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The doubly charmed baryon Z/" was observed by LHCb Collaboration in 2017. The branching
fractions of two-body doubly charmed baryon decays were predicted in the framework of a
rescattering mechanism, and some SU(3), relations were investigated in the topological amplitudes.
In this work, we study the correlation between a topological diagram at quark level and a rescattering
triangle diagram at hadron level in the doubly charmed baryon decay. The completeness of our
framework is confirmed from the fact that all 12 possible structures of meson-baryon scattering
appear once each in the intermediate form between the topological diagram and the triangle diagram,
topological-scattering diagram. It is found that the triangle diagrams derived from the topological
diagrams are consistent with the ones derived directly from the chiral Lagrangian. The relative

magnitudes of rescattering contributions in the C, C', E, E’, P, and P’ diagrams extracted from

SU(3), symmetry are consistent with the numerical analysis in literature. Taking Ef" — Efx

+
s

B - %%, and Ef, - Ef 2% modes as examples, we show the isospin relation is satisfied in terms

of triangle diagrams.

DOI: 10.1103/PhysRevD.105.073002

I. INTRODUCTION

In 2017, the LHCb Collaboration observed the doubly
charmed baryon =} via Ef;" - ATK 7Tzt decay [1].
Subsequently, the measurement of the lifetime of Z/;F and
the observation of 2/;7 — Efz" were performed [2,3]. The
discovery of Z1 benefits from the theoretical work [4], in
which the most favorable decay channels of Zf were
pointed out. In Ref. [4], the branching fractions of doubly
charmed baryon decays are estimated in the rescattering
mechanism, since the QCD-inspired methods do not work
well at the scale of charm quark decay. The rescattering
mechanism has been used in heavy mason and baryon
hadron decays in literature [5-13], and a systematic study
on doubly charmed baryon decays in the rescattering
mechanism has been performed in [14,15].

In the rescattering mechanism, the doubly charmed
baryon first decays into one baryon and one meson via a
short-distance emitted amplitude 75P. Then the ¢-channel
meson-baryon scattering between them serves as the long-
distance contributions. It forms a triangle diagram at hadron
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level. There are two different approaches to get the triangle
diagrams contributing to one decay channel: calculating the
hadron-level Feynman diagrams directly from the chiral
Lagrangian [14,15] or extracting from the topological
diagrams [8,9]. In the second method, topological-scatter-
ing diagram, the intermediate form between topological
diagram and triangle diagram, is used to describe the
transition from a 7 diagram to other diagrams such as
E, C ... etc. However, the triangle diagrams given by these
two methods are not consistent in literature [9,15].
A further study is necessary.

Inspired by the idea of a topological diagram expressed
in the invariant tensor [16—18], we proposed a theoretical
framework to associate topological amplitude and rescat-
tering dynamics in heavy meson decays in Ref. [19]. In this
framework, both the triangle diagram and the topological-
scattering diagram are expressed in the tensor form. The
coefficients of triangle diagrams can be derived from the
quark diagrams. In this way, the conflict between two
approaches to obtain triangle diagrams is solved. The
triangle diagrams derived from topological diagrams are
the same as the ones derived from the chiral Lagrangian. In
this work, we generalize the theoretical framework pro-
posed in [19] to the doubly charmed baryon decays. It is
found that the 12 possible structures of meson-baryon
scattering appear once each in the topological-scattering
diagrams. And the rescattering contributions in C, C', E, F’,
P, and P’ diagrams have definite proportional relation
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under the SU(3), symmetry. Taking Ei" — Efzt,
2. - E0%*, and Ef, - EF2° modes as examples, we
show our framework in detail. One can find the isospin
relation between them is held in terms of triangle diagrams.

This paper is organized as follows. In Sec. II, we
construct the theoretical framework of the relation between
topological amplitude and rescattering triangle diagram.
In Sec. III, the reliability of our method is checked in the
ELf - Efat, BL - B, and £/, — Ef 2% modes. And
Sec. IV is a short summary.

