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Abstract We construct a leading-order effective field the-
ory for both scalar and axial-vector heavy diquarks, and con-
sider its power expansion in the heavy diquark limit. By
assuming the transition from QCD to diquark effective the-
ory, we derive the most general form for the effective diquark
transition currents based on the heavy diquark symmetry. The
short-distance coefficients between QCD and heavy diquark
effective field theory are also obtained by a tree level match-
ing. With the effective currents in the heavy diquark limit,
we perform a reduction of the form factors for semi-leptonic
decays of doubly heavy baryons, and find that only one non-
perturbative function is remaining. It is shown that this soft
function can be related to the Isgur—Wise function in heavy
meson transitions. As a phenomenological application, we
take a single pole structure for the reduced form factor, and
use it to calculate the semi-leptonic decay widths of dou-
bly heavy baryons. The obtained results are consistent with
others given in the literature, and can be tested in the future.

1 Introduction

In the past, the conventional quark model has successfully
explained structures of numerous hadronic states observed
in a large number of experiments. However, not all predicted
particles by the quark model have been experimentally estab-
lished. In particular, doubly heavy baryons, that is baryonic
states made of two heavy quarks, are of this type. After pur-
suing the E.. for many years, the LHCb collaboration finally
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announced in 2017 the observation of EX", a lowest-lying

doubly-charmed baryon whose mass is give as [1]
mgi+ = (3621.40 £ 0.72 £ 0.27 £ 0.14) MeV. (1)

This inspiring observation follows an earlier prediction Ref.
[2], where the E" is expected to be reconstructed from the
decay channel 21" — AT K 77 ™. One yearlater, LHCb
has also successfully measured the E s lifetime [3], and
reconstructed this resonance from the Ejn“‘ final state [4].
Thus, the existence of the E" is unambiguously established.
We believe that through continuous experimental efforts [5—
71, other heavier doubly heavy baryons could be discovered
in the future. In addition, there have been numerous theoret-
ical studies aiming to understand the dynamical and spec-
troscopical properties of the doubly-heavy baryon states, see
e.g. Refs. [8—42]. However, a comprehensive description of
the decay mechanism of doubly heavy baryons is not estab-
lished yet.

Generally, an ideal platform for studying hadrons is
through semi-leptonic weak decays. The main advantage of
a semi-leptonic process is its naturalness in separating the
QCD relevant and the QCD irrelevant dynamics in the weak
decays. All the QCD dynamics is encapsulated in the hadron
transition matrix element, which is independent from the lep-
tonic part and can be parametrized by several form factors.
However, as a three-body system, a doubly heavy baryon
possess a much more complicated dynamics than a heavy
meson.

A straightforward way to consider this problem is to
reduce a doubly heavy baryon into a two-body system, where
two of the three quarks are treated as a point-like diquarks.
Generally, each two quarks in a baryon form a color antitriplet
so that they might be bound by an attractive potential. How-
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ever, for a doubly heavy baryon, it is more reasonable to
treat the two heavy quarks behave as static color sources
and thus as a diquark. According to Refs. [36,37,43], there
are three different momentum scales display in the dynam-
ics of a doubly heavy baryon: the heavy quark mass mg,
its typical 3-momentum mgv in the rest frame of baryon,
and its typical kinetic energy va2. The spatial size of the
two heavy quarks can be estimated to be rggp ~ 1/mgv,
while the distance between one of the heavy quarks and the
light quark is approximately ro, ~ 1/Agcp. As argued
by Ref. [44], when m ¢ is heavy enough the heavy quark
velocity v is proportional to the running coupling constant
as(mg) ~ 1/log(mg). Thus, for doubly bottom baryons,
one can deduce that v, < 1 and m;,vg <L mpvp K my. Par-
ticularly, quark potential model calculations indicate that for
charm quark vf ~ 0.3 and for bottom quark vi ~ 0.1 [45].
This implies that mpv] ~ mcv? ~ Agep ~ 350 — 500
MeV, while mpvp, ~ 1.5 GeV and m.v. ~ 800 MeV.
Thus, rpp/rpq ~ 1/mpvp K 1 is perfectly satisfied and
Fee/Feg ~ 1/mevc is also suppressed. Accordingly, one can
conclude that in a doubly bottom baryon, the two bottom
quarks can be safely combined to be a point-like diquark,
while the same treatment for the two charm quarks in a doubly
charmed baryon is approximately reasonable. In the heavy
diquark limit, the heavy diquark is a static color source in the
3 representation, just like a heavy anti-quark. Some earlier
papers [46—49] have used the heavy quark-diquark symmetry
to simplify the transition form factors.

