PHYSICAL REVIEW D 106, 093013 (2022)

Inclusive weak-annihilation decays and lifetimes
of beauty-charmed baryons

Guo-He Yang®,"" En-Pei Liang,"" Qin Qin®,"* and Kang-Kang Shao™*
'School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China
2School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China

® (Received 2 September 2022; accepted 16 November 2022; published 30 November 2022)

Imbalanced beauty-charmed baryons ”Z 0

are of great significance to the development of heavy flavor
physics. In this work, we study the inclusive weak-annihilation decays of Z;; % and their contributions to the
:f O Jifetimes. For the calculation of the inclusive ”Z R ¢ s decay width where X ., stands for the sum of
the final states with charm number +1 and strange number —1, we work in the heavy diquark effective
theory, which provides us with a convenient technical tool to construct the operator product expansion. The

ZO is considered to be a superposition of two states with one containing a spin-0 bc¢ diquark and the other
one containing a spin-1 bc¢ diquark. It is found that both the _f 0 lifetimes and the E ”+  — X, branching
ratios are very sensitive to the bc¢ spin in Hb 0 The 2 Hbc — X4 results are also presented As EZC has a

longer lifetime than E,. and bigger branching ratios of similar decay channels, the exclusive decays

g - DUTA B

mental searches of =0

DOI: 10.1103/PhysRevD.106.093013

I. INTRODUCTION

Doubly heavy hadrons provide a new platform to
decipher the strong interaction. The discovery of the first
doubly charmed baryon =1 [1] has motivated many
further studies. The LHCb collaboration has precisely
measured its lifetime [2], mass [3], and production [4].
Besides the discovery channel proposed by [5], /" has
also been searched via other channels [6-8]. Theoretically,
the /" decay properties have been studied extensively by,
e.g., [9-15]. Experimental efforts have also been put into
searching for the flavor SU(3) partners of 2" [16,17], but
none of them has been discovered yet. On the other hand,
the experimental discovery potential of doubly charmed
tetraquarks has been theoretically studied in [18], and
thereafter the first of them, T., was discovered at the
LHCb [19,20].
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- AFKWO Ef - DW*K-p, and B,
g, at the LHC comparing with exclusive decay =)
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— DYK™)0p are more promising for experi-
.= DpK-.

Unlike doubly charmed hadrons, the beauty-charmed
baryons EZC'O contains an imbalanced heavy quark
pair, resulting in diverse features and deserving special
attention. Experimental searches for the beauty-charmed
baryons have been performed via the exclusive channels
E). — D'pK~ [21] and E). — Efz~ [22] however no
significant signal was found. Very recently, the LHCb
observed two peaking structures using 2. — J/yE{ [23]
with a local (global) significance of 4.3 (2.8) and 4.1 2.4)
standard deviations at masses of 6571 and 6694 MeV,
respectively, which might be very close to the discovery.
Besides, it was proposed by [24] that the inclusive decay
Epe = Bl + X may serve as the discovery channel of
EZC’O by making use of the displacement information of
=1F, since plenty of the Z,,. baryons will be produced at
the LHC [25,26].

We study in this work the inclusive weak-annihilation
decays of 2 ”* 0 , especially EZC’O — X, where X, stands for
the sum of the final states with charm number +1 and
strange number —1. One example exclusive channel con-
tributing to this 1nclus1ve decay is E) — D°pK~, which
has been used for = ~b¢ search [21]. The 1nclusive decay rate
can help evaluate whether the corresponding exclusive
channels such as E) — D'pK~ and E — DUTA,
Bl = AJKWO B — DWYK=p, and B, - DOK™p
are potential discovery channels of the beauty-charmed
baryons. From the theoretical point of view, this process
has a simple structure that the heavy diquark part can be

