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In this work, we investigate the two-body nonleptonic decays of double-charmed baryon Q. within a
nonrelativistic quark model, in which the nonfactorizable amplitudes contributed by W-exchange diagrams
are evaluated under the pole model assumption. To reduce the sensitivity of decay amplitudes to an
arbitrary choice of baryon wave functions, we adopt charmed baryon wave functions obtained by solving
the Schrodinger equation with a nonrelativistic quark potential model. Our results show that the branching

fractions of Cabibbo-favored decays Q. — Q%7+ and EE'H;:*, as well as the single Cabibbo-suppressed
decays QF, — QUK+, Z+7K~, 5, and A7 K can reach up to a few percent. Particularly for the Q. —
QYK+ mode, owing to the large factorizable amplitude and constructive pole contributions, the branching
fraction is comparable to Cabibbo-favored decays. These decay modes can serve as the discovery channels

for the double-charmed baryon Q. in future experiments, like LHCb and Belle II.

DOI: 10.1103/k7xq-whnk

I. INTRODUCTION

To complete the charmed-baryon family, the establish-
ment of double-charmed baryons is particularly important.
As predicted by the quark model, the double-charmed
baryons =1 and =}, with quark content ccu and ccd,
respectively, form an isodoublet (/ = 1/2), while the Q.
forms an isosinglet (/ = 0) with quark content ccs. In
contrast to the well-established state 2", which has been
observed in the decay modes AfK~-ztz* [1], Efz()+
[2,3], and ;" — B0zt [4], evidence for ZF, was only
reported by SELEX in the decay modes Al K~z [5] and
pDT K~ [6]. None of them were confirmed by the FOCUS
[7]1, BABAR [8], Belle [9], and LHCb [10,11] collabora-
tions. Moreover, the mass of Z, was measured to be about
3519 MeV by SELEX, which differs from mg+ =
(3621.55 +0.23 +0.30) MeV [12] by about 100 MeV.
More experimental measurements of the E/,. are needed to
establish its existence and precisely measure its properties.
The Q. has been searched for in the Ef K~z final state
at the LHCb experiment [13], but no significant signal
was observed. Future experimental measurements are
of key importance in completing the double-charmed
baryon family. The ground double-charmed baryons with
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JP =1/2% can decay only via the weak interaction;
therefore, the study of their weak decays is essential to
facilitate experimental discovery [14]. In this work, we
focus on the two-body nonleptonic decays of the double-
charmed baryon QF., aiming to identify the highest-
potential processes for probing the €, state.

The study of double-charmed baryon weak decays also
provides valuable insights into weak decay mechanisms.
Based on the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, the concerned nonleptonic decays of the double-
charmed baryon Qf. can be divided into three groups:
(i) the Cabibbo-favored (CF) decays induced by ¢ — sud
and cd — su, (ii) the single Cabibbo-suppressed (SCS)
decays induced by ¢ — dud and cd — du, as well as ¢ —
sus and c¢s — su, and (iii) the doubly Cabibbo-suppressed
(DCS) decays induced by ¢ — dus and ¢s — du. From
another perspective, in theoretical studies of charmed-
baryon nonleptonic decay, the decay amplitudes are domi-
nated by the following Feynman diagrams: the external
W-emission diagrams (7') and internal W-emission diagram
(C), which are factorizable, and the inner W-emission
diagram (C’) and W-exchange diagram (E;,,E'), which
are nonfactorizable [15]. The schematic Feynman diagrams
are displayed in Fig. 1 and the corresponding Feynman
diagrams to relevant decay channels are summarized in
Table I.

In theoretical studies of charmed-baryon nonleptonic
decay, the factorizable amplitudes 7 and C are often
evaluated as the product of a baryon transition matrix
element and meson decay constant under the naive
factorization assumption, whereas the nonfactorizable
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FIG. 1. Feynman diagrams for nonleptonic decays of the
double-charmed baryon QF,.

amplitudes C', E,,, and E' are more challenging to
quantify. In previous experiments of heavy meson non-
leptonic decay, the factorizable assumption worked well
and the nonfactorizable contributions were usually
neglected. However, this is no longer the case in
charmed-baryon decay. The experimental measurement
of pure W-exchange decay Al — E°K™ [16] shows that
W-exchange diagrams are important and cannot be ignored.
To access the nonfactorizable contributions from
W-exchange diagrams, a pole model was widely employed
in the study of charmed-baryon nonleptonic decays
[17-31]. Within the pole model, parity-violating (PV)
amplitudes mainly arise from low-lying J* = 1/2~ poles,
while parity-conserving (PC) amplitudes are dominated by
JP = 1/27 ground-state poles. To extend the framework to
double-charmed baryon decay, the theoretical predictions
of QF. nonleptonic decays were performed in Refs.
[32-34], in which the nonperturbative parameters were
evaluated using a bag model [33] or flavor symmetry
[32,34]. The covariant confined quark model has also
been adopted to estimate the W-exchange diagram
[35,36]. Other than these, the irreducible SU(3) approach
[37,38], which is based on flavor symmetry, while not
addressed in dynamics, was also used to analyzed the
double-charmed baryon two-body [37] and multibody
nonleptonic decays [38].

In this work, we investigate the two-body nonleptonic
decays Q. — B, + P within the framework of the non-
relativistic quark model (NRQM), where P denotes a light-
flavor pseudoscalar meson, such as 7z, K, or ;1(/). The
nonfactorizable contributions from W-exchange diagrams
are evaluated within the pole model framework. It is well
known that the dominant source of uncertainty in theo-
retical calculations of nonleptonic decays lies in the hadron
transition matrix element. Addressing this challenge, we
propose using exact baryon wave functions obtained by
solving the Schrodinger equation with a nonrelativistic
potential model [18,39], rather than relying on an over-
simplified Gaussian-type one. With the support of the
charmed baryon spectrum, our study reduces the model
dependence arising from baryon wave functions in the
decay amplitudes.

This paper is organized as follows. After the
Introduction, we derive the weak decay amplitudes within
the NRQM in Sec. II. To obtain the involved baryon spatial
wave functions, a nonrelativistic potential is also intro-
duced. In Sec. III, we present our numerical results of the
decay amplitudes and discuss future investigations the
branching fraction and asymmetry parameter. Finally, this
paper ends with a short summary in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Decay amplitudes of W-emission diagrams

According to the conventions in Fig. 2, the effective
Hamiltonian of the W-emission process can be written as

G p
Hios = 7%VCKMV/CKMW53(P1 —P) —Ps—Dps)

x a7 Tple1 ()0 + e2(1) 0. (2.1)

where Gy = 1.16637 x 107 GeV? is the Fermi coupling
constant [40] and V&M are CKM matrix elements. p; is the

three-momentum of the ith quark. a Ve =5 (or d) is the
flavor-changing operator, which acts on the first quark, and
the factor f is assigned a value of 2. The 01‘2 are

TABLE I. Feynman diagrams of two-body nonleptonic decays of the double-charmed baryon Q...
CF Diagrams SCS Diagrams DCS Diagrams
Qf - Qln* T Qf, - 80+ T.E Qi - 20k+ T.E
Q- gV Eo C.C.F Qf - QK+ T.E, Qf, - g Ko C.E,
Qf - s00 C.C'.E,.E,.E Qf - a0 Ey, E,
Qf - 870 C.E, Qf — Afn Ey, E,
Qf. - IHK- E, Qf - X0zt E,
Qf - KO C,E, FE QY. - Efta E,
QL - AFK° C.E)E Qi — syl C.E,, E,FE
QL — Ain(” C.E|E)E
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FIG. 2. Kinematic conventions of the W-emission process.

abbreviations of the four-fermion interaction operators
01 =(g594)(q'1q1) and 0> =(3'94)(g591), and ¢, , are
corresponding Wilson coefficients. We adopt the Wilson
coefficients as ¢; = 1.346 and ¢, = —0.636 at the energy
scale 4 = 1.25 GeV [33].