In this work, we will try to develop a heavy diquark effec-
tive theory (HDiET), whose Lagrangian is expanded in pow-
ers of rgp/rog. At leading-order, the diquark appears as a
point-like scalar or axial-vector particle described by a scalar
or axial-vector field in the color 3 representation. The scalar
HDIiET has been developed in [50], where the leading order
(LO) effective Lagrangian coupling two scalar diquarks and
two light quarks was obtained. In this work, we will first
construct HDIiET for both scalar and axial-vector diquarks.
For the transition form factors we will assume the applicabil-
ity of HDIET, and by assuming the diquark to be a point-like
particle, we can construct the weak and electromagnetic tran-
sition currents of the diquarks according to the SU(2) heavy
flavor symmetry and U(1) symmetry. On the other hand, in
the large recoil region, the diquark currents will be derived
through the matching between QCD and HDiET at tree level.
We then show that the six transition form factors of doubly
heavy baryon semi-leptonic decay can be reduced into only
one soft function. Furthermore, it will be shown that this soft
function is an universal quantity which is nothing but the
well known Isgur—Wise function in HQET for heavy meson
decays. These results can be used in the phenomenology stud-
ies.

This article is organized as follows: In Sect. 2, we construct
the LO diquark effective theory (DiET) Lagrangian includ-
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ing the kinetic part as well as the terms coupling with weak
and electromagnetic fields. The DiET is also transformed to
HDiET in the heavy diquark limit. In Sect. 3, we derive the
diquark transition currents both from symmetry and tree level
matching. Section 4 focuses on the semi-leptonic decays of
doubly heavy baryons. We perform a reduction of the tran-
sition matrix element, where a universal soft function is fac-
torized out and the ¢ distributions of all the six form factors
are completely determined from it. The resulting form factors
are used to predict the semi-leptonic decay widths. Section
5 contains our conclusions.

2 Heavy diquark effective theory
2.1 Effective Lagrangian for scalar and axial-vector diquark

In this section we will construct the DIET at leading
order. The first step is to write down the diquark effective
Lagrangian. We denote the scalar and axial-vector diquark
field as S* and X L, where i is the 3 color index. The free
scalar diquark Lagrangian is simply

1 . 1 .
Ls = Eaﬂsﬁaw — Emi(s”s’. )

Here we have assumed that both the scalar and axial-vector
diquark have the same mass m x. On the other hand, to con-
struct the axial-vector diquark Lagrangian, one should be
aware of that X ;L is a matter field in the color fundamental
representation 3, instead of the adjoint representation which
belongs to the standard gauge fields. Therefore, the axial-
vector diquark field is not required to couple with any con-
served current, and it seems not necessary to construct the
effective Lagrangian with the building blocks of the strength
tensor F,, = 9, X}, — 9, X}, as is done for Yang-Mills theory.
Instead, one can write down a general form

Ly =ad,X,0"X} +b3,X,0"X!" +¢c X XI". )

However, note that X, has four components while a spin-1
particle has only three physical degrees of freedom. Accord-
ing to the canonical theory, one needs to introduce two
second-class constraints for the Hamiltonian to remove one
redundant canonical variable as well as its conjugate momen-
tum. As a result, one still arrives at a gauge-field-like
Lagrangian

1 . A .
‘CX = —ZF;LT)FHVI + EmXX;,LTXMly (4)
with an on-shell constraint condition 9, X in=0.

Since the diquark is composed of two flavored heavy
quarks, it is natural to dress the diquark fields with cer-
tain representation in the flavor space. Notice that in QCD,
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heavy quarks include bottom and charm. If we approximately
assume mj, ~ m, — 00, the mass matrix for (b, c)T is
almost diagonal so that there exists a flavor SU(2) symmetry
for the heavy quark sector of the QCD Lagrangian. Further-
more, in HQET, the leading power Lagrangian Q,iv - DQ,
is exactly invariant under the flavor SU(2) transformation.
Such a transformation on a multiplet Q = (b, ¢)7 is denoted
as O = (b,o)T, 0 — UQ, U € SU(2). Besides the
SU(2) flavor symmetry, there is also a U(1) symmetry which
corresponds to the electromagnetic (EM) interaction, Q —
U.Q, U. € U(1), where

U. =expliQ0] € U(l), Q= ( 1)/3 2(/)3> . 5)

As an effective theory of QCD, DIiET should also reflect
the SU(2) x U(1) symmetry. In the flavor space, a diquark
field can be considered to have the structure ¢’q/, where
i, j = b or c are flavor indexes. Thus a diquark field should
be represented by a 2 x 2 matrix

0 Sbc> (Xbb Xbe )
S = , Xy = " . 6
<_Sbc 0 H Xbcu chu ( )
Note that the representation for a scalar diquark is anti-
symmetric while the representation for an axial-vector

diquark is symmetric. Under SU(2) x U(1), they transform
as

S — USUL,. Xy — UnXu UL,
U € SU(2) or U(1). 7

With these matrixes as basic building blocks, one can con-
struct a SU(2) x U(1) invariant diquark Lagrangian. An effi-
cient way to realize these symmetries is to apply the spinor
representation for the diquark fields. Following Ref. [51],
one firstly combines the spin-1 and spin-0 diquarks to be a
multiplet, which is described by a bilinear spinor field X