Published by the American Physical Society
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factorized out at the lowest order of the strong coupling a;.
Therefore, the calculation with lower model dependencies
can make the inclusive decay EZC’O — X, as a test of the
heavy diquark effective theory (HDET) [24,27].
Previously, the inclusive EZJO — X, decay has been
studied in [28,29] where the lifetimes of EZC'O were inves-
tigated under the assumption that the beauty and charm
quarks form a scalar bc diquark inside E;rc’o. On the other
hand, the bc diquark was treated as an axial-vector state in
[30] and the results for both the EZC:O — X, decay widths

and the E*L:O lifetimes are very different. We take into
account the possibility that the bc diquark in E,fL:O is a
superposition of the scalar and axial-vector states, S;,. and
Xpe [31]. It confirms that the scalar and axial-vector
contributions are extremely different, so the EZC‘O lifetimes

and the E’.;L:O — X, decay rates can be used to determine the
diquark constituent. This study also improves the calcula-
tion in the following aspects: (i) We revisit the inclusive
channel more systematically in the heavy diquark effective
theory [24,27], including power corrections of 1/m}, ., where
my,. 1s the bc diquark mass. (i) We consider the contribution
from the QCD penguin operators. The inclusive EZC’O - Xoq
results are obtained by the corresponding Cabbibo-
Kobayashi-Maskawa (CKM) matrix element replacement.

The rest of the paper is organized as follows. In Sec. II,
we introduce the HDET and perform the matching for
involved operators. In Sec. III, the inclusive decay rate is
formulated in the framework of operator product expan-
sion, and it turns out that the result is restricted by the
reparametrization invariance. The numerical results and
relevant phenomenological discussions are given in Sec. I'V.
We conclude with Sec. V.

II. HEAVY DIQUARK EFFECTIVE THEORY

The E,,., as a doubly heavy baryon, has a heavy diquark-
light quark structure, like a “double-star” core surrounded
by a light “planet.” The effective distance between the two
heavy quarks is much smaller than that between any one of
them and the light quark, so the two heavy quarks can be
regarded as a pointlike heavy diquark if the physics above
the QCD scale Agcp is integrated out. (See Refs. [32,33]
for a different description.) In the heavy diquark limit as its
mass mgpy — oo, the heavy diquark system can be treated
as a static 3 color source, playing the same role as a heavy
antiquark in a heavy meson [34].

The spin of the heavy diquark J,. is a good quantum
number in the heavy diquark limit. Therefore, we can use
Jp. to label different diquark states, spin-0 scalar S, and
spin-1 axial-vector X;,.. The ground state Z,,. is spin-1/2,
so it can be composed of either S,. or X,. with light
degrees of freedom g with J, = 1/2. In principle, E,, is a

superposition of the two states Eg(S,.q) and Ex(Xp.q),
formulated as

E/") = cos0|Ey) + sin e’ |Es), (1)

where 6 is the mixing angle and ¢ is the relative phase.

Both the scalar S,. and axial-vector X;. can be
described systematically in the HDET, with the
Lagrangian given by [27]

_ 1. 1
Ls=iSyv-DS,——S8ID*S, + o<—2>,
21’)’!5 mS
1

Ly=—iX}w DX} + T

XD X%

ig i = 1
9 xiemx, 0 — ), 2
45,6, + QQ @)

where D, =0, — igA,Zt_“, g is the effective coupling con-
stant between the diquark and the gluon, ¢ is the 3
generator of the color SU(3) group, and the gluon tensor
is defined by G, = 7' [D,, D,] = G, t". The v-subscripted
scalar and axial-vector fields are related to the original
fields by the definition

S(x) = exp[—imgv - x]S,(x)//2mg,
204 (x) = expl—imayo - x| (X4(x) + Vi)V 2mr, (3)

with the large momentum mv subtracted, where the
reference velocity v is often chosen to be the baryon
velocity. The static part X% satisfies v- X, =0 and the
residual part Y?, is suppressed by powers of Agcep/my. The
leading terms in (2) have the heavy diquark spin-flavor
symmetry. Compared to [27], the fields are different by a
factor of mass square root to make the heavy diquark flavor
symmetry manifest.