In the nonrelativistic limit, the effective Hamiltonian
associated with ¢;(u) can be expanded as [17,30,31]

Gp p — Ds D4
Hl 153 — \/EVCKMVCKM(ZE)353(p1_p/1 —P4—P5){<S2.1|I|Sz,1><sz,ssz,4|5|0> <2 5+2m4
Py | P P D i}
= (B Bt o) =L ol (28 ...l a0
Ds D4 _ . _ D4 Ds
ool | (2 2 (.10 65 55.0110) (2= P )|
Py p
(5% lalsen) (20 ) (.01} bl
v Gy P g / T 5. ,|110) + (s’ 5.4l610)) a1 2.2
1153 — \/f CKM CKM(Zﬂ)g, (P1—P1—P4—P5) —<Sz,1| |sz,1><sz,5sz,4| | >+<sz,l|6|sz,1><sz,5sz,4|6| > a; Ip, ( . )

in which the PC and PV Hamiltonians are distinguished by an odd or even number of ys, respectively. [ is the two-rank

1 2

identity matrix and 6 = (¢', 6, 0

PC,PV

spin of the ith quark. The effective Hamiltonian H, 7" 3,
(ps.ms) and s’ | S 5.5 in Eq. (2.2).

replacements (p,m}) S
Generally, the decay amplitudes of W-emission
pseudoscalar meson) process can be evaluated as

3) are the Pauli matrices. In addition, |s. ;) is an abbreviation of |s;, s. ;) and represents the

which is associated with ¢,(u), can be obtained by making the

diagrams of the Bi(P;J',Ji) — By(Ps;J/, JL) + P(k)(P =

fogi - I . .
M = By Py TP e s+ S |6 1) ),
fogi -c . .
MJCZJZ = <Bf(Pf;Jf7J{)P(k)| ;\Eﬂ) Hiios+ 02(/‘)7'(2,1—3} |Bi(Pi;Jl’le)>’
MJIJ' —{BAP,J Jf [ €1 ( ) ( ) i gi
£ = (B TP [~ N, s+ 2 B ) ), 23)

where J' =

J/ =1/2 are the total spins of initial and final baryons and N, = 3 is a color-suppressed factor. Besides,

P; = p| + p> + p5 is the three-momentum of the initial double-charmed baryon, and Py = p| + p, +p;(P; = p, +p; +

ps. Py =p\ +p, +ps) andk = py + ps(k = p| + ps.k = p5 + p4) are the three-momenta of the final charmed baryon and

pseudoscalar meson, respectively, for T'(C, C') diagrams. In the rest frame of the initial state, we have P; = 0 and P, = —k.
Taking the T diagram as an example, we can separate the decay amplitude as

( )

i - P
M —<B,~<Pf;1f,J§>P<k>| ) b8 )

G :
FVCKMVCKM 76 (p1 - a=ps) Y (ST S LS LI JE) (ST SE L LT O
V2 (2z)’
N S in vor 7 i
X [ 1 (u )<¢f)(f ¢P)(P|Oslp1—> t1]a13>3|¢z% >< (k)l//Lf,Lg (Pf)’Oil,)ft—gh//Lth (P;))
c (,“) N spin avor Si,St 7 spatial
+ —j\, <¢f)(f ‘§¢P)(P|Ozp1—>3of2]1—>z|¢i)(i ‘><lI/P(k)l//Lf,L{(Pf)|Ozr,)1t_>3|1//Li,L{; (Pz)>] (2.4)
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where (S,S,;L,L.|J,J.) is the Clebsch-Gordan coefficient, while ¢, y, and y are the flavor, spin, and spatial wave
functions of corresponding hadrons, respectively. The overlap of color wave functions is reflected in the factor 1/N..
Similarly, the concrete expressions for the decay amplitudes of C and C’ diagrams can also be written down.

In Appendix A, we present the spin-flavor matrix elements (8 f¢|@|8i¢) in Tables IX-XI, which contribute to the PC
and PV amplitudes in the 7, C, and C’ diagrams, respectively. We emphasize that, particularly for the T diagram, the spin
matrix elements associated with (s, s5_4/0, , .|0) vanish [39]. Likewise, those associated with (s, |5 4|0, .|0) vanish for
the C diagram. This is a consequence of the pseudoscalar meson spin wave function. Similarly, the spin-flavor matrix

elements (BfT|©\BiT> can also be obtained, and satisfy

. —<Bf¢|(A9|Bi¢>, for PC amplitude,
(Br1O|B;1) = { R , (2.5)
(Br|O|B;}),  for PV amplitude.
In addition, we also have (B,1|0|B;|) = (B,}|0|B;1) = 0.
After separating out the spin-flavor parts, the remaining spatial wave function overlaps can be expressed as
LiLiLf L] 2y spatial
I;r = <‘/’P(k)‘/’Lf_L{ (Pf)‘oiﬂalz i)|l//L",Lf; (Pi)>
= /dpldpzdpsdpidp4dp553(3f =P —Pp2—p3)5 (P; —pi —pr —p3)5 (k —ps — ps)
spatial % *
X & (p1 —pa—ps =P ONS @)Y Ps.p)V;,  (PLP3.P)Y L (P1-P2P3). (2.6)
LiLi:L) L] 7 spatial
;¢ = <WP(k)WLf_L«Zf(Pf)‘Oi,p1L3 i)|l//L”,L{; (P;))
= /dpldpzdpsdp’l dp4dps&* (P —ps —p2» —p3)8*(P; —p1 —p2» —p3)8°(k —p} —pa)
x & (p1 = ps = s —PVONS )W PPV}, | (P3.P5.P2)W L 1 (P1.P2.P3). (2.7)
LiLiLS L 7 spatial
Ii,C" = <V/P(k)‘/’Lf_L«zf(Pf)‘Oiﬂl>3 i)|l//L",L§ (Pi)>
= /dP1dP2dP3dP'1dP4dP553(Pf —py —ps—p2)8 (P, —py —p, —p3)8 (k —p3 — ps)
x 3Py =ps—ps —P)ORS P 3.V, (PP D)WL 1 (P1.P2.P3). (2.8)
where O?ﬂag ;) is the function of p;/(2m;) for the PC amplitude and Ofplai%l ;) =1 is for the PV amplitude.
After synthesizing the above discussion, especially considering Eq. (2.5), we have the relations
—1/2,-1/2 1/2,1/2 —1/2,-1/2 1/2,1/2 —1/2,1/2 1/2,-1/2
MPC/ /2= _Mpé / ’ MPV/ 2= MP(’ / ) MPV{PC/ = MP(’.PC/ =0, (2.9)

for the T, C, and C’ diagrams.
To describe the spatial wave function of a pseudoscalar meson, we employ the simple harmonic oscillator wave function
[17,30,31]

_ 1 (ky = ky)*
wp(ky ky) = WCXP [—W ) (2.10)

where Rp is a phenomenal parameter. In this work, we adopt R, = 0.28 GeV, Rx = 0.50 GeV, R, = 0.40 GeV, and
R, =0.90 GeV [31]. Besides, in order to describe the spatial wave function of a charmed baryon, we adopt the expression
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l//LL k17k27k3 Z Z lp’m/wl}n

> (pi, Si)‘ (P} si)

1,10 1M,
X C(n/, nZ)l//n/ Ay, m,,(p)l//nx,l;,m,l (A’)’ (21 1) w
where the three-momenta of the p-mode and A-mode are (pj 55) (P}, 55)
defined as
FIG. 3. Kinematic conventions of the W-exchange process.
. m]k2 — m2k1
my+my where p = p/p is a unit vector and v,, is the Gaussian size
Py (my + my)ks —ms(ky + k») (2.12) parameter. The details of wave functions of charmed
B my + my + my ’ ’ baryons will be presented in Sec. I C.
respectively. ") is a set of coefficients and v, ;,, (p) is B. Decay amplitudes of W-exchange
the Gaussian basis function [41] diagrams
. Next, we compute the decay amplitudes for the
_ I v, p?
ViinP) = Nu k' e Y1, (p), W-exchange diagrams. Adopting the conventions of
2142 (2p, )32\ 1/2 Fig. 3, the effective Hamiltonian associated with c;(u)
Nu=\"Jmai+ ) (2.13)  can be written as [17,30,31]

G 1 N
S, = éVCKMVCKM 3SR S W+ p—pi—p) (1= (L el ) (5 ey ls. ),

G 1 .
HiY = \/%VCKMVCKM Zaf) 53(P/+P, —Pi—pj)

(27) 4
(s leils ) — (s s | (2 Pi 4 (Ph_ P
X{ (<Sz,i61’sz,t> <Sz.j|6/szwf>)[<2m 2m>+<2m§ mei
. / / pl p] p; p‘//
Iols. o ls. _ , 2.14
+z<<sz.,|a,|sz,,>x<sz,,|a,|sz,,>>[(2m )= (= (2.14)

where, a ) and ﬁ are flavor-changing operators acting on the ith and jth quarks, respectively. In particular, for the
indicated transitions, we take &§_>c =g and ﬁgﬂd = y for the ¢d — su transition, &l(»_)c =d and ﬁ;ﬂd = u for the

cd — du transition, a e =5 and BE-JF)S = y for the ¢s — su transition, and &l(-_)c =d and ﬁ§+)s = yu for the ¢s — du

14
transition. Furthermore, the effective Hamiltonian HZPS‘E\; associated with ¢,(u) can be obtained from Eq. (2.14) by the

replacements (p;, m;) S (p,m}) and s_; S s_ ;.