£ = (Xup" + Sys)C. @®)

where C is the charge conjugating matrix. A reason to choose
such form is due to the Lorentz covariance. Under a general
Lorentz transformation X* — AX X", one can show that X
does transform in the expected manner, ¥ — Ay, X AlT/z.
In addition, in momentum space the equation of motion of
the two constituent heavy quarks yakes the form y,; ¥ =
by yﬁg = X. Note that since the diquark is treated as a point-
like particle, both the two constituent heavy quarks and the
diquark itself share a common velocity vy, so that it is rea-
sonable to operate with the same slash p; on the both sides
of ¥. Therefore, we can define ¥’

1+ 9y
2
1+ 9,

[X.(a)y" + S(va)ys] C

2 (vg). ©))

To obtain the second equality we have used the on-shell con-
straint vy - X (vg) = 0. After transforming X’ (vg) into coor-
dinates space, we can define a multiplet field K (x) as

K= PHMX 50
ZmX
—id +m
R(x) =y KT (x)y° = £(x) —2 X (10)
2mx

where T(x) = yOZT(x)yO. According to Eq. (7), under
SU(2) x U(1) transformation, K and K transform in the
same manner as S, X* and ST, X*T. Therefore the kinematic
Lagrangian of DiET is just the simplest globally SU(2) x
U(1) invariant Lagrangian constructed by K, K, m x and
one derivative operator

. 1 _
chin . = SmxTr [KGid —mx)K], (11)

where the trace acts in both flavor and spinor spaces.
Expressed in terms of X, and S, the kinematic Lagrangian
takes the form of a combination of a spin-1 part and a spin-0
part

L (00X 07X — m3 X x|

1 .
+ 5T (05705 = m}s's]. (12)

where Tr/ only acts in the flavor space. Compared with
Eq. (4), this equation has no 9, X I 9" X* term. The reason
is that in the heavy quark limit, the diquark field is a very
massive field, which is approximately on shell and satisfies
the constraint 9, X" = 0.

Next, letus consider how the diquark field couples to exter-
nal sources. At the quark level, the weak and the EM coupling
come from the coupling terms in QCD

0ep =0 [V'vu(l —ys) + Aly,],; Qi = Tr[00J],
(13)

where i, j = b or c are flavor indexes, V, = Vlj‘ T4,
Ay = A" Qand Jij = VEyu(1—ys) + Alyu = Lij +Ayj.
The trace acts in both flavor and spinor spaces. Note that this
coupling term is invariant under SU(2) x U(1) transforma-
tions if J is assumed to transformas J — Uy JU (Tc )- There-
fore, at the diquark level, the simplest global SU(2) x U(1)
invariant coupling terms with external source J transforming
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in this way are

A - A -
Bier = S my TR IK]+ ZmyTRKITL (14)

Here, A1 and A, are two independent coupling constants.
After being expressed in terms of X, and §, the coupling
Lagrangians of the X-J-X, S-J-X, X-J-S and S-J-S types are
given by

Lxsx = —i Tt/ [F:M(J“, XYYy — X (J,, F'M)

+i E(VE XY) 4 — i XV, F”ﬂ>+], (15)
Lo = ——Tef [avs*(vﬂ, FYy

mx

i 08T, Fy_ +m STV, X“)_] . (16)
Lyxss = ——Tef [FJM(V“, 3"S)_

mx

—i Ff(J7,0"S)_ + my XV, S)_] .an
Lsrs = —i Tr/ [8MST<J”, Sy, — ST, 8,LS)+], (18)

Ser =Lxix + Lsix + Lxys + Lsys, (19)

where Tr/ only acts in the flavor space and J,, = V, + A,,.
Fu = %e wap F @b is the dual field strength tensor. We have
also defined two kinds of commutators in the flavor space

A A2 T
(A.Ble=TAB: B A, (20)

2.2 Heavy diquark effective theory (HDiET)

A diquark in the color 3 representation interacts with gluons
in a similar way as a an anti-quark. Replacing the ordinary
derivatives in Egs. (2) and (4) with covariant derivatives, one
can introduce the coupling of a diquark and a gluon

1 . S L
Lg = E(DMS)’T(D“S)’ — Em%(S"S’, (1)
1 ) . . .
Lx = =3 [DuX) (D"X") = (D, X)) (D" XY |
1 2 yityui
+ oM XX (22)

where D, = 9, — igdAZt_“, gq 1s the effective coupling
constant between the diquark and the gluon. In the heavy
diquark limit, to expand the Lagrangian in power of 1/ m%(
one has to separate the diquark field into a static part and a
residual part as is done in with the heavy quark in HQET.
For the case of scalar diquark, the 1 /m§( expansion
is trivial. By factorizing out an exponential phase S =
exp[—imxv - x]Sy, with v the four velocity of the baryon,

@ Springer

Eq. (21) becomes
. f L2
Lszlmxva-DSv—szD Sv. (23)

Note that each covariant derivative scales as A gcp. Thus in
the heavy diquark limit, the second term in Eq. (23) is sup-
pressed by A gcp/mx compared with the first term. Further-
more, at the leading order, S, is massless and its propagator
is simply

Dst) = —

— 24)