The effective Hamiltonian involved in the bc — cs
processes is [35]

4G 6
Heff = —th\ Vch Z CiOiv

\/E i=1

O,=C,y"Pb,5,y,Prc;, Or=cy'Pbsy,Pc,

04 :S'U/”Ppr(_fpyﬂ

06 - EAJ/”PprZ'p]/ﬂ

o¥u
Pyc;,
Prcy, (4)

03 :E}/MPLbZ'}/ﬂPLC,
05 :E}’MPLbE'}/MPRC,

where P, p are the left- and right-handed projectors,
respectively. To match these operators to the diquark-quark
operators, we write the scalar and axial-vector diquark
states as [27]
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3
|8}76(1})> 4W/ ¢ k ljk[CyS(l +ﬁ)];y
ij,j<v,k>Qky<v,— o). )
— 3 ,
X6 = o [ K g Relcetr + £,

x Q}y(v, k) 0} (v, —k)|0), (6)

where the heavy quark operators are defined by

k) = Zus(p)a;,

with p=mgyv+k. (7)

The function ¢(k) is the distribution of the relative
momentum k of the quarks in the heavy diquark bound
states, and Kk is typically small compared to the heavy quark
masses. In the heavy quark limit, the distribution ¢(k) is
concentrated at k = 0. The wave functions in the spinor
space [Cys(1 + §)]4, and [C¢(1 + )]s, are antisymmetric
and symmetric, respectively, with e as the polarization
vector of axial-vector diquark field and C = iy’y?. The
antisymmetric tensor €;;, is the wave function in the color
spaces with i, j, k color indices. The projector (1 + #)
approximately selects the particle component and elimi-
nates the antiparticle component. The expressions are not
well defined from the first principle of QCD, but they can
give the correct matching results in the leading power of
inverse heavy quark mass.

After performing the match by calculating the S;,. — c¢s
and X, — cs transition amplitudes at the lowest order of
a, and k, we obtain the scalar diquark-quark interaction
terms in the Hamiltonian.

HS =) A12€iijiE’jPRC§Z +A34€iijiE'PRC§Z
+ Asg/myc€(iD,S" )y PRC5y

Ay = 4/myGpVi Ve, (Cy = Cy )y (0),
Asy = 4/my GV iV, (Cy = C3)yp(0),
Asq = 24/mp GV iV, (Cs — Co)yp(0), (8)

and the axial-vector diquark-quark interaction term

HX = B5 6€z]kc }’MPRCSkXL”,
BSG = _A56‘ (9)

The w,.(0) is the Fourier transformed of ¢(k) at the
zero point.

ITII. OPERATOR PRODUCT EXPANSION

The decay rate of the inclusive E _ZC — X, channel can

be expressed as

Epe = Xes) = Z( 7)*6" (p= — pX)—2m~
XCY =

m

El

(1]

where the operator product 7 is given by

T=i [ dxT{H;(x)H;(0)}, H;=Hs+Hy, (11)

by making use of the optical theorem. The nonlocal
operator product 7 is further expanded as

T=3 ", (12)

with the technique called local operator product expansion

(OPE), where the QE") are local operators with dimension n
and F; are the corresponding coefficients. Contributions
from higher dimensional operators are suppressed, in this
case, by powers of Agcp/mp,.

The OPE is performed by requiring that the quark-
diquark matrix elements of the left-handed side and the
right-handed side of (12) match each other. Starting with
the scalar diquark, the matching is performed by calculat-
ing the S;,. —» ¢s — S, amplitude at the least order of a;,
as displayed in Fig. 1. The imaginary part of the amplitude
is calculated as

ImM(SbC — Sbc) =A (p -

A= A12+A34+—A567 (13)
M,

where the diquark has momentum p = m;,.v + k, with the
residual momentum k ~ Agcp, and the expansion is per-

formed by powers of k. The k° term in the expansion of (13)
is reproduced by the dimension-three operator with the
coefficient

A(m3, —m?)?
= , F§o="be ¢/ 14
Ql v 1 167”’”29 ( )
The k! term and the k? term correspond to the dimension-
four operator Sj(iv-D)S, and the dimension-
five operator S,(iD)%S,, respectively. These two
operators are related by the equation of motion
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FIG. 1. The leading order diagram for the diquark-to-diquark
amplitudes.

[iv- D+ (iD)*/(2my,)]S, = 0. Taking their coefficients
A(mi, —m#)/(8zm},) and A(mi, — m?)/(16zm],), it
turns out that their contribution exactly cancel
each other. This is actually protected by the reparametri-
zation invariance proved by [36]." Therefore, up to

O(Agep/m3,), only the matrix element of 0% needs to

be evaluated. (The chromomagnetic operator does
not exist in the scalar case.) It can be parametrized
as [36]

2
= |cte 1= U
(E1515.125) = 2magy = 2m (1= 25), 19
bc

with  (Eg|ST(iD)2S,|Es) = —2mzu?. (16)

The nonperturbative parameter u> takes the value 0.43 &
0.24 [37] in the numerical analysis, which is extracted from
the inclusive B meson decay. We expect that the u2 values
for 2/ and B mesons are the same owing to the heavy
quark-diquark symmetry.