In this work, we adopt the pole model to estimate the decay amplitudes for W-exchange diagrams. The pole model has
been widely and successfully applied to evaluate the nonfactorizable amplitudes of charmed-baryon nonleptonic decays
[17-29,33,34]. In the pole model, the general expressions for the decay amplitudes can be written as [17,30,31,39]

I f i
BAP,: f P -Jgm jgm
iM; < f( f,J 7Jz)|HP|Bm< m’J ,Jz )> 3 Mm iFm/Z

B pole <Bm(Pm"]m’JT)|H2—>2‘BZ(PI’JZ’J;)>’ (215)

vl J‘ m ym I .qm - gm il
M, pote = (By(Py: J! JL) [ Hos | By (P I T2)) S M, i, 2 (B (Ps J" T [Hp|Bi(Pi3 I, L)), (2.16)
for E, , and E’ diagrams, respectively, according to Fig. 4. The state B,, denotes an intermediate baryon with J* = 1/2 or

1/27. Particularly in this work, we take B,, = (EE/H,A;L,Z:F) for the E,, diagrams and B,, = (E/.,Q/.) for the E’
diagrams. The p,, is the four-momentum, and M,, and I',, are the mass and total width, respectively, of the intermediate
state B3,,. Besides, it is worthy to mention that we have P,, = P; and (J™,J7) = (J',J!) in Eq. (2.15), while we have
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FIG. 4. Corresponding pole diagrams of the W-exchange
processes.

P, =P; and (J7,J7) = (J/,JL) in Eq. (2.16). In the
numerical evaluation, the approximation of the propagator

1 N 2m
J—m+iT/2" p>—m?>+iTm

(2.17)

is employed. Moreover, considering the narrow widths of
involved charmed baryons and large mass differences
between double-charmed baryons and single-charmed
baryons, we further neglect the i['m term in the numerical
calculation.

The Hamiltonian Hp is adopted as the quark-pseudo-
scalar meson coupling as

Hp = ;/dxfiqu(x)hysq]'(x)a”¢p(x), (2.18)

where fp is the pseudoscalar meson decay constant, and
q(x) and ¢p denote the quark and pseudoscalar meson

n\ cos ¢
QJ‘(mc

fields, respectively. In our calculation, we adopt the
experimental values f, = 130 MeV and fx = 156 MeV
[40], and the lattice QCD results f, = 139 MeV and f, =
171 MeV for the r]<’) mesons [42]. In the nonrelativistic
limit, the effective Hamiltonian can be expanded as
[17,30,31]

il +6—.p{> _G'k]

zézi[w (
vV (2m)2wp 5 fp "\ 2my " 2m,

X ?-}53(17} +k—pl),

Hp
(2.19)

where wp and k are the energy and three-momentum of the
pseudoscalar meson in the rest frame of the initial state, and

p{ and p’% are the initial and final three-momenta of the jth
quark, respectively. Besides, H, represents the isospin

operator acting on the jth quark, with the explicit form
being [31]

b:rzbm for z™,
\/LE [blbu _ bzbd]’ for 7°,
A bib,, for K,
Ip = bZ(d)bs’ for K_(I_(O),
L [bib, + bibg] - sin¢[blb,), for 1,
L [blb, + blbg] + cos{[bb,). for x.

(2.20)

Here, { = 39.3° [43] is the mixing angle of # and 7/, which
is introduced by

—sin § Mg
w ) (o)

(2.21)

Taking the decay amplitude in Eq. (2.15) as an example, the concrete expressions of the baryon weak transition matrix
elements for the PC and PV amplitudes can be obtained by performing the integrations

o o G
(B(Pys J' T HYS, 5 | Bi(Pis J', JE)) = (£1) x —= VgV

V2

6
CKMW/dpldPde3dp/1dp/2dpl363(p/3 -p3)

X YN (ST sm L LI TS ST LY LY T

St.smLiLm

x (B, (8", sm)la\ " BLV O L IBA(S', S P +ph —p1 —p2)

X Yin 1 (PP D)WL 1 (P1P2.P3)S (Pi =Py = Py = p3) 8 (P; = p =P —Pb),

(2.22)
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o o G 6
<Bm(Pi;leJ;)|HI1D(\;),2—>2|Bi<Pi;JI7J2)> = (£1) x —FVCKMVEKM—/dP1dP2dP3dP/1dP’2dP’353(P'3 -ps3)

V2 (27)*
X3y (S ST L L T (ST S5 LY L T
SL.SmLLLY

X (B (5", 8m)[a{ VLI OFE L IBAS', S)S P +ph —p1 —p2)

XY 1 (PP PO (P L 1 (P1P2.P3)3 (Pi =Py — Py = P3)
x 8 (P; —p| —p5 —ph), (2.23)

where the factor £1 is the color wave function overlap and 6 is the flavor symmetry factor. Besides, the concerned spin-
flavor matrix elements for PC and PV amplitudes of W-exchange diagrams are summarized in Tables XII and XIII in
Appendix B, respectively.

As for the transition matrix element (B;(Py)|Hp|B,,(P;)), we can evaluate it as

. 1 1
<Bf(Pf§Jf,J£)|HP|Bm(Pi§JZ,J§)> = 73—/ dp,dp,dpsdp dp),dp'5°* (p, — p1)5 (ph — p2)
vV (27)2wp fr
S DRI Ay 200 ZAVIRWISTCLNEY X0 KAVIW/Y
sEsmp! Lm
wp + 2(my + my +m3)
2(my + my + m;)
Xy, PPy P L 1 (P1-P2.p3)E (P =Py — P2 = p3)8 (Pr = py = py = Ph).

(2.24)

X (By(S!, S)|Tp(=0 - K)|B,, (5™, 52)) & (ps —ps +k)

in which the spin-flavor matrix element can be divided as

(B1p(~0 - k)|B) = —k x (BIpo.

B, (2.25)

where k = |k|. We summarize the values of matrix elements (B'}|Ipc.|B]) in Tables XIV and XV in Appendix B.
Obviously, we have <Bg|7 po.|B;) = 0 due to the heavy quark symmetry.

Analogously, the decay amplitude in Eq. (2.16) can also be obtained. Besides, based on the above discussion, we have the
relations

-1/2.~1/2 1/2,1/2 -1/2.~1/2 1/2,1/2 -1/2,1/2 1/2,-1/2
MPC/ /2= _MP/C / J MPV/ = MP</ / ) MPV{PC/ = MP</,PC/ =0 (2.26)
for the W-exchange diagram.

C. Nonrelativistic potential and baryon wave functions

In this section, we illustrate how to obtain the wave functions of baryons. For this purpose, we employ a nonrelativistic
Hamiltonian [44-46],

2

Pi
H = e : V.., 2.27
_IMQ%+m)+§jU (2.27)

i<j

=

to describe a baryon system, where m; and p; are the mass and momentum of the ith quark, respectively. The nonrelativistic
quark-quark interaction is given by V;; = V" + V];jy P+ V?;(Cm) + V?;)(tp), where the confinement potential V7", hyperfine
so(tp)

hyp so(cm
. ij

potential V7", color-magnetic spin-orbit potential V;
explicitly as [47-50]

>, and Thomas-procession spin-orbit potential V are given

033004-7
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TABLE II. Parameters used in the nonrelativistic potential
model. Besides, the masses of constituent quarks are taken
as m,, =370 MeV, m; =600 MeV, and m, = 1880 MeV
[47-49].