In case of an axial-vector diquark, just factorizing out an
exponential phase is not enough. In the heavy diquark limit,
one has to separate X* into a static part exp[—imxv - x] X
which satisfies v - X, = 0 instead of vy - X, = 0, as well
as a residual part exp[—imyxv - x]Y}', which is suppressed
as Y ~ (AQCD/mX)Xv”. Also note that both X/ and Y/
are dominated by the small momentum k ~ Agcp. Let us
introduce two projection operators P’y and T,

P =t —vfv,, TH =vky,,
PL+Th =8, PLP, =P, TiT, =T,
PETY = v, P! = 0. (25)

Using the projection operators, one can project out the static
part X! and the residual part Y} of the heavy axial-vector
diquark field X*

lef — eimxv~x Pl:;Xv, Y# — eimxv-x T;:Xu’ (26)

which satisfy v - X, = 0 and (---X})'(---Yy,) =
(- Y#)T(- -+ Xuu) = 0, where the dots represent any possi-
ble insertion of covariant derivatives. Then the full diquark
field can be separated as

XM= e M (XE 4 Y. 27)
Inserting Eq. (27) into Eq. (22), and using integration by part
&

D = —D to make all the covariant derivatives act on the
X, Y fields instead of the X, YT fields, one finally arrives at

Ly = —imXX];Hv . DX{;’

1 .

+ 35X (ng““ - D"D“) Xov —imx Y], [¢"' (v - D)
1

-5 (V' D" + v DY — imxvto")

+72n’1x (p2gm - D"D“)] Yo

+ Lmyx?, <v“D” n ’—DMDV) You
2 my

+ Smyy] <v”D“ + l—D“D”) Xop. (28)
2 my
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From the Lagrangian Eq. (28), one finds that X/ is a massless
field, while Y/* is massive due to the non-diagonal mass term
— (mg( /2)vHtvY Yj 1« Yvv. To obtain an effective theory contain-
ing only the massless field X}, one needs to integrate out the
heavy degree of freedom Y}'. One way to realize this is to
use the saddle point approximation, where one first solves
the equation of motion of the heavier field Y} while keeping
X! fixed. The solution is

1
|:g’“’(v -D) — > (v”D“ + DY — imxv”v”)

i
+o— (D2 — D”DM)} Yoy
sz

| .
=5 (UMDU + ml—XD”D“) Xoo. (29)

It is not simple to solve this matrix equation directly. To
simplify it, we can multiply with v, on both sides of the
equation

2
my

D*  DH(v- D)
=|—+i—5— | Xuu. (30)

mx my

Ky - D) — DM D2y* — DMy - D
|:iv“+v S m) i w ):|YW
X

and introduce a power counting scheme to solve this equation
perturbatively. Note that each covariant derivative D scales
as A gcp which is small compared to my. So by counting
the number of k = D/my, we can conclude that

v (v- D) — D* DM

vt ~ O(1); , — ~ O);
mxy my
D2v* — DM(v-D) DM(v-D
Tz w-D) (v2 )~ 0w, 31)
my mx

Since Y} is orthogonal to X}, Y} cannot involve a term like

const x X% . The solution of Eq. (30) up to O@3) is given
as:

[ 1

Yl = ———v"D, X! + — D, D* XY + O(c?). (32)
my my

Afterinserting this solution of Y} back to Eq. (28), one finally

obtains the effective Lagrangian in the form of a power expan-

sion

. 1 i -
Ly =—imxX},v- DX+ EXZMDZXU" + Eng:SMG“”XW

i
+—X

T {D'D",v-D} X + O (1/m%),  (33)

.
v

where GW = wat_“ is the gluon tensor. In the Eq. (33),
the second term represents the heavy diquark kinetic energy

while the third term corresponds to the chromomagnetic cou-
pling. These two terms are consistent with those given in
Refs. [43,52-54], where a non-relativistic approach is used.
The propagator of the massless heavy axial-vector diquark is

Dy (k) = (8" — v, (34)

mxv -k

The heavy diquark can only couple to soft gluons. Through
the following field redefinition, one can decouple the diquark
field from gluon field:

Xop = P{exp[ig/

VX -

_dsv- A o = W[ [
so=w[" 5. (35)

(v D)X = W[i](v XY, (-D)Sy = W[f}](v - 9)8,.
(36)

Using the decoupling transformation, one can replace all
the covariant derivatives in Eq. (33) by ordinary derivatives,
while the X field should be replaced by the dressed field X.

3 Heavy to heavy baryonic transitions
3.1 Diquark transition currents from symmetry

When using DIiET to study doubly heavy baryon decays
Bro — Bcolv, for instance when the bb diquark turns into
the bc diquark through the V — A current ¢y, (1 — y5)b, or
electromagnetic transitions Bg, g, = Bg, 0, 7" induced by
the vector current QyMQ, one needs to express the corre-
sponding currents in terms of the diquark fields instead of
the heavy quark fields. Particularly, if we approximate the
diquark as a point like particle, we require the four most
general kinds of diquark currents

XIrP19, 01X, STTEID 01X,
Xirf5.01S and STT,[9 918, (37)

which correspond to pure axial-vector, axial-vector to scalar,
scalar to axial-vector and pure scalar transitions. Note that
Fﬁﬁ , Fﬁ and I', depend on the momentum of the initial and
final diquarks. In the heavy diquark limit we can simply
replace the <8_ 0 with the four-velocities of the final and
initial baryons imx vy, —imxvy, with w = vy - v close to 1
for the low recoil region.