The imaginary part of the X', — ¢s — X}, amplitude
corresponding to Fig. 1 is

(p* —m)?

8zp>

2
B = |Bsg? <2 + Z; ) (17)

bc

ImMs 6(Xpe = X)) =B

Because the whole amplitude is suppressed by the penguin
Wilson coefficients (Cs — Cg)?, we only perform the OPE
to the leading power,

T > FeQ*?,
B(mic B m%)Z

a(3) _ XMTX
o ! 16ﬂmic

F{ = (18)

vp

'"The decomposition of p into v and k is not unique. A small
change in the four-velocity of the order of Agcp/my. can be
compensated by a change in the residual momentum:
v — v+ 6v, k= k—mbv.

Analogous to the scalar case, the hadronic matrix element
of 04 is

<5X|X’$TXW|EX> = 2mzp;. (19)

The S, = ¢s = X, amplitude at the leading order van-
ishes because of angular momentum conservation, so there
would be no interference between the scalar and axial-

vector constituents in the E,fc‘,o baryons.

IV. NUMERICAL ANALYSIS

If the bc diquark in 5, is purely scalar, then the leading-
order inclusive decay width is given by

F(E‘S - Xcs)

2G> m, 2
= 5 C-Ci+C—C+ (CS_C6):|
Tmi, 2myc
2 20,2 2\2 I
|Vﬁsvcb| |Wbc(0)| (mhc - mC) (1 - 2m%}c) ’
~ (57 4£2.1) x 10713 GeV, (20)

where the Fermi constant, quark masses, and the CKM
matrix elements take values from [38] and the Wilson
coefficients take values from [39]. The uncertainty arises
from the variation of the quark masses, the Wilson coef-
ficients, the CKM matrix elements, the diquark wave
function at the origin y,.(0) = % GeV?3/? [24], and

the nonperturbative parameter y2 = 0.43 4 0.24 [37], and
we have include an additional ~30% uncertainty from
possible power corrections [40]. It can be checked that
the leading power result recovers the free diquark decay rate.
The Z¢ — X, result can be obtained if we replace V., with
V. g»anditreadsT(Eg — X ,) = (2.7 & 1.0) x 1071* GeV.
This procedure also applies to the rest results.

If the diquark in E,,. is purely axial-vector, then the
leading order inclusive decay width is given by

G

Fl (E‘X - Xcs) = 6—2 |V>ck‘svcb|2(c5 - C6)2|l//bc(0)|2
n'mbc
m; I
oot (20 ) (-5 )
~ (9.0 £3.4) x 10717 GeV, (21)

where the uncertainties are from the same sources as (20).
The leading power result again recovers the free diquark
decay rate. Practically, the leading-order result for the Ey
decay rate is highly suppressed by the Wilson coefficients,
such that the next-to-leading-order (NLO) contributions
might be larger. We consider the NLO correction with a real
gluon emitted from the diquark, as shown in Fig. 2. Taking
into account the tree operators in (4), we obtain their NLO
contribution

093013-4
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FZ(EX - Xcs) 367 2

[(C2 + C)(x? = xy 4+ y2) + C,Co(x? — 4xy + y)|GH|ViV

cb|2|l//bc(0)|2

m2 1
X /0 ' dsy» [2 (=m2 — 515 + m%c)\/—2m%(s12 + mic) + (mic —s510)> +mi],

~ (474 1.8) x 1071° GeV,

where x = my./my, y = my./m.. The strong interaction
constant «, takes values from [38]. The uncertainties are
from the same sources as (20). Indeed, it is larger than the
leading-order contribution (21) owing to enhanced Wilson
coefficients. The virtual correction requires systematical
renormalization of the HDET, which is beyond the scope of
this study and is left for future works. To estimate the size
of the virtual correction, we refer to [41], in which the
B — J/w+ X decay is studied with the same weak
interaction vertex as our process. Their results show that
the vertex correction is several times smaller than the hard
bremsstrahlung correction, and approximately 10% of the
leading-order contribution. Therefore, we expect that the
virtual correction might cause another uncertainty ~10%.
As for multiparticle contributions such as a quark-anti-
quark pair emission X,. — csqg, they are highly sup-
pressed by a2 and the phase space [42] and are thus
neglected.

