitions of condensates

have been estimated by use of corresponding anomalous di- .
mensions. This procedure results in the final estimates <q?(0)q,-’b(0)>o= B 1—25‘“51;(5@,

|Zo_|?=(38+6)x107° GeV, ,
a

a ~a' _c . 2
|22 |?=(27+4)x 10 ° GeV, (CapCurp)= g (9aa'9pp ~Gap 9arp)(C7),
|Zq, |?=(365)x107°GeV, (AIgGS 4t apd)o=ma(qa),

(45) the commutator of covariant derivatives

|Zz, [7=(27+4)X 1073 Ge\’,
[Dq,Dgl=—igGite,

2__ — 2
|Zbe| =(10+2)x10 *GeV’, and the equation of motion for the spinor field

|2z, |?=(70+9)x 107 % Ge\’, Dg=—imgq.

From the last two equations we derive the so-called quadratic
IV. CONCLUSION Dirac equation

In this paper the NRQCD sum rules applied to the doubly 5 2 Oap. 4o
heavy baryons have been considered. The nonrelativistic ap- Dg=—myq+ TlgGagt qg.
proximation for the heavy quark fields allows us to fix the
structure of baryonic currentshe light quark-doubly heavy Now it is an easy challenge to obtain the first term in expan-
diguark and to take into account the Coulomb-like interac- sjon (6).
tions inside the doubly heavy diquark. The presence of both Sjnce the tensox, ...x,, is the symmetric one, we may
the nonzero mass of light quark and the contribution of nonperform the symmetrization
perturbative terms of the quark, gluon, mixed condensates,
and the product of condensates, destroys the factorization of D,..-D,—{Dg.,...D,}+,
the correlators. This fact provides the convergency of sum
rules for each correlator and allows us to obtain reliable reto find the nth term of expansion fofq(x)q(0)), which
sults for the masses and baryonic constants, which agrekquals
with the estimates in the framework of potential models. We

also have calculated the mass splitting{®fand = doubly ix .. X,(q(0)D,...D,q(0))
heavy baryons and the ratio of baryonic constants ntoerTe “e
|1Zo|?1|Z=)?.

1 _
= X X (TOHD,, ... Dy} 2 A(0).
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({D4,Dg}+9,(0)0%(0)) = —2!P,9,58" 6,,(qq),

APPENDIX and the coefficienP, is determined by contracting the indi-

Here the derivation of expansidb) is briefly presented. cesa,  and using the quadratic Dirac equation

The calculations are done in the technique of fixed point Py=(m2—2m2)/192.
gauge[22], so we write down the expansion of the quark 0 q
field: The third term can be derived from the following struc-
ture:
1
= @ —yayB i —
q(x)=0q(0) +x*D,a(0) + 5x**x"DDgq(0) +---, ({D,.Dg.D 514 (0)T,(0))

= —31P;0" +
and in the evaluation of0|Tg?(x)qP(0)|0), wherei andj 30 (Ya)pnBp5T (Vp)prBas
are the spinor indices, ara b are the color indices, we have +(75) py9a51(A0).
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Then, contractingr and 8 and using the equation of motion,

the quadratic Dirac equation, and the commutation relation,

we obtain
P3= —imq(3mj/4—m;)/576.
This includes the evaluation of vacuum averages
(D?D,0(0)q(0)), (D4D,Da(0)a(0)),
and
(D,D?q(0)q(0)).
Considering the structure
({D4.D,D5,D b +0,(0)7,(0))
=—41P,5 8p(9apYset 9usUpe+ Jacdsp)(AA)

PHYSICAL REVIEW D 64 014002

contracted over any pair of indices, we derive
Pa=[ 7% azl mG?)+ 3/2ma(mi —m3)1/3456.

Here we evaluated the following types of vacuum expecta-
tions:

(D?D?%q(0)q(0)), (D,DzD,Dza(0)g(0)),
(D,D?D,q(0)q(0)).

Then the OPE for the quark condensate can be expressed
in terms of P; by

(a,(x)0,(0)) = = 31(AQY (PoS, T PiXoYop+ P2d,, X2
+PaX o Yon X+ Pad,, XY,

with Py=1/12, andP; = —im/48.
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