II. FROM TOPOLOGICAL DIAGRAM TO
TRIANGLE DIAGRAM

In this section, we write the topological-scattering
diagram and triangle diagram in the tensor form and
analyze the relation among topological diagram, topologi-
cal-scattering diagram, and triangle diagram. In the SU(3)
picture, pseudoscalar meson nonet |M;> is expressed as

L+ Ll L), K+
My = |77). ~ 5% +Jlns). 1K)
k), K, =)
| Im). 0. 0
7 0. |m). 0 . (1)
0, 0, |m)

where i is row index and j is column index. The vector
meson nonet is

L1 + L), o), k)
V)= P =)+ Sle), [K)
K). &), 9)
2)

The doubly charmed triplet baryon is expressed as

Bee) = (1B (ceu)),

Eeclced)),

Q(ces))). (3)
The charmed antitriplet baryon is expressed as

0 JAD) B
-lAf) 0 B | 4)

= -2 0

|B.3) =

The amplitude of doubly charmed baryon decays into a
charmed antitriplet baryon and a light meson in the
Standard Model (SM) can be expressed as a sum of
invariant tensors,

A(Bcc - BciM) = T(Bcc)iHijMf(Bcﬁ)U + C<Bcc)iH§kM§<Bc§)ij + C/(Bcc)iH{ij'(Bﬂ)lk
+ E(Bcc)iH;kM{(Bci)lk + E/(Bcc)iH;ch{(Bcg)lk + ES<Bcc)iH;kM5<Bc§>jk
+ P(Bcc)iHlei(Bcﬁ)[k + P/(Bcc)iHle;.c(Bcﬁ)jk + PS(Bcc)iHﬁ'lMi(Bcﬁ)ij' (5)

If the index contraction is understood as quark flowing,
each term in Eq. (5) is a topological diagram. The
topological diagrams contributing to B.. — BsM are
listed in Fig. 1. The first five diagrams, 7, C, C’, E, and
E', are tree-level topological diagrams and have been
analyzed in literature such as [14,15]. ES is the singlet
contribution. The last three diagrams are quark-loop con-
tributions. There is a sign arbitrariness in the definition of
the topological diagram in Eq. (5). For example, if we
define the 7 amplitude as (B..);H} ;M (B.3)’, an addi-
tional minus sign will appear in the 7 amplitude because of
(Bcg>U = _<Bc§x)]l'

In the factorization approach, amplitude 7" is dominated
by factorizable contribution, 75P. Since CSP is the Fierz
transformation of TSP, the factorizable part in the C
amplitude is also important. The factorizable contributions

TSP and CSP can be parametrized as the decay constant of

|
the emitted mesons and the other is expressed as the
transition form factors." In the final state interaction
(FSI) framework, the nonfactorable QCD effects can be
modeled as an exchange of one particle between two
particles generated from the tree emitted amplitudes, TSP
and CSP. There are s-channel and t-channel contributions
in the final state interaction, or referred to as resonance and
rescattering contributions respectively. In this work, we
focus on the #-channel FSI contribution. It forms a triangle
diagram at hadron level, and can be derived from topo-
logical diagram via the topological-scattering diagram. In
the rest of this section, we will study the relation between
the topological diagram, topological-scattering diagram,
and triangle diagram and give physical consequences. The
factorizable contribution of the C diagram is suppressed by

'Please see literature such as Ref. [15] for details.
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FIG. 1. Topological diagrams contributing to the B.. — B 3M decays in the SM.

the color factor at charm scale with the effective Wilson
coefficient a,(m.) = C(m,) + C,(m.)/N.. So we neglect
the factorizable contribution CSP and only analyze the
rescattering contribution arisen from 75P just like Ref. [15].

