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Recently the CDF and DO Collaborations observed several bottom baryons. In this work we perform a
systematic study of the masses of bottom baryons up to 1/m,, in the framework of heavy quark effective
field theory using the QCD sum rule approach. The extracted chromo-magnetic splitting between the
bottom baryon heavy doublet agrees well with the experimental data.
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L. INTRODUCTION

Recently the CDF Collaboration observed four bottom
baryons X;- and X;* [1,2]. The DO Collaboration an-
nounced the observation of =, [3], which was confirmed
by the CDF Collaboration later [4,5]. Very recently,
BABAR Collaboration reported the observation of ()
with the mass splitting mg: —mg, = 70.8 = 1.0 £
1.1 MeV [6]. We collect the masses of these recently
observed bottom baryons in Table 1.

The heavy hadron containing a single heavy quark is
particularly interesting. The light degrees of freedom
(quarks and gluons) circle around the nearly static heavy
quark. Such a system behaves as the QCD analogue of the
familiar hydrogen bounded by electromagnetic interaction.
The heavy quark expansion provides a systematic tool for
heavy hadrons. When the heavy quark mass my — oo, the
angular momentum of the light degree of freedom is a good
quantum number. Therefore, heavy hadrons form doublets.
For example, (), and (); will be degenerate in the heavy
quark limit. Their mass splitting is caused by the chromo-
magnetic interaction at the order O(1/m,), which can be
taken into account systematically in the framework of
heavy quark effective field theory (HQET).

In the past two decades, various phenomenological mod-
els have been used to study heavy baryon masses [7—12].
Capstick and Isgur studied the heavy baryon system in a
relativized quark potential model [7]. Roncaglia et al.
predicted the masses of baryons containing one or two
heavy quarks using the Feynman-Hellmann theorem and
semiempirical mass formulas [8]. Jenkins studied heavy
baryon masses using a combined expansion of 1/m, and
1/N, [9]. Mathur et al. predicted the masses of charmed
and bottom baryons from lattice QCD [10]. Ebert ef al.
calculated the masses of heavy baryons with the light-
diquark approximation [11]. Using the relativistic
Faddeev approach, Gerasyuta and Ivanov calculated the
masses of the S-wave charmed baryons [13]. Later,
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Gerasyuta and Matskevich studied the charmed (70, 17)
baryon multiplet using the same approach [14]. Stimulated
by recent experimental progress, there have been several
theoretical papers on the masses of %, 27, and &, using
the hyperfine interaction in the quark model [15-19].
Recently the strong decays of heavy baryons were inves-
tigated systematically using the P, model in Ref. [20].
QCD sum rule is a useful nonperturbative method in
hadron physics [21], which has been applied to study heavy
baryon masses previously [12,22—33]. The mass sum rules
of A, and 3., were obtained in full QCD in
Refs. [12,22,23]. The mass sum rules of EQ and Ay in
the leading order of HQET have been discussed in
Refs. [24-26]. Dai et al. calculated the 1/ mg correction

to the mass sum rules of A, and E(Q*) in HQET [27]. Later

the mass sum rules of A, and E(Q*) were reanalyzed in
Ref. [28]. The mass sum rules of orbitally excited heavy
baryons in the leading order of HQET were discussed in
Refs. [29,30] while the 1/ m correction was considered in
Ref. [31]. Recently Wang studied the mass sum rule of
7, [32] while Durées and Nielsen studied the mass sum
rule of 2., using the full QCD Lagrangian [33].

In order to extract the chromo-magnetic splitting be-
tween the bottom baryon doublets reliably, we derive the
mass sum rules up to the order of 1/m,, in the heavy quark
effective field theory in this work. We perform a systematic
study of the masses of 2, =}, 5}, ,, and (0} through the
inclusion of the strange quark mass correction. The result-

TABLE I. The masses of bottom baryons recently observed by
the CDF and DO Collaborations.

mass (MeV) Experiment
2 5808739 (stat) * 1.7(syst)
3, 58167 1-)(stat) = 1.7(syst)
2" 5829718 (stat) * 1.7(syst) CDF [1,2]
2 5837 %1 (stat) * 1.7(syst)
5774 *= 11(stat) = 15(syst) DO [3]
= 5793 * 2.5(stat) = 1.7(syst) CDF [4,5]
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ing chromo-magnetic mass splitting agrees well with the
available experimental data. As a cross-check, we repro-
duce the mass sum rules of A,, 2,, and X} which have
been derived in literature previously. As a by-product, we
extend the same formalism to the case of charmed baryons
while keeping in mind that the heavy quark expansion does
not work well for the charmed hadrons.