Consider first the case of V — A weak current ¢y, (1 —
y5)b. According to Eq. (13), it is just a current coupling to

@ Springer
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the external source Vl} + iVlf, which can be found from the
expansion

Tr[QOL] = &y (1 —ys)b (V, +iV])

+ by (1 —ys)c (V, —iV])

+ [y (1 —ys)b —éy™ (1 = ys)e] Vi (38)
Straightforwardly, one can conclude that the ¢y, (1 — y5)b
current can be produced by operating with a derivative on the

part of the Lagrangian of QCD that contains the couplings to
the external fields

0 coup

S — . 39
(VI iviyTecep %)

cyu(l —ys)b =

On the other hand, on the diquark level, if one performs the
same derivative operation on the DiET Lagrangian Eq. (15—
19), one arrives at the V — A currents in the DiET form

JTransitivn _ 0

=—[[ + L + L + L .
f 3(V1“+iV2“)[ XJX SIX XJS sJs]

(40)

Explicitly for X — X, X — S and § — S transitions, one
has

v
bcqub

_x7

bcv
— eupp (97 X[2 X0, = X[E07 X[, ) + (be — co),
(41)

9" Xppy + XZCV%XZ;;)

N 1
B = g =Gt ) (8055.0" Xon

_aVSZCaMXZb + m%(SZCXbe)

! ¥
(Ot 4 22)€puopd”S) 37 XL,

I (42)

1
S—X
SN = Gt b (BMXZCVBVS;,C

=0, X [0, 0" She — M X[ Sne)

i +
—— @+ )‘-2)601,0#0’ apxégagsbc-

ST (43)

Note that the antisymmetric S has only one non-vanishing
component Sy, for flavor changing processes b — c there is
no S — S transition. Similarly, the electromagnetic currents
Igr"‘“smon can be derived by acting with a derivative on A%,

Transition __
IM - n
dAL,

[(Lxsx +Lsix +Lxys+ Lsys], (44)

@ Springer

X=X = _%cx(xl + ) (aT”XMXU — 9, XIX"

—X[0" X, + X[,X"). (45)
XS i I B
Iﬂ = _%epuaﬁ (A1 + )\Z)apsbcaaxbc’ (46)
SV i ¥
LY = e O + 20 Xy Spe, (4T)
— i i
Ilf S = —8()»1 + A2) (aMSZCSbC - Sl',caquc> ’ (48)

where Cyx is the total electric charge of X. It should be
mentioned that all the currents in Eqs. (4143, 45-48) are
expressed by the full diquark fields. These expressions are
simpler in the heavy diquark limit. According to Eqs. (27)
and (32), the full diquark fields X, S are related with the
effective ones X,, S, in HDIiET as

. ) . ) i
S =eTimvEg, X = gTimav (Xv"——v"DvX,‘j>.
mx

(49)
Inserting Eq. (49) into Egs. (4143, 45-48), at leading order,

all the derivative operators are simply replaced by the corre-
sponding four velocities

Jli(%x =A er;x)cQ [guav2ﬂ + V1egup — Wi + v2,)8ap

Fi€apup(vh +v7)] X(ﬁv)hQ’ (50)
TS = = A S [+ w)gus

—Vipv2g — ifpuaﬁl’g”(f] Xf;v)bb’ Gb
I57X = A X [0+ w)ga + v2uvia

—i€puoavh V] | Swybe: (52)
X=X = %CXA X(T,‘j‘) [guav2s — v2u8ap

+V108up — Vingap] Xiy). (53)
I,iHS =A Sju)bc [—i€puopvy vy ] X(ﬂu)bcv (54)
157X = A X[, [i€puoat o] ] Swybe. (55)
Ilf”S = %A S(Tv)bc [vap + viu] Swybe, (56)

where A = (A1 + A2)my. Similarly one can obtain the cur-
rents at next-to-leading order if the second expansion term
of X* in Eq. (49) is used, but the results will not be shown
explicitly here.

It should be mentioned that like the chromomagnetic cou-
pling in the Eq. (33), one can also introduce the magnetic
couplings of the axial-vector diquark as those given in Ref.
[43] by NRQCD. Such a term will contribute an extra EM
current suppressed by 1/my in Egs. (53-56).
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myvy I Vi MUy
g (0,1
)
(d,n) (¢,m)
mqu i mqus
(@)

myvy Vi MV
P . P
va] 777@1}2
(b)

Fig. 1 Diquark transition at the quark level. Single gluon exchanges between the two heavy quarks are explicitly shown, with the quantum numbers

of the quarks are denoted as (spinor index, color index)

3.2 Diquark transition currents from matching

When the recoil is small, to derive the diquark transition cur-
rents from symmetries we can assume the diquark as a point-
like particle without any internal structure. Therefore, the
currents we get in Eqgs. (41-43, 45-48) are only proportional
to the constant couplings A1, A2. On the other hand, if the
recoil is large, we should consider finite sized diquarks where
the transition is dominated by hard internal gluon exchange
which can be factorized into short distance coefficients. One
way to obtain these short distance coefficients is to perform a
matching between DIiET and QCD in the large recoil region,
where at the quark level one may factorize out a hard ker-
nel, with its tree level form shown in Fig. 1. A hard gluon is
exchanged between the two heavy quarks so that the recoil
is large, g2 close to zero, and V. =y or y,ys5 is the current
vertex.