Following Ref. [19], we express the topological-scattering
diagram and triangle diagram in the tensor form, taking £
diagram as an example. The topological-scattering diagram
of T = E transition forms a triangle diagram at hadron
level, see Fig. 2. Here the superscript “SD” in T has been
omitted for convenience. In the tensor form of the topological
diagram, the T diagram is written as (B,..) qH,pnnM,’f(Bcg)q”,
and the E diagram is written as (BCC),-H;kM{(BL.g)lk. The
T = E transition can be written as

L(E)[i. j. k. 1] = (B..) HhnM? (Bo3)" - MbVL,M]
’ (Bcg)qnvii(Bcf_%)lk : 51' 5./'m5kn -0

iq*

p

L(E)[i,j, k1] is a topological-scattering diagram. It can
also be understood as a triangle diagram. The 7" diagram in
the left is the weak vertex of the triangle diagram. The MV M
vertex is a meson-meson scattering vertex and (B.3)V(B,3)
vertex is a meson-baryon scattering vertex. The index
contractions of Mi,My, VIV, and (B.5)(B.3) gn are three
propagators. The Kronecker symbols are used to set
Hpy = HYy and (B,.), = (B.);- We only consider the
vector meson and charmed antitriplet baryon exchanges
here, i.e., B.. - MB.; - MB_. via exchanging a vector
meson or charmed antitriplet baryon. Other processes such as
B.. = VBs— MBs3, B.. » MB., — MB,, are similar
to the case of B.. —» MB.; — MB_;. We will not present
details in this work. Besides, please notice the order of indies
of the meson-baryon vertex. Due to the antisymmetric light
quarks in the charmed antitriplet baryon, we have

M

A((Be)s, M, B V!

J Lk
3 Vi Ml ? Bcs)

FIG. 2. Topological-scattering diagram and triangle diagram in 7' = E transition.
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(Bcg)ijV;c(Bcﬁ)kl = _(Bcﬁ)"vi(Bc_)kl = (Bcﬁ)ijV{(Bcg)kl
= ~(B.3);;Vi(B3)". (7)

It guarantees the sign arbitrariness of the topological diagram
cannot affect the sign of the triangle diagram.

For the completeness of our theoretical framework, we
list all the tensor structures in T = E',C,C',T,P, P’
transitions. 7' = E":

b)l

L(Ei,j. k. 1] = (Be) HonMy (B.3) "
- M (B3) p(B)' - (B.3) y(B3)"'M]
: 5ip5km5jn : 5iq' (8)

T = C:

L(O)[i. j. k1], = (B..), HhnM (Beg)" - M,V MY

. (B )qn j( )lj : 5lp5jm5kn : 5iq’ (9)

L(C)[i.j. k. 1y =(Bee) JHmnMy (Bi3)™ - Miu(Be3),p (B.3)
1 (Bi3) g (Be3) ' M}
- 818 Ot - Sig- (10)

T=C:
L(Ci,j. k1] = (Bee) jHinMy (Be3) " - My Vi M
'(Bc§)qnvlq(8c§>1k'5jp51m5kn'(Siqv (11)

L(C)[i,j k.l =(Bee) gHinMy (Biz) ™" - My (Bes) pie (B3

pk

“(Be3) gu(Bez) "M 88101 8ig- (12)
T=T:
L(T)[i,j.k 1)y = (Bee) JHinMy (Bos) ™" - M3 Vit M|
“(Be3) g Vi(Be3) 7 - 81p81mbin - 6ig - (13)
L(T)[i.j.k.1], = (Bee) JHnnMi (B z)" - My Vit MY

. (Bc ) Vn(Bc3)ij : 5lp5km5 51(11 (14)

qn " j

FIG. 3.