This paper is organized as follows. We present the
formulation of the leading order QCD sum rules in
HQET for bottom baryons in Sec. II. The following section
is about the 1/m, correction. The numerical analysis and a
short discussion are presented in Sec. I'V.

II. QCD SUM RULES FOR HEAVY BARYONS

We first introduce our notations for the heavy baryons.
Inside a heavy baryon there is one heavy quark and two
light quarks (u, d, or s). It belongs to either the symmetric
6y or antisymmetric 3y flavor representation (see Fig. 1).
For the S-wave heavy baryons, the total flavor-spin wave
function of the two light quarks must be symmetric since
their color wave function is antisymmetric. Hence the spin
of the two light quarks is either § = 1 for 6y or S = 0 for
3. The angular momentum and parity of the S-wave heavy
baryons are J* = 1* or 3* for 65 and J* = 1" for 3. The
names of S-wave heavy baryons are listed in Fig. 1, where
we use * to denote %* baryons and the / to denote the J* =
%* baryons in the 6y representation. In this work, we use B
to denote the heavy baryons with %J“ in 3p and B’ and B* to
denote those states with 4 3 * and %+ in 6.

We will study heavy baryon masses in HQET using the
QCD sum rule approach. HQET plays an important role in
the investigation of the heavy hadron properties [34]. In the
limit of mgy — oo, the heavy quark field Q(x) in full QCD
can be decomposed into its small and large components

o+
AQ

3¢

FIG. 1. The SU(3) flavor multiplets of heavy baryons. Here «,
a + 1, a + 2 denote the charges of heavy baryons.
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O(x) = e~ "V [H,(x) + h,(x)] ()

where v# is the velocity of the heavy baryon. Accordingly
the heavy quark field %, (x) reads

@ = e LY oy @
.00 = emers P o), ®
The Lagrangian in HQET reads
L yoer = hyiv - Dh, + iﬁv(iDL)zhv
- C h 0 ,,,G*" h,. (€))

mag 4

The second and third term in the above Lagrangian corre-
sponds to the kinetic and chromo-magnetic corrections at
the order of 1/m,. Here D} = D* — v*v - D and D* =
0* + igA*. Cpye(u) is a renormalization coefficient
Cag (1) = (@ (mg)/ e, () Po[1 + 521, where By =
11 = 2n; /3 and n; are the number of quark flavors [34].
In order to derive the mass sum rules of B, B, and B*, we
use the following interpolating currents for the heavy

baryons with J* = 1* in 6,
JB’(-x) abc[QIT(x)C’)/,u,qz (x)]YI 75h ()C) (5)
T (0) = —€apch(0) sy [35(0) 7, Cq{" (0] (6)

For the heavy baryons with J* = 3% in 6,

JE() = €anl () Cya (x)]( +1y¢‘yf)hz<x>,

3
(7

T80 = e ~a + 591yt by, Cat (oL

(®)

For the heavy baryons with J* = 1" in 3y
Jp(x) = €apclgf” () Cysq3(x)]1h (x), 9
T 5(x) = —€upchs (0)[75(x)ysCq{T (x)] (10)

Here a, b, and c are color indices, g;(x) denotes up, down,
and strange quark fields. 7 is the transpose matrix, and C is
the charge conjugate matrix. gt'” = gt — vhv?”, yi =
y* — Yot

The overlapping amplitudes of the interpolating currents
with B, B’, and B* are defined as

<0|JB|B> = fpug, (11)

OlJp|B"y = fpup, (12)
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1
(OlJ4|B*) = —3fB*u§*, (13)

7
where ug* is the Rarita-Schwinger spinor in HQET. fp =
fp+ due to heavy quark symmetry.

The binding energy A, is defined as the mass difference
between the heavy baryon and heavy quark when my —
0. In order to extract A;, we consider the following
correlation function:

. - . 1+9
[ e OIT (070 OH0) = =P 1 ),
(14)
with w = v - q.
The dispersion relation for I1(w) is
/
o —w—ie

|
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where p(w) denotes the spectral density in the limit of
mg — oo. At the phenomenological level,

2
I(w) = _fi’ + Continuum.
Ai - w

(16)