Combining these two contributions, the inclusive Ey
decay rate is calculated to be

T(Ey > X))~ (5.6 £2.2) x 10716 GeV.  (23)

The corresponding X.; result is
(2.7 +£1.0) x 10717 GeV.

In a general case, =, might be a superposition of Eg and
Ey [31,43,44]. Then, the inclusive Z,.° — X, decay width

is expressed as

F(EX - Xcd) =

(50— X,,) =sin?00(Eg — X ;) +cos?00(Zy — X, ).
(24)

Note that the interference between Eg and EZ, vanishes
because of angular momentum conservation.

Besides the bc annihilation, the bg and cq annihilation
contributions to the :ZCO lifetimes also depend on the bc
diquark spin [28-30]. The corresponding analytical results

FIG. 2. The next-to-leading order Feynman diagrams contrib-
uting to 2y — X, with a real gluon emitted from the diquark.

(22)

[

are given in the Appendix. Accepting the hadronic inputs
in [30], we numerically calculate these contributions with
EZC’O either being 2y or Eg, as listed in Table I, where the
other contributions independent on the bc spin are also
listed. Then, the mixing angle-dependent results for the

total decay widths of = _.bc are given by

['(E}%) = sin?0r'y + cos?0ry:
+ 2sin@cos O cos I, + Tober - (25)

which can be translated to lifetimes shown in Fig. 3. With
the lifetimes, the branching ratios of the inclusive =, —
X, decays are obtained, as shown in Fig. 4.

The mixing angle has been studied by many previous
studies, e.g., [31,43,44]. As the predictions for the mixing
angle 6 are very diverse, we vary 0 from 0 to /2 and display
the corresponding results in Fig. 3. The lifetime of Egc) is
heavily influenced by the phase angle, and the lifetime of
E,.) has almost no effect. We also take cos¢ =0,
sinf ~ 0.39, and cos  ~ 0.92 [31] as areference, and obtain

the corresponding :;CO — X, branching ratios,
B(E). = X.) = (1.4709)%, (26)
B(Ey, = X.5) = (5:4135)%. (27)

The branching ratio of EZC'O — X.q are (0.2670[8)% and
(0.077393)%, respectively.

It is observed that the lifetimes and the inclusive
branching ratios are very sensitive to the mixing angle,
so their measurements in future experiments can be used to

TABLE 1. Various contributions to the total decay widths of
£, in units of 107" GeV, including the {bc bu} and {bc, cd}
weak-annihilation contributions to Z;. and E , respectively. The
subscript S and X represent the cases with the bc diquark being
scalar or axial vector. The other contributions I contain the
spectator decay contribution I'%¢ and the Pauli interference I'™
[30], which are independent on the diquark spin.

l—*aSn 1'*31(1 F:aSnX l—‘other
EOC 1.87£0.12 3.81+£0.30 220+£0.17 1.50+0.31

b

E) 0.61+022 0.03540.008 0.020+£0.005 2.94+0.73

093013-5



YANG, LIANG, QIN, and SHAO

PHYS. REV. D 106, 093013 (2022)

7T T

7]
=3
=
1
+

. (fs)

—+,0
Zbe
/
L]

—. =0
4000

300+

lifetime of

200 | eeeeaa

100 [~

0.0 0.1 0.2 0.3 0.4 0.5
0/nx

FIG. 3. The lifetimes of E;réo as functions of the mixing angle 6.
The solid, dotted, and dashed curves correspond to the choices of
the phase angle cos¢p =0, cos¢p =1, and cos¢ = —1,
respectively. The vertical line corresponds to the reference value
sind = 0.39 [31].