L(T)[i,j. k. 1)y = (Bee) JHinaMy (Bes )" - MV, M
(BL )qn z( c3)j 51[75](”15]" 5[(]7 (15)
Lok 1y = (Bu) HM (B )97 - MAV!
'(Bc§)qn ]( L3)J 5lp5km5 5iq- (16)
T = P:
L(P)[i. j. k. 1) = (Bee) HonMiy (Bz)T" - ML VS MY,
: (Bcﬁ)anZ(Bci)lk : 5lp5jm5ln : 5iq' (17)
T=P:

L(P)[i,j k1] = (Bee) HinMpy (B3)"" - Min(B.3) pic(Bes )¢
'(Bcg)qn( cg)llkM;c'élpéjm6111'5iq' (18)

The triangle diagrams constructed by the topological-
scattering diagrams in T=FE, T=C T=C,
T=T,T= P, and T = P transitions are shown in
Figs. 3-8, respectively. As pointed out in Ref. [19], the
nonperturbative effects in the ES and PS diagrams cannot
be modeled into a triangle diagram because they can be
divided into two unconnected parts by cutting off gluon
propagators.

There are 12 different substructures of meson-baryon
scattering in Figs. 2-8. All of them can be summarized as
Fig. 9. S; in Fig. 9 represents the meson-baryon scattering
induced by a quark exchange between meson and baryon.
There are four different choices of exchanging a light quark
between a light meson and a heavy baryon, corresponding
to the meson-baryon scattering in topological-scattering
diagrams L(C),, L(C"),, L(E), and L(P), respectively. S,
in Fig. 9 represents the meson-baryon scattering induced by
inserting two meson currents in one valence quark of
baryon. There are two different choices in light meson-
heavy baryon scattering, corresponding to the scattering in
topological-scattering diagrams L(C), and L(C’),. S5 in
Fig. 9 represents the meson-baryon scattering induced by
inserting two meson currents in two valence quarks of

ij il
A((Bee)i, M7, B] , B3, BEL M])

c3’

Topological-scattering diagram and triangle diagram in 7 = E’ transition.
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FIG. 4. Topological-scattering diagram and triangle diagram in 7 = C transition.

L(C3)

FIG. 5.

baryon. There are two different choices in light meson-
heavy baryon scattering, corresponding to the scattering in
topological-scattering diagrams L(E’) and L(P'). S, in
Fig. 9 represents the meson-baryon scattering induced by
exchanging a neutral meson propagator without quark
exchange or meson current inserting. There are four
different choices in light meson-heavy baryon scattering,

1k
Bz

A((Beo)i, ML, B, Bly, B, M)

3

Topological-scattering diagram and triangle diagram in 7 = C’ transition.

corresponding to the scattering in topological-scattering
diagrams L(T),, L(T),, L(T)5, and L(T),, respectively. In
the end, the topological-scattering diagrams in 7 = CU),
T=E", T= P, and T = T transitions cover all 12
possible structures of meson-baryon scattering without
repetition. Thereby, the topological-scattering diagrams
listed in Figs. 2-8 are complete.

073002-5
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FIG. 6. Topological-scattering diagram and triangle diagram in 7 = T transition.

il
B

L(P) A((Beo)i, M}, BL, VF, M}, B%)

3

FIG. 7. Topological-scattering diagram and triangle diagram in 7' = P transition.
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FIG. 9. Sketches of meson-baryon scattering in the long-
distance contributions of doubly charmed baryon decays into a
charmed antitriplet baryon and a light meson.

III. EXAMPLES AND DISCUSSIONS

In this section, we take the Z/;" — Efz*, 5. — Bz,
and Z}, — Ef7° modes as examples to illustrate the

reliability of the method proposed in the last section.

The topological amplitude of ZEf" — Efz' decay is

T + C'. The rescattering contributions modeled by a
triangle diagram at hadron level can be written as

1
L(C/)l [u’ d’ S, I/l] = _EA(E&+77[+7EZ§>7PO, 7[+7 E?)

| B - -
—EA(:ZQ.*,HJF,.:j,a),ﬂ*,zj), (19)
L(C')ylu,d, s,u] = AELS, #H, EF BB 27),  (20)