Making the Borel transformation with variable w, we
obtain

fre NI = f‘”‘) p(w)e */Tdo, (17)
0

where we have invoked the quark-hadron duality assump-
tion and approximated the continuum above w, with the
perturbative contribution at the quark-gluon level. The
mass sum rules of B, B/, and B* are

f2e*/_\B/T — fwB w’ _ (m‘ZII T mfzh — ml]1m42)w3 + <g2GG>w + m42<c_12q2> + mql<516“>w
5 o 207

4t

128 7% 4772

_ 2mg,(q1q1) + 2mq1<‘?2‘12>}e—w/rd(u ~ my(8.qr0Gqy) + my,(8.410Gq,)

472

3272

n m, g.q10Gq,) + m, (g.4,0Gq5) + (7191X3292) + (7191983206 q2) +43202{8.410Gq,)

. (18
12 - 3272 6 96712 (18)
2 e~ RpiT = opl 3w N (Bmg,m,, —3m; —3m;,)w’ B (?’GG)w _ 6my (G2q0) + 6m, (G1q1) "
B o |207* 474 128 7% 4772
N 3m, (q1q1) + 3my,(G2q2) o le=@/Tdew + (01914G292) _ 3my(8cG,0Gqs) + 3m,,(8.4,10Gq,)
472 2 32772
N Smy (8:q10Gq) + 5m,(g.G,0Gq) N (G329:X8:G10Gq1) +(3191){8.G20Gq5) (19)

1287

The mass sum rule of B* is same as that of B’ at the
leading order of HQET. In the above equations, (g;q;) is the
quark condensates, (¢>GG) is the gluon condensate, and
(gG;0Ggq;) is the quark-gluon mixed condensate. The
above sum rules have been derived in the massless light-
quark limit in Refs. [24—27]. Up and down quark mass
correction is tiny for heavy baryons A;, 3, and 3. In this
work we have included the finite quark mass correction
which is important for heavy baryons =, 5}, B, Q,, and
Q5.

The binding energy A; can be extracted using the fol-
lowing formula:

_ TR,
A=
P RdT

(20)

where R; denotes the right-hand part in the above sum
rules.

3272

III. 1/my CORRECTION

In order to calculate the 1/ mo correction, we insert the
heavy baryon eigenstate of the Hamiltonian up to the order
O(1/m,) into the correlation function

i [ dxei X (O|T,(x)T(0)]|0). @1
Its pole contribution is
_ (+ery
M) = (A +6m) — w
2
I S _f23m +_2f5f’ 22)
A—w A-w)? A-w

where both 6m and 8 are O(1/my).
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We consider the three-point correlation function

1+9¢

3 —8M(w, ') =i fd4zd4yei”’z

X {0 T[Ji(2)0(x0)I(1)]I0), (23)
where operators O = XK and S correspond to the kinetic

energy and chromo-magnetic interaction in Eq. (4). The
double dispersion relation for §°II(w, ') reads

0
8T (w, ') —f ds[ ds (s. 5) 24)
(s — w)(s - ')’
At the hadronic level,
25,
XTI (@, ) K 4. 25)
(A - w)(A - ')
M(w, w') = 15, T (26)
’ (A — w)(A — @)
with
K, =——(Bi|h,(iD})*h,|B,) @7
ZmQ
Si == L<Bill/;vga-/acGluuhv|Bi>‘ (28)
4mQ

)
)

[

D N

SSRAS
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After setting @ = ' in Egs. (25) and (26) and comparing
them with Eq. (22), we can extract ém

= _(Ki + CmagSi)- (29)

Here the renormalization coefficient Cy,,, for bottom bary-
ons is Cp,e =~ 0.8 [29].

We calculate the diagrams listed in Fig. 2 to derive
%Il (w, w'). After invoking double Borel transformation

to Eq. (24), we obtain the spectral density p(s, s). Then
we redefine the integration variable

s+

, 30
S+ ) (30)
s—s
_= 31
s 5 €19
Now the integral in Eq. (24) is changed as
00 00 00 +s54
/ ds/ ds’...=2f ds+/ ds ... (32
0 0 0 -4

In the subtraction of the continuum contribution, quark-
hadron duality is assumed for the integration variable s
[35].

For B({r) in 3y, the 1/ mg correction comes from the
kinetic term only.