Parameters Values Parameters Values
o 0.560 b (GeV?) 0.125
o (GeV) 1.600 C (GeV) —-0.644
. 2a b C
yeonf — _Z 28 4 Zp 2 2.28
12 3rlj+2rlj+2 ( )
20, |87~
e _ =% 155008, S,
Y 3mlm] |:3 Y 1
1 [3s;-ris;-r;;
1 <7 _s, -s,-)] L (2
rij rij '
qu(cm):%C‘,]Xplsl_rljxpjsj
i 3r,3j m? m?
_rijxpj'si_rij Xpi.sj)’ (230)
mimj
prot) _ 1 OVE™ (ryxpi-si 1xp;s; (231)
g 2rij arl‘j }’f’ll2 m? ’ '

In the nonrelativistic quark potential, there are four phe-
nomenological parameters:

(1) the one-gluon exchange coupling constant a,

(2) the linear-confinement strength b,

(3) the constant C, and

(4) the smearing parameter o, which is introduced by

63

5(rij) = mexp(—azr%j). (2.32)

The phenomenological parameters of the nonrelativistic
potential model are shown in Table II, which can be
constrained by the well-established low-lying charmed
baryon spectrum.

In the study of the baryon spectrum, the masses and wave
functions can be obtained by the solving Schrodinger
equation with the nonrelativistic Hamiltonian

HIYsm,) = EIP)m,) (2.33)

in which the baryon wave function ¥, can be con-
structed suing the L — S coupling:

Wy, = Y COWE, |

spatial
‘I’(Ja]{,lj = ZCOlorH[sql sqz] s, S qg] SW;S,T?L (rpvrj)]j,Mjll/ﬂavor'

(2.34)

Here, C®) is a coefficient, and a represents all possible
quantum numbers. Besides, the spatial wave function

spatial . o
)"}, consists of p-mode and 4-mode excitations as
o

W?f;;iil("p,m) = Z (Lymy; 1y my|L,m, 4+ my)

m,,m,

X q/lp,mﬂ(rp)l//ll,mi(rﬂ)a (235)

with the corresponding Jacobi coordinates being defined as

rp =TI, —rp,
mry + mpr;
ry =y — 1T (2.36)

m1+m2

respectively. This is consistent with the picture in which a
single-charmed baryon is treated as a bound state of a light-
quark cluster and a charm quark, whereas a double-
charmed baryon is regarded as a bound state of a (cc)
cluster and a light quark, as shown in Fig. 5.

In the Gaussian expansion method, the infinitesimal-shift
Gaussian basis [41,51]

glm(r) :¢nGl(r)Y1m(i.)
2l+2(9,, \+3/2 1 Kinax
_ ( Un) lim : Z Clm.ke_yn (r—eDy,,1)*
\ VErE D e 2 Cm

(2.37)

is adopted to expand the spatial wave functions y; ,, and
Wi,.m,» in which the Gaussian size parameter v, in our

computations follows a geometric progression sequence
[18,52,53],

43

>
>

FIG. 5. Definition of Jacobi coordinates of the p-mode and
A-mode of the charmed baryon. We set ¢;¢,q3 = (gqc) for
single-charmed baryons and ¢, ¢,g3 = (ccq) for double-charmed
baryons.
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Vnzl/r%w rn:rminan_17
a= (rmax/rmin)nma]x_]? (238)
with  (r, .1, .m, )=(0.1fm30fm 10) and

(ry. .15 -n, )= (0.1 fm,3.0 fm, 10). The Gaussian
basis in momentum space can be obtained with the
replacements » — p and v, — 1/(4v,).

Finally, with the nonrelativistic potential and baryon
wave function prepared, we further solve the Schrodinger
equation using the Gaussian expansion method [41,51]:

(Ta/,a + Va’,a)c(a) — ENU/,U!C(”)’ (239)

where the matrix elements can be evaluated as

2
Z Pi a
<2mi - mlﬂ |\P524J>

o \a o
e - <ws,nz,|{
i=1,273

< JM,|ZVU|TJ M,>

/

(2.40)

III. NUMERICAL RESULTS

Before calculating the weak decay amplitudes, we first
discuss the masses and spatial wave functions of the
relevant low-lying charmed baryons. Adopting the non-
relativistic potential in Eqs. (2.28)—(2.31) with the phe-
nomenological parameters in Table II, we are able to get
the masses of corresponding charmed baryons along with
their spatial wave functions after solving the three-body

TABLE III. Comparison of theoretical and experimental values of masses of concerned charmed baryons.

States Quantum numbers (I,.1,,L,S,, S, J) PDG name This work [MeV] Expt. [40] [MeV]
A.(18) (0,0,0, 0,2 2 ) AF 2280 2286
A.(25) (0,0,0,0,1,1+) A (2765)* 2786 2765
Ac(12P)) (0, 1,1,0 ) A.(2595)* 2593 2595
Z.(18) (00,0, 1,%,;) ¥, (2455)t++0 2470 2455
z.(29) (0,0,0,1,1,1%) 2953

2. (17P;) (0,1,1,1,4.47) 2798

z.(11P;) (0,1,1,1,3.4) 2787

E(15) (0,0,0,0,1,1%) =hal 2481 2470
E.(25) (0,0,0,0,1,1%) 2.(2970)"0 2961 2970
E.(12P)) (0.1,1,0.5.57) E.(2790)*0 2780 2790
E.(18) (0,0,0,1,1,1+) g0 2589 2580
2.(25) (0,0,0,1,1,1+) 3058

Z.(12P)) (0.1,1,1,1 1) 2908

EL(1*P)) (0.1.1,1.3.57) 2894

Q.(19) (0,0,0,1,5.47) Q0 2701 2695
Q.(25) (0,0,0,1,1,1%) 3163

Q.(12P)) (0,1,1,1,1.47) 3018

Q. (1*P)) (0,1,1,1,3,17) 3000

E,.(15) (0,0,0,1,3,5%) B 3649 3621
CAPAY (0,0,0,1,1,1+) 4064

E..(1?P,) (1,0,1,0,1 1) 3965

E..(17P)) (0,1,1,1,1.47) 4064

B (14P)) (0,1,1,1,3,47) 4011

Q.. (18) (0,0,0,1,5.47) 3751

Q.. (25) (0,0,0,1,1,1+) 4185

Q..(1°P,) (1,0,1,0, %,% ) 4077

Q.. (1°P)) 0,1,1,1, % % ) 4149

Q. (1*P)) (0,1,1,1,3,17) 4093
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TABLE IV. Decay amplitudes Mp/p, "/ (in the units of 104G GeV?/?) of CF decays.

M—I/Z 1/2 Ml
Qf. - Qlxt T-diagram -53.96 T-diagram 2221
Qf - 2K C-diagram 17.69 C-diagram -35.61
C’-diagram -3.61 C’-diagram 12.14
B (18)-pole —54.75 24, (12P,)-pole x(s)
7 (25)-pole —2.57 /. (12P,)-pole ~1.90
E%(1*P,)-pole 70.04
Total —43.24 Total 44.67
Qf - BHKO C-diagram —43.65 C-diagram 20.32
C’-diagram 0 C’-diagram 0
El.(1S)-pole x(w) EL(12P,)-pole x(s)
El(2S)-pole x(w) Ej(lzpﬂ) -pole 0
EL(1*P,)-pole x(w)
Total —43.65 Total 20.32

Schrodinger equation. The computed results of masses are
summarized in Table III. Overall, our results for the masses
of low-lying charmed baryons are comparable to the
experimental values.

Having prepared the charmed-baryon wave functions,
we are subsequently able to calculate the weak decay
amplitudes numerically. The CKM matrix elements are
adopted in the Wolfenstein parametrization as

Vi =1-222, V=2
Vog=—4  Vo=1-12, (3.1)

where A = 0.22501 [40]. The decay amplitudes for CF,
SCS, and DCS processes are presented in Tables IV, V, and
VI, respectively. Here, we use the symbols x(w) and X(s)
to mark that the corresponding decay amplitude vanishes
due to the relevant weak or strong interaction vertex,
respectively. According to the pole model, the nonfactor-
izable amplitudes arising from W-exchange diagrams are
evaluated by considering intermediate low-lying poles,
specifically, A}, =, g0 =r., and Q. in this work. In
our calculation, for the PC amplitudes induced by double-
charmed baryon poles, the contribution from the 2§ pole is
significantly suppressed compared with that of the 1.5 pole.
However, for single-charmed baryon poles, the 25 pole
contribution remains comparable to that of the 15 pole. For
the PV amplitudes, the main contribution arises from
double-charmed baryon poles, who have quantum numbers
1*P,. In comparison, the contributions from either single-
charmed or double-charmed baryon poles with quantum
numbers 1P, are small.