K 0.010
o 0-001; — g
. =0
1074, —he
0.0 0.1 0.2 0.3 0.4 0.5

o/n

FIG. 4. The branching ratios B(Z,;" — X.,) as functions of the
mixing angle 6 with cos¢ = 0, where the vertical line corre-
sponds to the reference value sin@ = 0.39 [31].

determine whether the diquark in the ground state EZC’O is

scalar or axial vector, or how they mix with each other.
As for the EZL‘;U search, it was estimated in [29] that the
O(10%) inclusive EZC’O — X, decay branching ratio would
indicate the typical exclusive channels Z,. — DK p
have branching ratios of several permil. With some esti-
mated theoretical and experimental inputs, the result of [21]
can be converted to the upper limit B(E), — DK~ p) <
0.3% assuming that the Z)_ lifetime is 100 fs. The exper-
imental upper limit is very close to the theoretical estimation,
so it is quite hopeful to discover E,,. by this channel with
more data collected. In fact considering the lifetime
hlerarchy between E) and E;_, searches via an analogous
B, decay channel would be more prom1s1ng Taking the
reference with sin @ ~ 0.39 as an example, the £, branchrng
ratio would be larger by a factor of approx1mately 4than E) ,

and the detection efficiency at the LHCb would also be
improved by a similar factor owing to more displaced
decay vertices [21], so it is expected that approximately
16 times events can be collected by using E;. decays than
using a similar E)  decay. Therefore, we propose that
H; - DWFA, Bf - AFKMO, B/ - DWFKp, and
— DK)0p should be searched experimentally with
priority. They can be searched in the p27x™2x~, p2x*tn~ K~
and p2zT2K~ final states.

V. CONCLUSION

We have calculated the inclusive Hjo — X, decay

widths making use of the local OPE technique in the
framework of HDET. The E,. is treated as the super-
position of Eg containing a scalar bc diquark and Zy
containing an axial vector bc diquark. The mixing angle 6
dependent results for both the _.ZO lifetimes and the
inclusive E'b"’o — X, branching ratios have been obtained.
The corresponding &, + 5 x +q Tesults are also presented. It
turns out that these observables are very sensitive to 6, and
thus their measurements can help determine the bc diquark
spin property in H+O With the reference mixing angle
sinf = 0.39 [31], the &}, 11fet1me is approximately four
times longer than that of = _b , and the branching ratio
B(E). - X,,) is approximately four times bigger than
B(E). — X,,). We propose that the decay channels
gl = DA, Bf — AR, 5f - DW*K"p, and
g/ — D°K™0p should be used in Z,,. searches.
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APPENDIX: WEAK-ANNIHILATION
CONTRIBUTIONS TO E,. TOTAL WIDTHS

The transition operators in the bg and cq weak-annihi-
lation contributions to the Z;. decay widths are

GV e
Thy == 5 (mj, = md)*(Cy = Cy)?
b 2xm3, b
X (br,(1=7s)b)(gr(1 - vs)q). (A1)
G|V ?
Teg=— 5 (mly=m3)P(Cr = Cy)?
T 2am?, d
X (ey,(1—ys)e)(@r' (1 —7s)q). (A2)

where the diquark masses m,, and m,; are approximately
the heavy quark mass m, and m,, respectively. The
hadronic matrix elements of these operators are estimated
in the nonrelativistic potential model [30] as
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(E&1(by, (1 = 75)b)(gr* (1 —ys)q)|ES)
= (E2(Er,(1 —7s5)e)(@r* (1 —y5)q)|ES),

= 2mbc|l//q,h6(0)|2’ (A3)
(E41(by, (1 —75)b)(gr*(1 —vs)q)|E})

= (@%@, (1 =ys)e)(@r*(1 = vs5)q)|ES).

= 6mbc|l//q,bc (0) 2’ (A4)
BBy, (1 —75)b)(gr* (1 —v5)q)|ES)

= @ (@, (1 =rs)e) @ (1 —75)q)|IES).

= 2\/§mbc|l//q.bc(0)|2' (AS)

Then, the leading-order weak-annihilation inclusive decay
widths are given by

v = GVally, (P, - mi(c - 0oy
S 7 gy, Varbe T b TG ’
GilVel®
Iy = ngd qu,bc(O)lz(mid -mi)*(C, = Cy)?,
b b b b
Iy =3rg, Tk = \/§qu
Y =3ry,  Tg=V3rg (A6)
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