& O
@ &

/E\/f\

\

;?z

VS N

(
(

@@

FIG. 2. The diagrams for the 1/m corrections. Here the current quark mass correction is denoted by the cross. The first 11 diagrams
correspond to the kinetic corrections and the last five diagrams are chromo-magnetic corrections. White squares denote the operators
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eM/T [ ropT 5407 905 5 3(g2GG)w?
Ha = _meg{ﬁ [7!774 T SpgA M T M) R
3w? _ _ _ _ 3w _ _
312 M@0 + mekdaaa) = 2m,(Gign) = 2my (3202)) — 15— (1 (8:010Gq1) + my,(8.8,0G )

3w B _ _ 1., _ _ _
+ W(mm(gccnthQz) + qu<gcq10Gq1>)}e “ITdew — 3—2[<q1q1><gcq20qu> + <612f12><gc6110'G6]1>]}, (33)

SB:O.

(34)

Here Sz = 0 is consistent with the simple expectation in the constituent quark model that the chromo-magnetic interaction

(S - ji» = Osince j, = 0 for BA™) in 3.
For B'(}") in 6, the 1/m,, corrections are

/T roy18- 1107 90° ) (8°GG)w®
Ky = _meg,{ﬁ [ Tiat i g F dmg, = 3mgmg,) = e
303 _ _ _ _
+ W(Sm%(fh%) + 5mq2<6]2CI2> - 6mq2<q1q1) - 6mq,<CI2(I2>)
11w _ _ B 3. _ _ _
m(mql<gCQ10'GQ1> + mq2<gc6120G42>)}€ “ITde — §[<C]1C]1><gc6120G(]2> + <612Q2><8CQ10'G6]1>]}~
(35)
eAB//T W p 2g%a)7 (ngG>w3 w _ — =
SB’ = meé/ {ﬁ |:10577.6 + 16 - 317 - 3272 (mq1<gcq10-qu> + mq2<gCQZ0-Gq2> - 2mq2<gc6110'G611>
_ _ I, _ _ _
- 2mq1<gc‘]20'G6]2>)}€ /Tdw — ERQIQIX&'CQQUGQZ) + <q2q2><gcq10Gq1>]}. (36)
Through explicit calculation, we obtain
Ky = Ky, (37)
Sp = —Sp/2, (38)
mB* - mB/ == ESB/, (39)

which are consistent with the heavy quark symmetry.

IV. RESULTS AND DISCUSSION

In our numerical analysis, we use [36—42]

(Gg) = —(0.240 GeV)3,  (3s) = (0.8 = 0.1) X (Gq),
(g2G?) = (0.48 = 0.14) GeV*,
m, = 4.8 GeV.

The values of the u, d, s and charm quark masses corre-
spond to the MS scheme at a scale u =2 GeV and u =
m, respectively [42]. The b quark mass is obtained from
the Y(1S) mass [42,43].

Since the energy gap between the S-wave heavy baryons
and their radial/orbital excitations is around 500 MeV, the
continuum contribution can be subtracted quite cleanly. We
require that the high-order power corrections be less than
30% of the perturbative term to ensure the convergence of

(8,40Gq) = —M§ X (Gq),
m, = my = 5.3 MeV,
a,(m,) = 0.328,

M2 = (0.8 = 0.2) GeV?,
m, = 125 MeV,  m, = 1.25 + 0.09 GeV,

ay(my) = 0.189.

[
the operator product expansion. This condition yields the
minimum value for the working region of the Borel pa-
rameter. In this work, we choose the working region as
0.4 <T<0.6GeV.

In Fig. 3-5, we give the dependence of A, X;, S; and
mass splitting mg: — mp on T and w, for 3, 5}, Q. The
variation of a sum rule with both 7 and w; contributes to
the errors of the extracted value, together with the trunca-
tion of the operator product expansion and the uncertainty
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FIG. 3. The dependences of ]\Eh’ XKs,, Ss,, and the mass splitting ms: — my, on T. Here the dotted, solid, and dashed lines

correspond to the threshold value ws, =

of vacuum condensate values. We collect the extracted A,
XK, S; and mass splitting mpg: — mp in Table IL

The masses of bottom baryons from the present work are
presented in Table III. It is well known that the heavy quark
expansion does not work very well for the charmed bary-
ons since the charm quark is not heavy enough to ensure
the good convergence of 1/m, expansion. For example,
the chromo-magnetic splitting between 7 and (). from
our work is around 133 MeV, which is much larger than the
experimental value 67.4 MeV. However, we still choose to
present the masses of S-wave charmed baryons also in
Table IIT simply for the sake of comparison with experi-
mental data.

T [GeV]
0.04 0.04
= 0.03 0.03
Q
” T——
2002 | 0.02
%)
0.01 0.01
0.4 0.5 0.6
T [GeV]

1.2, 1.3, 1.4 GeV, respectively.