In Table VII, we compare our results of factorizable
and nonfactorizable amplitudes of PV and PC amplitudes of
CF decays with other theoretical works [32-35,54], in
which particularly the nonfactorizable contributions from

W-exchange diagrams were estimated using the covariant
confined quark model [35], or the pole model, with relevant
nonperturbative parameters being derived from the MIT
bag model [33] or flavor symmetry [32,34]. In addition, the
authors of Ref. [54] considered long-distance contributions
arising from final-state-interaction (FSI) effects. In this
table, the decay amplitudes A and B are defined by

and they can be converted to Mpy pc by

= — | A
MPV Az ﬂEfEP 2m )(f){[ ’
m E;+m c-P
Mpe = — , | —2% (5 Ly LB (33
PC = 471' JTEfEP fEf+mf ( )

Clearly, the decay mode Q. — Q07" receives a contribu-
tion only from the 7 diagram and is therefore purely
factorizable. Our computed PV and PC amplitudes are
comparable with those of Refs. [32-34], except that the PC
amplitude is almost a factor of 2 larger than that of
Ref. [34]. The decay mode Q. — EXK° receives sub-
stantial contributions from nonfactorizable amplitudes. For
both the PV and PC amplitudes, the factorizable and
nonfactorizable parts interfere destructively. This is con-
sistent with the results of Refs. [33,35]. In contrast, the
decay mode QFf — EFKY has a small nonfactorizable
contribution in the pole model. However, a theoretical
study suggested that the FSI effects may play a significant
role in the nonfactorizable amplitude of Q. — Z/FK°
decay [54]. More theoretical analyses are required to verify
the nonfactorizable contributions.

Moving forward, we present a systematic investigation
of the branching fractions and up-down decay asymmetry

033004-10
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TABLE V. Same as Table IV but for SCS decays.

ML M2 1/2 ML M—1/2 1/2
Qf. - 202" T-diagram 2.78 T-diagram —443 Qf. - B0+ T-diagram  —6.91 T-diagram 2.49
B (1S)-pole  x(s)  Ef(12P;)-pole  X(s) :E*(IS) pole 1620 ZEf(12P;)-pole —0.14
Ef(28)-pole  x(s) EH(12P;)-pole 0 Ef(2S)-pole 848 = (12P,)-pole 0
= (1S)pole  x(w) EF(19P,)pole 0 = (1S)pole x(w) E(14P;)-pole 0
= (28)-pole (w) EF(28)-pole  x(w)
Total 2.78 Total —4.43 Total 17.77 Total 2.35
Qf. - QKT T-diagram  —24.56 T-diagram 13.54 Qf. - XK~ Ff(1S)-pole 17.15 ZEf(1%2P,)-pole —0.17
EF(1S)-pole  —3026 = (12P,)-pole  0.18 2 (2S)pole 827 E(12P)-pole 0
Bl (28)-pole  —9.55 Z+(12P,)-pole 0 B (1S)-pole  x(w) EF(1*P,)-pole 0
EF(1S)-pole  x(w) EF(1*P,)-pole 0 EF(25)-pole  x(w)
B (2S)-pole  x(w)
Total 25.42 Total —0.17
Total —64.37 Total 13.72
Ql. - Efn C-diagram  —3.43 C-diagram 714 Qf - Efy C-diagram  8.45 C-diagram —4.09
C’-diagram 0.29 C'-diagram  —1.72 C’-diagram 0 C’-diagram 0
Q7 (15)-pole  10.43 Q* (12P,)-pole  x(s) Q7 (15)-pole  x(w) Q* (12P,)-pole  x(s)
QF.(28)-pole  0.62  Qf (12P,)-pole 0.34 Ql.(28)-pole  x(w) Q/.(12P,)-pole 0
ES(18)-pole  x(s) j (1*P,;)-pole —7.20 Ef(1S)-pole  18.09 Q. (14P,)-pole  x(w)
Ef(28)-pole  x(s) Ef(12P))-pole  X(s) Ef(28)-pole  7.76  Ef(1%2P,)-pole —0.15
EF(1S)-pole  x(w) EF(12P,)-pole 0 EF(1S)-pole  x(w) EF(12P,)-pole 0
= (2S)pole x(w) Z(1P,)pole 0 = (28)pole x(w) Z(19P;)pole 0
Total 7.91 Total —1.44 Total 34.3 Total —4.24
QL - By C-diagram 1.17 C-diagram =9.04 Qf. — Efy C-diagram  —2.43 C-diagram 5.42
C'-diagram  —0.30 C’-diagram 2.19 C/ -diagram 0 C’-diagram 0
Qf.(15)-pole —12.64 Q* (12P,)-pole  x(s) Q/f.(15)-pole  x(w) Q* (12P,)-pole  x(s)
Q5.(28)-pole —0.42 Qf (12P;)-pole —0.34 QF.(2S)-pole  x(w) (lzPﬂ) -pole 0
Ef(1S)-pole  x(s) ;(14&) -pole 6.74 Ej(lS)-pole —3.44 QC (1*P,)-pole  x(w)
Ef(28)-pole  x(s) Ef(12P,)-pole  X(s) Ef(28)-pole —0.62 =S (1%2P,)-pole  0.020
EF(1S)-pole  x(w) EH(12P))-pole 0 EF(1S)-pole  x(w) ELF(12P,)-pole 0
B (28)-pole  x(w) EHF(1*P;)-pole 0 E.F(28)-pole  x(w) EL(1*P,)-pole 0
Total -12.19 Total —0.45 Total —-6.49 Total 5.44
Qf - BZta° C-diagram 1.37 C-diagram -2.18 Qf. - Eta° C-diagram  —3.40 C-diagram 1.22
Ef(1S)-pole  x(s)  Ef(12P;)-pole  X(s) Ef(1S)-pole 11.45 ZEF(12P))-pole —0.10
Ef(2S)-pole  x(s) E(12P;)-pole 0 Ef(28)-pole  5.99 EF(1%2P;)-pole 0
= (1S)pole x(w) EF(19P,)pole 0 = (1S)pole x(w) E(14P;)-pole 0
B (2S)-pole  x(w) EF(28)-pole  x(w)
Total 1.37 Total -2.18 Total 14.04 Total 1.12
Qf - XrK?  (C'-diagram 0 C’-diagram 0 Qf - AYK"  C'-diagram  0.85 C’-diagram -2.60
_CC(IS) -pole  x(w) Ei(1%P,)-pole  x(s) El(1S)-pole 10.71  Ef.(12P,)-pole  x(s)
‘—‘cc (ZS) pole X(W) E‘jc(lzp/l)'p()le 0 —‘L‘C(ZS) pOle 0.57 ch(lzp/l)'p()le 0.40
B (18)-pole  12.13 =/ (1*P,)-pole x(w) Ef(1S)-pole  x(s) El(1*P,)-pole —15.66
Ej(ZS)-pole 585  Ef(1?P;)-pole —0.12 Ef(28)-pole  x(s) EF(12P,)-pole  X(s)
B (18)-pole  x(w) EH(12P;)-pole 0 B (18)-pole  x(w) EiF(12P,;)-pole 0
B (28)-pole  x(w) EF(1*P;)-pole 0 EF(28)-pole  x(w) ELF(1*P,)-pole 0
Total 17.98 Total -0.12 Total 12.13 Total —17.86
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TABLE VI. Same as Table IV but for DCS decays.
ML Ml ML ML/
Qf. - 20Kkt T-diagram 1.35 T-diagram -273 Qf — EOKk*  T-diagram  —3.34 T-diagram 1.56
/\*(IS) pole  x(s) Af(12P,)-pole  x(s) AF(1S)-pole —-341 AF(12P))-pole  0.028
AF(2S)-pole  x(s)  ZF(12P))-pole 0 AL (28)-pole  —1.64  Tf(1°P))-pole 0
Zj(l S)-pole  x(w) T (1*P,)-pole 0 TH(18)-pole  x(w)  Xf(1*P,)-pole 0
25(28)-pole  x(w) 25 (28)-pole  x(w)
Total 1.35 Total —2.73 Total -8.39 Total 1.59
Qf - BfK% C-diagram —-0.94  C-diagram 190 Qf - =FK° C-diagram  2.33 C-diagram -1.08
A*(lS) -pole  x(s) AF(12P,)-pole  x(s) AF(1S)-pole  3.41  Af(12P,)-pole —0.028
Af(28)-pole  x(s) Zf(12P,;)-pole 0 Af(2S)-pole  1.64 ¥ (12P;)-pole 0
ZH(1S)-pole  x(w) T (1*P,)-pole 0 TH(1S)-pole  x(w) Ef(14P,)-pole 0
2F(2S)-pole  x(w) 2F5(2S)-pole  x(w)
Total —0.94 Total 1.90 Total 7.38 Total —1.11
Qi - 2% Af(1S)-pole 440 Af(12P,)-pole —0.044 QF — Afz® Af(L1S)-pole x(s) AF(1?P,)-pole  x(s)
AF(28)-pole  2.64  ZF(12P))-pole  x(s) Af(2S)-pole  x(s)  ZF(1?P;)-pole 0
ZH(18)-pole  x(w) ZH(1*P,)-pole 0 TE(1S)-pole  x(w) X (1*P,)-pole 0
2 (2S)-pole  x(w) 2F(2S)-pole  x(w)
Total 7.04 Total —0.044 Total 0 Total 0
Q. = X0t AF(1S)-pole 440 AS(12P))-pole —0.044 Qf. — ZfTz~ Af(1S)-pole —4.40 A} (12P,)-pole 0.044
Af(2S)-pole  2.64  TH(12P,)-pole 0 Af(25)-pole  —2.64 X*(12P,)-pole 0
TS (18)-pole  x(w) TF(1*P,)-pole 0 Zi(1S)-pole  x(w)  Xf(1*P;)-pole 0
25(28)-pole  x(w) 25(28)-pole  x(w)
Total 7.04 Total —0.044 Total —7.04 Total 0.044
QL - Xy C’-diagram 0 C’-diagram 0 Q. - A C'-diagram  —0.068  (’-diagram 0.37
Qﬁc(lS)-pole x(w)  Qf(1°P,)-pole  x(s) Q/.(1S)-pole  =2.16  Q[.(1?P,)-pole  x(s)
QL(28)-pole  x(w) Q (12P,)-pole 0 Qf.(28)-pole —0.16 Qf (12P,)-pole —0.077
AF(18)-pole  x(s) QL (1*P,)-pole x(w) Af(1S)-pole  x(s) Qi (1*P,)-pole  1.66
AF(28)-pole  x(s) AZF(12P;)-pole  X(s) AF(2S)-pole  x(s)  AF(12P))-pole  x(s)
ZH(18)-pole  x(w) T}F(12P,)-pole 0 TH(18)-pole  x(w) Ef(12P;)-pole  x(s)
ZH(28)-pole  x(w) T (1*P,)-pole 0 ZI(28)-pole  x(w)  Zf(1*P;)-pole 0
Total 0 Total 0 Total —2.39 Total 1.95
Qb - Xy (C'-diagram 0 C'-diagram 0 Qt. - Afy  C'-diagram  0.082 C’-diagram -0.49
QL(1S)pole x(w) OL(12P,)pole  x(5) Q:(1S)pole 286 QL(1°P,)-pole  x(s)
Ql.(285)-pole  x(w) Qf (12P,)-pole 0 QL.(28)-pole  0.14 Q. (1?P;)-pole 0.093
A*(lS)—pole x(s)  Qf(14P;)-pole  x(w) AF(1S)-pole  x(s) Qf(1*P;)-pole —1.87
AF(28)-pole  x(s) AZF(12P;)-pole  X(s) AL (2S)-pole  x(s) j(lsz) -pole  x(s)
Zj( S)-pole  x(w) Z¥(12P,)-pole 0 TH(1S)-pole  x(w) Ef(12P;)-pole  x(s)
I (28)-pole  x(w) Zf(1*P;)-pole O Z;(28)-pole  x(w)  Zf(1P;)-pole O
Total 0 Total 0 Total 3.08 Total -2.27