The calculation of the two diagrams in Fig. 1 is straight-
forward. However, although at tree level we can set the initial
and final quarks to be free, the two quark spins are coupled
so that the total spin should match with the corresponding
diquark spin. Particularly, to match with a scalar or axial-
vector diquark, the spinor indexes of the two quarks should be
symmetrical or anti-symmetrical. Consider first the X — X
transition. By equating the velocities of the initial and final
two quarks to be vy and v; respectively, the amplitude of the
two diagrams in Fig. 1 reads

1
_ 2. A A —fa  -c}

Maocep = =84t tun Am3 (1 —w)? o) i%(Qym) [V (¢4

3

=& 752 +1- Sl) VU]ab (M)ed

+ [ (2 — &1 + 1= &)Vl dea Julyy il
(57
where a, b, ¢, d are spinor indices, and i, j, m, n are color
indices. Further,§; =mg/(mg+mp)andé =mg/(mo+
mc). For the finite-sized diquark, the corresponding weak
transition amplitude is

Mbier = X} (v2)T% [v1, v2] Xp(v1). (58)

Here, X T(vg), X (v1) should be treated as the polarization
vectors of the final and initial diquarks, and Ffjﬂ [v1, v2] rep-
resents the hard kernel. Explicitly, the diquark wave function
can be composed of two heavy quark spinors as

§'(v) = Nse”* Q15(v) Qaty WICys(1 + Plpy

X!, (v) = Nxe’* Q1 j5(v) Qaky W)Cyu (1 + P)py .
where i, j, k and B, y are color and spinor indices, respec-
tively, and Ng, Nx are normalization factors. Inserting

Eq. (59) into Eq. (58) and factorizing an independent color
factor C 81k, one arrives at

Mbpier = N, NXb’Zéil)lﬁfg)ei/k[(l P2)YeClae
b od
X (F,oiﬂ x C 81k) [Cyp( + ¢1)]bd€lmnuib>m“(}Q>n'

(59)

The tree level matching demands the equivalence of the
amplitudes at the quark and the diquark level Mqcp =
MpigT, thus we can determine the hard kernel as

2
red — 84
* 32NnQNX@mZUn—wV
X{U[W“h(¢1—5W2+-1—§Oyﬂ]

+u [y (- +1- &) Vur] ], (60)

and the color factor is C = —1/3. Similarly, for X — S and
S — X transitions, we have

2
84
32N&@NQQmZU——wV
x fur[ysV (9 = &1p2 +1-61) 17

s (b — o) +1 = 82) V] |,
(61)

rPX — 8=
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84
32Ns,, NXCQm3Q(1 —w)?

re[s — X =

X {tr [V (F1 = E1p2 + 1 = &) ¥5]

[y (b — 201 + 1 - 8) Vurs] |-
(©

Particularly, for the V — A currents, where V,, = y,, or y,. s,
the hard kernels are

2
ef 84
V)T BN, N gmiy (1 — w)?

[+ Dol

+ (& — Dugg®™ — &1+ DS el
— &+ Dof g8 + & — D™ + @ + Duigl]

(63)
op 8 ;B
M T 8Ny, Ny gmy (1 —w)2 17
x [E1 = DS + (& — 7], (64)
rh o)X = S1=T% s — X1 =0, (65)

B
rf X = S

2
84 8
= - 2-& &g,  (60)
8Nx,o Ns,omp(1 — w)> "

B
8 LS = X1

- ca
8Ns,o Nx, om(1 — w)?

2-&-8)g, (67)

For the EM currents, the X — X, X — Sand S — X
currents have the same hard kernel as those of the V — A
currents except for the replacements m, — mor,me —
m . However, the § — S EM current is

84
8N5bQNSCQm3Q(1 —w)?

x [€1 = Dvop 4+ (&2 — Doiy]. (68)

FM(EM)[S — S] = —

Note that the structures shown in Eqs. (63—68) are different
from those in Eqgs. (41-48). Such differences can be under-
stood because the singular point w = 1 appearing in the
Egs. (63-68) implies that they are only valid in the large
recoil region w — Wy

@ Springer

4 Semi-leptonic decays of doubly heavy baryons
4.1 Interpolating fields

In this section we will focus on semi-leptonic decays of dou-
bly heavy baryons, B,g — B.o¢v. The transition matrix
element of the doubly heavy baryon can be calculated by the
reduction formula