1 Lanl L] —
L(T)3[M,S, l/l,d] = _EA(:‘j—C_’—? ”+":‘Z’Fap07”+7:‘£"—)
1
—l—EA(EfC*,ﬂ*,Ej,a),ﬂ*,Eﬁ). (21)

In the topological-scattering diagram L(C'),[u,d, s, ul,
the quark constituent of the vector propagator is wuii.
According to Eq. (2), uit = |p°)/V/2 + |w)/+/2. There
are two strong vertexes in the triangle diagram. The
coefficient 1/2 is induced from multiplying 1/v/2 two

il
B3

A((Bu)i, Mj, BL, Bis, B'S, Mj)

3

Topological-scattering diagram and triangle diagram in 7 = P’ transition.

times, (1/v/2) x (1/v/2) = 1/2. The minus sign before
1/2 arises from the cross in L(C"), [u, d, s, u] because of the
commutator in the effective chiral Lagrangian of meson-
meson scattering [19]. In 7 = T transition, the topologi-
cal-scattering diagram L(T),[u, s, u, d| vanishes due to the
Pauli exclusion principle [19] and hence only
L(T)s[u, s, u,d] is left. In the topological-scattering dia-
gram L(T)s[u,s,u,d], the quark constituent of vector
propagator is uii/dd. uii = |p°)/\2 + |w)/\2, dd =
—[p")/v2 4+ |w)/v/2 and hence the propagator VY =
—p°/2 4+ w/2. Summing the T and C' amplitudes, the
rescattering contributions in the .7 — Ef 7" decay is

A (Bl > Erat)=L(C),[u,d,s,ul + L(C'),[u,d,s,u]
+L(T)5[u,s,u,d|

3
= —A E;&-C+’ﬂ+ =+ pO’ﬂA— :‘—&-)

y=—ic 9 9 —ic

+AES 2 B ELE ). (22)

Notice that the contributions associated with wzz vertex
cancel each other.

Similarly, the topological amplitude of =i, — Efx
decay is \/LZ (E — C'). The rescattering contributions include

0

| - - -
L(C),[d,d,s,ul = EA(:.;’C,ﬂJ“, 20, pt, 20 EY),

N

1 , L
_\/_EL(C )ald.d, s, u] =

A(':+ at 50 20 =+ ﬂ.O)’

—cco gy ey ey

N

(24)

1 1
—L(E)[d,u,s,ul =—=A(Ef, n+, B0, p*, 70, EF).  (25)

V2 V2

Summing the C’ and E amplitudes, we have
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1
A(EE = i) == (LI (s
+L(C'),ld,d,s,ul—L(E)[d,u,s,u])
=V2AEL 7" ELpt. 2" E))
1

——=AEL, 2T, BV BB 0. (26)

V2

The topological amplitude of Zf, — %7+ decay is T + E.
The rescattering contributions include

1
L(E)[d,u,s,d] = EA(EZFC,n’*, =22, p0, xt, 50)
1
+§A(ch,n+,52,w,n+,59), (27)

1
L(T)[d. . s.d) = 5 A(E 7+ 20 o0 7 D)

o

Summing the 7 and E amplitudes, we have

A (B - Bt = L(E)[d, u,s,d] + L(T),[d, s, u, d|

= A(EL, nt, B p0 7t BY). (29)

Again, all the contributions associated with the wzz vertex
cancel each other.

Under the isospin symmetry, the particles in an isospin
multiplet are the same. Then we have
CHRIPANC VP N-1Y

4

c

—_ —0 0 —

Zees ﬂ+’:‘c7p+9” v'::'r)
C

Bl ot BLp, at, BY),

+ =+ =20 =+ -+
ce s T B s Ses Se s T )

= A(EL, nt, B0 B0 B 20). (30)

The decay amplitudes of =/t — Zfzt, 2. — E+7°, and
=2 — B0 channels can be written as

AL(ELF = Bin®) = —A + Ay,
1
AL(Bf = Ef %) = V24, ——=A,,
L( ) 1 \/i 2
A (BY, - Blnt) = A, (31)

One can check the isospin relation

AEL - Bfn) + V2AEL - BEx)
— A(E!, - B02T) =0 (32)

is satisfied in terms of triangle diagrams.