parameters a for two-body nonleptonic decays of Q.. The
decay width can be obtained using

872

2 slstin

k
ErZr s g

m;
! s/ st

(3.4)

—1/2.~1/2v4 1y 4—1/2.~1/2
_ 2Re[(MPV/ / ) MPC/ / ]

- -1/2,-1/2 -1/2,-1/2 ‘
IMp 272 4 | My 2R

the initial state BB;. At the same time, we also evaluate the
asymmetry parameter @, defined by

(3.5)

We present our computed results together with those from

where m; is the mass of particle B;, E; and Ep are the
energies of B, and P, respectively, and J is the total spin of
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TABLE VIIL

Comparison of factorizable and nonfactorizable amplitudes (in units of 1072G GeV~2), as well as the branching

+

fractions and asymmetry parameters « of CF decays by various theoretical works. It should be mentioned that the lifetime of Q. is
chosen as 7~ = 128 fs in this table.

Qi — Q%+ process Alae A At B B™ B™ B a
This work 4.78 0 4.78 —71.52 0 -71.52 4.41% —-0.70
Ref. [33] 5.71 0 5.71 —67.48 0 —67.48 3.96% -0.83
Ref. [32]* NRQM 6.25 0 6.25 —81.75 0 —81.75 6.02% —0.77
HQET 7.32 0 7.32 -95.32 0 -95.32 8.19% -0.77
Ref. [34] —4.11 0 —4.11 32.96 0 32.96 1.33% —0.96
Ref. [54] -7.3950% 0 -7.395007  61.607037 0 61607037 (6.815013)% -0.96
Qi — EfKprocess
This work —8.45 19.05 10.60 22.03 —75.88 —53.85 6.11% —1.00
Ref. [35] —4.02 12.17 8.15 6.20 —-19.23 —-13.02 1.98% —0.54
Ref. [33] 2.62 -8.90 —6.28 -5.29 13.40 8.11 1.15% —0.45
Ref. [32]* NRQM + FI 3.43 0 343 —8.13 —25.26 —-33.39 1.47% —0.84
HQET + FI 5.58 0 5.58 —-11.55 —25.26 -36.81 2.26% -0.97
NRQM + FD 3.43 0 343 -8.13 -53.00 —61.13 4.14% —-0.54
HQET + FD 5.58 0 5.58 —11.55 —53.00 —64.56 5.13% —0.75
Re. [54] 01288 AU @S- 09608 (36 (40HET  (L3E%  -0540)
4315100 4315770) 11.1074370)  11.107237)
Qi — EF KO process
This work 4.64 0 4.64 -59.24 0 -59.24 3.21% -0.77
Ref. [35] 2.26 —0.11 2.14 —-17.34 0.69 —16.64 0.31% -0.97
Ref. [33] —1.68 —0.04 -1.72 17.44 0.06 17.50 0.29% —0.88
Ref. [32]* NRQM -2.15 0 -2.15 26.9 0 26.9 0.67% —0.78
HQET -2.96 0 -2.96 37.6 0 37.6 1.30% -0.77
Ref. (54] 00808 (099705 (L1075 -0680% (5860 (490281 (0278 -042102

1.6310540)

1.6310641)

33573001

8.35:3904)

*“NRQM” and “HQET” represent that the factorizable amplitudes are obtained using the nonrelativistic quark model and heavy
quark effective theory, respectively, and “FI”” and “FD” represent that the pole amplitudes are obtained without or with considering the

flavor-dependent effects, respectively.

TABLE VIIIL

Branching fractions and up-down decay asymmetry parameters @ of two-body nonleptonic decays of the double-

charmed baryon Q.. It should be noted that the lifetime of Q. is adopted as 128 fs in this work, 300 fs in Ref. [32], and 206 fs

in Ref. [54].

This work Ref. [32] Ref. [54]

a B a B a

CF decays
Qf. > Qoxt 4.41% -0.70 (12.6, 17.2)% (=0.794, —0.800) (6.817013)% -0.96
Qf - EXK° 6.11% -1.00 (3.1, 4.9)% (—0.855,-0.982) (133439 % —0.541001
Q. - BFK° 321% -0.77 (1.4, 2.7)% (=0.791,-0.789) (274128 x 1073 —0.421002
SCS decays
Q. - B+ 0.45 x 1073 ~0.90 (1.6,3.7) x 1073 (0.640, 0.198) (2991034 % 1073 —0.341007
Q. —» E0xt 4.80 x 1073 0.26 (1.6,3.9) x 1073 (-0.934,-0.871) (0.96701%) x 107 —0.7479%7
Qf, » QUK+ 5.09% —0.41 (12.1.5)% (-0.759,-0.780)  (5.037035) x 10 —0.9810%
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TABLE VIIL (Continued)

This work Ref. [32] Ref. [54]