In our calculation, we adopt the phenomenological spec-
tral function by the classical and simple ansatz of a single
resonance pole plus the perturbative continuum. The sys-
tematic uncertainty of hadron parameters obtained with
such an approximation was discussed recently in
Ref. [44]. We have not considered the next-to-leading
order «; corrections, which may also result in large con-
tribution and uncertainty as indicated by the study of the «;
corrections in the light-quark baryon system in Ref. [45].

In short summary, inspired by recent experimental ob-
servation of charmed and bottom baryons [1-6], we have
investigated the masses of heavy baryons systematically
using the QCD sum rule approach in HQET. The chromo-

0 0
> e cecmoooood
© e R
© -01 0.1
N
02 02
0.4 0.5 0.6
T [GeV]

0.06 0.06
2 0.05 0.05
S
~ 0.04 0.04
£ 0.03 BRI
50.02 0.02

0.01 0.01

0.4 0.5 0.6
T [GeV]

FIG. 4. The dependences of A'—/ K= g Sz g and the mass splitting mz: — mz on T. The dotted, solid, and dashed lines correspond

to wz; =13, 1.4, 1.5 GeV, respectlvely
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15 15 0
14 14
%1.3\‘________1.3% ______
9 1.2 S 1.2 9 _0.1 :‘__’" _______
L1 | e 1.1
g g
0.9 0.9
0.8 0.8 -02
T04 05 06 04 05 0.6
T [GeV] T [GeV]
0.04 0.04 0.05
>
- © 0.04
Z 0.03 003 © N e
C  E= 2003 T
2002 | TR 002 E
» 1 0.02
8
0.01 001 £ 001
0.4 0.5 0.6 0.4 0.5 0.6
T [GeV] T [GeV]

0

-0.1

-0.2

0.05

0.04

0.03

0.02

0.01

FIG. 5. The dependences of /_\Qb, Ka,» Sq,. and the mass splitting mq: — mq, on T. The dotted, solid, and dashed lines correspond

to wq, = 1.45, 1.55, 1.65 GeV, respectively.

TABLE II.

The central values in this table are extracted at 7 = 0.5 GeV, w; = 1.3 GeV for

3 w; =14 GeV for B, w; =155GeV for O, w; = 1.1 GeV for A,, and ; =

1.25 GeV for 2, (in MeV).

3 =1 Q) Ay =7
A 95078 104247 1169 = 74 773188 90872
m 5944 60§ 67+] 6513 721
mass splitting my: — my, mg: — mgz mo: — mq, - -
this work 26+ 1 26+ 1 2818 - -
experiment [1,2] 21 - - - -

TABLE III. Masses of the heavy baryons from the present work and other approaches and the comparison with experimental data (in
MeV).
Baryon  I(J) Ours Ref. [7]  Ref.[8] Ref.[9] Ref. [10]  Ref [11]  Ref.[28,32] EXP [2-4,6,42]
S, 13" 2411493 2440 2453 2452 2439 2470 2454.02(0.18)
=H 1G7) 2508777 2580 2580.8 2599 2578 2575.7(3.1)
Q, 0d") 265712 2710 2678 2698 2697.5(2.6)
s 13%) 253412 2495 2520 2538 2518 2590 2518.4(0.6)
= 16Y 26347192 2650 2680 2654 2646.6(1.4)
Q; 03*) 27901132 2770 2760.5 2752 2768 2790 ~2768
A, 03" 22714 2265 2285 2290 2297 2286.46(0.14)
E. 1GT) 2432773 2468 2473 2481 2467.9(0.4)
3, 14* 580982 5795 5820 5824.2 5847 5805 5790 5808
=/ 1C) 5903*8) 5950 5950.9 5936 5937
Q, 04*) 6036 = 81 6060 6068.7 6040 6065

; 13%) 5835782 5805 5850 5840.0 5871 5834 5820 5829
E; 16" 592983 5980 5966.1 5959 5963
Q; 03+ 606383 6090 6083.2 6060 6088 6000
A, 0" 5637188 5585 5620 5672 5622 5624(9)
E» 1G*) 5780773 5810 5805.7 5788 5812 57745793
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magnetic splitting of the bottom baryon doublet from the
present work agrees well with the recent experimental data.
Recently Egk) was observed by the CDF Collaboration
[1,2]. Our results are also consistent with their experimen-
tal value. Our prediction of the masses of 2}, 57, {),, and
(), can be tested through the future discovery of these
interesting states at Tevatron at Fermi Lab.
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