(Beo (P (0)Bpo (Pp)) = L(Pp, Pe)
y /d4xd4y P TP (0] TP (1)1, (0) ) (1)10).
(69)

where J,, is the currentinducing the weak decay. L(Pp, P.)is
the operator to pick out the initial and final mass pole residues

_ 2 a2y T 2 a2
L(Pp, P.) = legnM,f(Pb Mp) P(?11_1>11M3(PC M.  (70)
®.o(x) and Ppp(x) are the interpolating fields of the final
and initial baryon. Equation (69) can be expressed both at
the quark level and the diquark level. At the quark level,
Jy = cyu(1 —ys5)b, and

D0,0,(%) = Ng, 0,67 1P Gio (x) 01 jp (x) Q2 (1),
D}, o, (X) = Ng, 0,€ijk Xapy 0 )0 (g ), (1)

where y are the Bargmann-Wigner wave functions [55],
where the total spin contributed by the two heavy quarks is
Jj. For a spin-1/2 doubly heavy baryon with j =0or j =1,
and a spin-3/2 baryon with j = 1, they are

1/2(0 1/2(0 1

Xay" = Halpy) = 5ual L+ P)YsClyy.
1/2(1 1/2(1 1

Xafy ' = Xalpy) = 510" + 0" ysulal(1+ )y Clsy.
3/2 3/2

Xay = Xingy) = wh101+ 17, Cly (72)

The symmetry indices B, y project out the spin-1 configura-
tion of the two heavy quarks. The conjugate forms are defined

as 177 = (0)* () ()" xapy- Xapy satisfies

= D Xarpy = (6 = D Xapy = @ — DY Xapy =0,

1/2 1/2 1/2 o
Xalpy) T Xptyey T Xyjapy = 0- (73)

On the other hand, we can equivalently express Eq. (69) at
diquark level, with the assumption that the spin-0 and spin-1
heavy diquark field is composed of two heavy quark fields

S'(x) = N5, 0,€7* 015(x) Qaty ()[Cys(1 + )y .
(74)
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X!,(x) = Nxg, 0,67 Q18 (x) Qoty ()[Cyu (1 + )]y
(75)

Thus the interpolating field of a doubly heavy baryon can be
expressed by the combination of a diquark field and a light
quark field

1/2(0)

1/2(0) 0102 ! -o i

Po,0,(0) = NSQIQZEM Gia (X)S" (x), (76)
1/2(1) |

l/2(1) 010 Yo m N i

Q1Q2( x) = NXQ1Q2 2[”)’5(3/ +v7)] CIla(x)Xu(x),

(77)

3/2

3 2 - i

@y, (1) = LG, (0 X (1), (78)
X010,

In fact, these normalization factors are related by the heavy
flavor symmetry, which leads to

1/2(1) 1/2(1)
NQle - N

NXQ1Q2 — Nx, NSQ1Q2 — N_g. (79)

NL2O 1/2(0) 3/2 3/2
Q1Q2 - N ’ NQ1Q2_>N ’

However, the relation between Nx and Ng as well as the rela-
tion among N 172 N1/20) and N3/2 are not obvious. Accord-
ing to Egs. (74) and (75), we can write the spinor structure
of the scalar and axial-vector diquarks in momentum space
as

$* (v) = Nsus 4 ()us, )[Cys(1 + P)lgy .
X5 (v) = Nxu gl 0)[Cru (1 + P)lgy. (80)

Here, we have omitted the color indices. s, s’ denote the helic-
ity of the spinors u1, uy, in order. Since X fj has three inde-

pendent degrees of freedom, while 55" has only one degree
of freedom, we can derive the following relation

DS )8 ) = % PP SR )P G () NI CIY
ss’ ss’

where the sum of all the helicity indices is equivalent to
counting the total degrees of freedom. The relations among
N2 N1/20) and N3/2 can be determined by a similar
approach. We transform Eqs. (76-78) into the spinor struc-
ture in momentum space

N1/2(O) 1 »
0150 ) = —— 3 @ 5™ w). (32)
172(1)
2 N 1_ ,
@i ) = ST s+ g )X ),

(83)

32

N3/2 /
5 (V) = ﬁ“’r(v)ul(v)Xff (v), (84)

where r, 1, s, s’ denote the helicities. Since a spin-1/2 particle
has two degrees of freedom while a spin-3/2 particle has four,
we require the following relations

1/2

1/2(0)7 1/2(0) 1/27
Z cDrlss/ (U)q)rlss’ (v) Z CI)rlss (v )q)rlss/(v)
rlss’ rlss’
1 3/2% 3/2
= E Z (Drlss ( )(brlss/(v)

rlss’

(85)
Finally, according to Egs. (81) and (85) we arrive at
Ns = 2Ny, NY20 — JenN1/20),
N2 = Y3 (86)
> )

where the following properties have been used

pu=u, put=ut vu"* =0,
dowdd =14y Y dtrul, =2 au’ (87)
1 r r

It should be mentioned that the spinors used here are rescaled
from the standard ones as /m QU = UQCD. However, as long
as'we ?lso choose rescaled states E.IS 4/le ---)=1|---)ocp,
this will never affect our calculations.