B a B a B a
Ql, - THK- 1.04% -0.013 8.0 x 107 - (1.675103) x 107* 0.3302%
Qi - Efn 1.01 x 1073 -0.35 (0.86,1.7) x 1073 (—0.997,-0.970)
QL = E'n 1.62% —0.24 (2.0,3.0) x 1073 (—0.516, —0.578)
Q. — By 1.76 x 1073 0.074 (8.4,0.14) x 1073 (0.995, 0.892)
Qf - Bty 0.66 x 1073 —-0.98 (4.8,7.8) x 107 (=0.856,-0.906)
Qf - 50 0.11 x 1073 -0.90 (4.2,5.3) x 107 (0.893, 0.992) (2.65393) x 107 0.2870 %
Q. - Efa 2.96 x 1073 0.16 (0.43,1.3) x 107 (-0.320,-0.972) (3.01753) x 107* —0.24107
Q. - ZfK° 520 x 1073 -0.013 4.0 x 1074 - (2.091745) x 107 —0.37190%
Ql. > ALK 8.83 x 1073 -0.93 4.0 x 1073 - (3.937337) x 107 0.341025
DCS decays
Q. - Bk 1.47 x 107 -0.79 (1.3,3.3) x 107 (0.100, —0.162) (0.172381) x 1073 —0.50% 001
Q. - EPKT 1.01 x 1073 -0.37 (3.3.6.0) x 10~ (—-0.684,-0.711) (0.137091) x 1072 —0.857910
Qf - EfK° 0.71 x 107 -0.79 (3.2,6.1) x 107 (0.962, 0.634) (2.10779) x 107 —0.321005
Q. - EFK° 7.72 x 107 -0.29 (0.85,1.4) x 107 (—0.564,-0.615) (1.32540) x 107 0.255951
Q. -3 846 x 107 —0.012 3.7%x 107 - (0.887)%) x 107° 0.9310%
Q. = Afn® 0 - (0.437048) x 1073 0.171938
Qf - 0t 8.46 x 107 -0.012 3.7x 107 - (1.34%55) x 107 0.997001
Ql. - Zita 8.46 x 107 -0.012 3.7%x107 - (0.6975%3) x 107 0.491052
Qf. =X 0 -
QL = Al 1.78 x 1074 —-0.98 1.2x10™* -
Q> X 0 -
Qi — Ay 2.29 x 107 —0.96 4.2 x 1077 -

branching fractions, whereas the SCS and DCS modes are
suppressed by CKM matrix elements. Our results indicate
that the branching fractions of the CF decays Q. — Q0z "
and EE»,>+7I+ reach up to a few percent. Interestingly, several
SCS channels—Q, — QUK+, ¥+ FK~, By, and Af K'—
can also reach the few-percent level. Particularly for the
QF — QUK+ decay, owing to the large factorizable ampli-
tude and constructive pole contributions, the branching
fraction is comparable to that of the CF decays. Besides, the
purely W-exchanged process Q. — X TK~ has large
nonfactorizable contributions from Ef (nS) poles, which
is different to the result of Ref. [32]. These decay channels
can serve as the discovery channels for the double-charmed
baryon Q. in future experiments, like LHCb and Belle II.

According to previous theoretical studies of meson
[55-60] and baryon [14,54,61-68] nonleptonic decays,
the FSI effects, as an important source of long-distance
contributions, may be non-negligible. Particularly for our

concerned Q.. — B.P processes, the FSI effects were
systematically considered in Ref. [54]. In their theoretical
framework, the factorizable amplitudes arising from 7" and C
diagrams were computed using the factorizable method,
while the nonfactorizable long-distance contributions were
evaluated by considering the rescattering processes
Q.. = B.P'(V) - B_.P. For the channels that are contrib-
uted by the T diagram, the factorizable contributions are
dominated, and the branching fractions of long-distance
contributions are suppressed by 107> — 10! in magnitude,
while for other channels lacking a 7' diagram, the long-
distance contributions are dominated. In our computation,
the decay amplitudes of Qf. — Afz" and Xy are
vanishing in the framework of the pole model. However,
after considering the long-distance contributions from FSI
effects, they predicted that these channels will have consid-
erable branching fractions with an order of magnitude of
10~ [54]. Future experimental measurements of these
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channels will help reveal the long-distance contributions in
weak decay mechanisms of charmed baryons.

IV. CONCLUSION

The discovery of double-charmed baryons is a forefront
research topic in heavy-flavor physics. As their ground
states are prohibited from decaying via the strong and
electromagnetic interactions while they can only decay via
the weak interaction, a comprehensive theoretical inves-
tigation of their weak decay modes is essential for guiding
future experimental searches. However, due to the non-
perturbative nature of low-energy QCD and the complex
dynamics in weak decays, particularly the nonfactorizable
contributions, the theoretical study of nonleptonic decays
remains challenging.

In this paper, we presented a theoretical study of the two-
body nonleptonic decays Q. — B, + P, where B, denotes
a single-charmed baryon and P denotes a light-flavor
pseudoscalar meson, such as z, K, or r](’>. The relevant
decay amplitudes were calculated within the framework of
the nonrelativistic quark model, and in particular the
nonfactorizable amplitudes contributed from W-exchange
diagrams were evaluated under the pole model assumption.
Moreover, in order to reduce the dependence of decay
amplitudes on phenomenological parameters, especially
those in the baryon wave functions, we adopted the
charmed-baryon wave functions obtained from a non-
relativistic quark potential model.

With the obtained decay amplitudes, we investigated the
corresponding branching fractions. In our calculation, the

branching fractions of CF decays Qf, — Q%z% and
Eg) Tt together with several SCS decays Qf, — QK+,
YHFK-, Efn, and AFKY, can reach up to a few percent.
Notably, the branching fraction of the SCS mode Q. —
QYK is comparable to those of CF decays, owing to large
constructive pole contributions. These decay channels can
serve as the discovery channels for the double-charmed

baryon QF. in future experiments, such as LHCb and
Belle II.
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APPENDIX A: SPIN-FLAVOR MATRIX
ELEMENTS IN W-EMISSION PROCESSES

In this appendix, the spin-flavor matrix elements in
W-emission processes are presented. Before calculating
the concerned values, we give the spin-flavor wave func-
tions of concerned charmed baryons. The spin-flavor
wave functions of S-wave double-charmed baryons are
chosen as [69]

Breg) = = Jslecars +(19)+ ()] (A1)
and that of S-wave single-charmed baryons are chosen as
98) = lsscrs + (13)+ (3, A7) =~ l(ude = duclyy -+ (13) + (23)]
|28 = % [(usc —suc)pa +(13) +(23)],  [E) = % [(usc + suc)ys + (13) + (23)],
20 = \k (dsc —sdelgs + (13) + (23)], |20 = Jlé [(dsc + sde)zs + (13) + (23).
54 = \% ueys + (13) + (23)],  |=5) = 16 [(ude + duc)ys + (13) + (23)],
50) = % lddeys + (13) + (23)]. (A2)

Here, we have
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TABLE IX. Spin-flavor matrix elements of PC (top panel) and PV (bottom panel) amplitudes for 7 diagrams. For
simplicity, the spin and flavor wave functions of pseudoscalar meson are omitted here.

Matrix elements Q1012 1) (201101Q41) E01101Q4 1)
(s21ls2,1) (.55 4l0-|0) 0 0 0
(sLalozlsz1)(s:55:41]0) 52 -3 3
(< |6|sz l> <SZ.5sZ.4|6|O>)Z 0 0 0
<75|1|S >< z4|0-z|0> %ﬁ _\]/_85 %
(s25l02]s: 1>< 1524/1]0) 52 -3 =
(s-5lols1) x (s,,5.4l010). sy s _si
(s 1l lsz.1) (52554 /110) —¥2 3 -1
(s 1loxlsz1) (s:55:4l0x(0) 0 0 0
(s 1loylsz1) (s 82552 4lo,10) 0 0 0
(1 lo]s2.1) (s 554l 0) 0 0 0
(52551 (s%5241110) _2 5 1
(52slols2) (5L 152l 0} s s -
(s25 1><5115 4lo,]0) -2 3 -1
(s z5|0 |s2,1)(s% 152.4]0:/0) — Ve -1
1 ) = [1/2,41/2). Besides, the spin wave
V- (22avbbet +atbiet + atblet 2 ; ; p
abeys \/6( 2atbiel +alble’ +avblch), function of a pseudoscalar meson is adopted as
1 . . .
1 —=(t} =11). For calculating the spin matrix
V= (a'hlet —atpted V2
abeyy 2(a bet —ablc?) (A3) element, the particle-hole conjugation (j,—m| —
(=1)7t™|j, m) is useful. This relation makes the antiquark
for the baryons of |S,5;) = [1/2.-1/2), and spin transform as (1| = |}) and (|| — =[1).
The spin-flavor matrix elements (B, |O|B;] ) associated
abc;(g — 1 2a'btet —atbe! — atbleh), with W—emi§sion processes are presenteq in Tal?les IX-XI,
6 which contribute to the PC and PV amplitudes in the 7', C,
1 ' di ively. The values of D|B;
abey! = - (atbtet —atbleh) (A4) and C Adlagrams, respectively. The values o <BfT|Q|B,T>,
2 (Bs1O|B;l), and (B;||O|B;1) can also be obtained.