Because of the cancellation of the neutral propagators
such as in Eq. (21), the rescattering contributions in the T
diagram are zero under the flavor SU(3) symmetry [19],
L(T), = L(T), = L(T); = L(T), = 0. Considering that
there are two different configurations of triangle diagrams,
the intermediate exchange particle served by meson or
baryon, and all triangle diagrams are the same with the
same configuration under the flavor SU(3) symmetry, we
get two proportional relations between the topological-
scattering diagrams:

L(C), = L(C'), = ~L(E) = ~L(P),
L(C), = L(C), = ~L(E) = -L(P).  (33)

Notice the sign arbitrariness of the topological diagram
does not affect the sign of the triangle diagram because of
Eq. (7). There is a sign arbitrariness of the equations
in Eq. (33).

The rescattering contributions can also be constructed by
the two particles emitted from the short-distance C ampli-
tude. In the topological-scattering diagram, it is equivalent to
use CSP to replace T5P. The topological-scattering diagram
of C = X transition L'(X) can be obtained from the
topological-scattering diagram of 7 = Y transition, where
X, Y are two same or different topological diagrams.
Specifically, the relations between the topological-scattering
diagrams arisen from CSP and 75P are summarized to be

CSD CSD
L0y =Sotmn 1E) = oL,
SD SD
L(E) = T L(E). LT, = L(C),
CSD CSD
L'(C); = —5 L(C);, L'(P)= WL(PF),
vy =S L (34)
- TSD F/»

in which the Pg) diagram is the Fierz transformation of the

PU) diagram, see Fig. 10. In the SM, Pg) diagram is zero if
one of the tree operators O, or Q, is inserted into its weak
vertex. Since CSP /TSP is expected to be suppressed at least
by one order, the rescattering contributions arisen from CSP
will not affect Eq. (33) heavily. If the s-channel one particle
exchange is considered, Eq. (33) will be broken. But Eq. (33)
is still significant as a rough estimation of the long-distance
contributions.

In Ref. [15], the authors extracted the ratios of topo-
logical amplitudes based on the numerical estimation of
triangle diagrams in the rescattering mechanism and con-
cluded that |C'|/|C|~ |E|/|C|~ |E'|/|C|~O(1). The
same conclusion is also obtained in the soft-collinear
effective theory [20,21]. In this work, this conclusion is
verified without numerical analysis. In the large N,

073002-8
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FIG. 10. Py (left) and P} (right) diagrams, the Fierz transformations of P and P’ diagrams, respectively.

expansion, the meson-baryon scattering S, S,, and S5 in
Fig. 9 are at the same order, NO[22]. Thereby, all the triangle
diagrams in the rescattering mechanism have the same order
according to Eq. (33). The long-distance contributions in
topologies C, C', E, E' are expressed as one or two triangle
diagrams and hence comparable. Except for C, C', E, E’
diagrams, Eq. (33) also indicates that |P| ~ |P’| ~ |C|. Then
the relation can be extended to |C'|/|C|~ |E|/|C|~
|E'|/|C| ~|P|/|C| ~ |P"|/|C| ~ O(1). The large P and P’
amplitudes could resultin a CP violation of the order of 1073
in the charmed baryon decays.

IV. SUMMARY

In this work, we investigated the correlation between
topological diagrams at quark level and rescattering

dynamics at hadron level in the doubly charmed baryon
decays. It is found the rescattering triangle diagrams
derived from topological diagrams are consistent with
the ones derived from the chiral Lagrangian. All 12
possible structures of meson-baryon scattering appear once
each in the topological-scattering diagrams. The rescatter-
ing contributions in C, C', E, E’, P, and P’ diagrams have
definite proportional relation under the SU(3), symmetry.
Our framework is checked in the
Ef. - %+, and £, — =/ 72° modes. The isospin relation
is satisfied in terms of the triangle diagrams.

B 2t
i - Blnt,
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