TABLE X. Same as Table IX but for C diagrams.

Matrix elements <EL+¢|(A9|QL+L¢> (=+ “@|Q+ )
(8% 11]s2.1) (5:55:4]0:]0) —v3 e
(s%1loe]sen)(s:55:41710) _T\/sg 2
((sZ1lo]s.1) X (5.55.4]6]0)). i -5
(52sl1521) (.15 a10-10) 5 0
{s25l02]5.1)(5]15-.41110) -4 5
((se5lols.1) x (s7,15.41610)), 0 0
(521 1]s2.1) (s55:.41110) 5 1
(8% 1loxlsi)(s:55:4l0.]0) ?3 _%
(8% 1loyls21) (52.55-4l04|0) % -1
(8% 1loe]se1)(5:55:4]0:]0) %5 -1
(s251]s21) (5% 15:.4[110) N -1
(s z5|0x|5 1)(5%15-.4]0.]0) 0 0
(525l03]5:.1) (521524l [0) 0 0
(s S|GZ|S (s 5, 15.4l0:|0) 0 0
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TABLE XI. Same as Table IX but for C' diagrams.

Matrix elements EHIORL)  EHORL)  (E0RL)  (ALLOIRL])
(s21M1s21) (555 4l0-|0) —y —% ~3% —y
5 5
(s 1|(7 |sz1><s 552411]0) ¥ % 3 B
(571 lo]s2.1) X (s5255..4l010)). i -4 -4 3
(52511521 (5]15al0:[0) v -% % 2
(52.5]0: 521 (5% 15.41110) ~y % % -
({s:5l0]s:1) x ( 15:40610)), — -4 i Y
(s21l1]s21)(s:55.41110) —¥3 -5 -5 -3
(s aloxlsz 1) (s:55:4l0x(0) 3 —% -k v
<slz,l 6y|szl>< st 4|D-)|0> 1—\/5 _% _% 1_\/5
(5110 [520) (55541010 v 4 - s
(s25]s.1) (5% 15.411]0) \1/_25 -5 - \1/_25
<Sz.5|6x|s I><S/z,1§z,4|6x|0> —‘1/—2§ _3]76 —% _\1/_2§
<sz,5|6y|s 1><s/zl z4|6\|0> —‘1/—2§ _3176 —% _\1/_2§
(825002[52,1) (57 1524/0:0) —¥3 —% —% _3

APPENDIX B: SPIN-FLAVOR MATRIX ELEMENTS IN W-EXCHANGE PROCESSES

In this appendix, the spin-flavor matrix elements in W-exchange processes are presented. For the evaluation of these spin-
flavor matrix elements, we employ the following spin-flavor wave functions for excited baryons. For A-mode excited
charmed baryons with total spin |S, S.) = [1/2,+1/2), the spin-flavor wave functions |B); are taken to be the same as
those of the S-wave states. In addition, for -mode excited double-charmed baryons with total spin . =13/2,£1/2),
we adopt

Beoy)s = —%[cc% +(13) + (23)) (B1)

while for A-mode excited single-charmed baryons we adopt

1 1
Q)4 = 75[”0% + (13) + (23)], |ZE )y = %[WCIS + (13) + (23)],
1 1
|25y = 7[(”610 + duc)y, + (13) + (23)], =)y = 7 [ddcy, + (13) + (23)],
1 1
|2 )y = 78 [(usc + suc)y, + (13) + (23], 1E)y = NG [(dsc + sdc)ys + (13) + (23)], (B2)
where
1
abeyt = ——(atbtet + albiet + atbted),
V3
1
(le){_sT = 7§ (a*btct +atbed +albich). (B3)

Besides, the spin-flavor wave functions of p-mode excited double-charmed baryons with total spin
can be written as

z> = |1/2,:l:1/2>
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TABLE XII. Spin-flavor matrix elements for PC amplitudes of W-exchange diagrams with B}, = (2., Q/.).

Matrix elements (EIOBLL) (21 1O1B:) (ALIOIBY) (T 0B )
a\7B(1- 61 0)) 2 0 2 0
ag—)ﬁ(;)(] -6, -6,) % 0 % 0

1 diagrams can be obtained. The concerned values are
Becq)y = _%[CCCMA+(]3)+ @3 (B4 mmarized in Tables XIT and XII for PC and PV

amplitudes, respectively. Besides, the matrix elements
With the above preparations, the spin-flavor matrix  (B'}|Tpo.|B]) of strong interaction vertices are presented
elements for PC and PV amplitudes of W-exchange  in Tables XIV and XV.

TABLE XIII.  Spin-flavor matrix elements for PV amplitudes of W-exchange diagrams, in which B}, = (7., Q.), and the subscripts
p and A represent p-mode and A-mode excitations, respectively.

Matrix elements — (ESV|OIBLL)y  (EHNOIBLL), (EHOIBLA)y (EXFIOBLL)y (EFIOBLL), (E&IOIBLL)y

A~ (=) % 1 __1 __2_ 1 1
—0‘<1 /3(;)(0'1 -06,), 3v6 32 3V3 3V2 3v6 0
A (=) n(+) I i 20 i i 0
ay, ’'p, 0'1><0'2)z 3v6 3v2 3V3 3V2 3v6
A (a2 = 1 __1 _2 1 1
—a B 6 - 6), 36 33 3V3 32 36 0
~ (=) % ~ ~ — i i 20 i i
a<1 >ﬂ§+)(0'1 X 6), 3v6 3V2 3V3 3V2 3v6 0
Matrix elements (ASLOIBE )y (ALLIOIBE L), (ALLIOIB L)y (ZELOIBLA)y  (ZELIOIBLA), (ZELOIBLA)y
~ (=) % 1 __1 __2 1 1
—a\B (1 —a). 36 32 V3 32 36 0
a\ 7By (6 x 62). G £ Ve Wi e 0
A (=)D (+) /~ ~ 1 __1 __2_ 1 1 0
—ay B, (61 -62); 3v6 3V2 3V3 3V2 3v6
NGV ~ ~ — i i 20 i i
05(1 )ﬁ§+)(0'1 X 6), 3v6 3V2 3V3 3V2 3v6 0
Matrix elements (£ ||O|BL1) o, (B LOIBLL) L (EHLOBEL) 5 (AFLOBLL) 5 (SHLIOBLL) o (EELOIBLL)
~ (=) 1 1 1 1 1 1
—a\{B (1 —a). G 3 3 G e 3
a\ By (6 x 6). G £V 5 e Ew 3
()3 () 1 1 1 1 1 1
-, B, (61 -6,), 36 3v2 3 36 32 3
a\7BsY (61 x8,) N NG 3 36 33 3
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TABLE XV. Same as Table XIV but for Q. — ="
the second corresponds to the E, diagram.

n") decays, where the first value in brackets corresponds to the E; diagram, while

Matrix elements Values Matrix elements Values Matrix elements Values
(&0 28 {0.0} (ELe |~L Y {0.0}

EH e |E4]) {\/iécosé’,\/%siné’} (BT 1), {ﬁcosi,\/%sinﬁf} (EH,0 8 )y {%cos{,\/%siné}
(ErihelErl)  {Leostdsing) (&[0 |_c Yy {dcoss Lsing)

(EF L0 |24 ) {—‘?cosé‘,%sin(} (EF Lo |24 )y {—\/Ticosé,%sing} (EF L0, |8 )y {%cosé’,—‘/gsiné’}
Ef T 0|28 L) {0.0} SULyo |BE L)y {0,0}

(8¢
{%Sinc’_\%cosé’} (Ed l'l’o-z'*% 2
(EF UTyo L)y
)

(E T o |2

=)
o lEE )

=
Ef |l o B )

{L\/-siné —\/i-cosé_,’}

©
< “Iﬂ’az
(
( {——smij Zcos¢}

2

{——smC

{Lsing, —Lcost} (B [0 /g L)y

{%Sing‘,—\/%cosC}

)4 {3s1ng“
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Zcos(} (&S0,
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