4.2 Transition matrix element

With DiET, the transition matrix element defined in Eq. (69)
can be calculated at the diquark level. Further, in the heavy
diquark limit, utilizing the technique given in Ref. [56], we
can reduce the transition matrix element so that it will depend
on less unknown form factors. Consider first the case of

Bé/Qz M Bi/Qz(l) . The flavor changing current is
b f(e) 5 7 (b)k
Jre=xmwe o, R x Pk (88)

where j, k are color indices. [Fﬁ”],{ can be factorized as
7 x CSI{, and C = —1/3 is given in the last section from
matching. To leading power of 1 /mg(, one can approximate
the X, field as X, so that the <8_, d in Eq. (88) can be
replaced with imx vy, —imyxvi. According to the reduction

formula Eq. (69), the transition matrix element in DiET is

Bg (PO 1By (Py)

1/2(1)\2
= 7(1\] ” L(Py, P)/d4xd4y o Pe=mx v2)x ,—i(Pp—mx, v1)-y
NX
b
X XX SHCOIT{XEG (g (x)
X[ reex®io) xF,,ma P mlo, (89)
vzp j vio AL RN

@ Springer
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where a, b are Dirac indices, while i, j, k, [ are color
indices. v and vy are is four-velocity of the initial and the
final baryon, respectively. Using the decoupling transforma-
tion defined in Eq. (35), and noting that the X vy fields are
totally decoupled from the soft gluons and also the light
quarks, one can factorize the time-ordered matrix element
in Eq. (89) to be

or(wl T [ vl L

x (0] {X*

w2 ]t cod oo

o X 0T OIT{XE ) X (1)} 0).
(90)

The last two matrix elements in Eq. (90) can be calculated

directly from the free diquark propagator Eq. (34). Using the

fact that )(o(lev2 = Xébz f = 0, one has

(Beg(Pe)' P D1757¢(0)B5 " (Py)
(N1/2(1))2 1

- _C L(Py, P.) | d*kd*qlu
NI dmymy, (Pp c)/ qluys (Ve

+ 21T [y + vip)ysuls
1

vy - (Pe —mxvy — k)

x M(k, q; va, v1)%

1
x . 1)
v - (Pp —mxvy +q)

The dynamics of the light degrees of freedom is completely
encapsulated in the following Fourier transformed soft func-
tion

d*k d*q
@m)* 2n)*

o2 w [0 W] 0]
v di’ V2 dj vy Jk'

Mk, g; va, v1)® = ek emiay

we ]Ik’q;‘<x)qﬂ”<y)]\0>.
92)

Next, we need to extract the residues of the mass poles
by applying the operator L(Pp, P.) on the correlation func-
tion. Near the mass shell, the external momenta Py can be
parameterized as

Po =Mp(l+e€g)vg + Mpey,
L(Pg) = eli_r)r})(Pé -

(eL-vg=0)
My) = lim (2¢0 + €M} (93)

Although the decoupling transformation Eq. (35) realizes
the factorization as shown in Eq. (90), there still exist non-
perturbative interactions between the heavy and light degrees
of freedom due to confinement. Such effects have been
absorbed into the momentum distribution of M (k, g; va, v1).
In other words, the light particles in the baryon always
“know” that they are bound with a heavy diquark. To reflect

@ Springer

the confinement, M (k, gq; vz, v;) is assumed to peak at
va -k = Ag, vp - q = —Ap, where AQ = Mg —mx,.
Operating with L(Pg) on the denominators, taking the limit
€0, €1 — 0, and noting that there are no poles of 1/61, one
gets

1

vy - (P —mx. vy — k)
1

vi - (Pp —mx,v1 +q)

L(Pc) =2M.,

L(Pp)

= 2Mp. (94)

On the other hand, the soft function can be generally
parametrized as

/d4kd4qM(k, q:v2, v1)™ = [A(w) + B(w)y,

+C(w)Py + D(w) 1.
95)

However, the B(w), C(w), D(w) form factors can be totally
absorbed into the the form factor A(w) since ucy5(Ye +

V2e)¥y = Ucys(Ya + v2o) and ¥y (v + vig)ysu = (yg +
v1g)ysu, which leaves only one w-dependent form factor
denoted as A’(w). Explicitly they are related by A'(w) =
Fl[A(w), B(w), C(w), D(w)]. Thus we have

(Beg (PO 1By (Py)
(N1/2(]))2M2
NXmX
x A )liys (Ve + v2) TS [(vp + vig)ysul.  (96)

where the masses are blind to the flavors so that M, = M, =
M and my, = myx, = myx. Similarly, for the 1/2(1) —
1/2(0), 1/2(0) — 1/2(1) and 1/2(1) — 3/2(1) transitions, we
have

B (PO 0)1B,5 " (Py)
(Nl/2(1))2M2
=
Big " PILTE OB, (P))
N1/2Dy2 2
= ﬂC%A (w) &5 (va + v2)T5u,  (98)
NX X
B (Pl 1By (Py)
(N1/2(1))2M2

= V30— A (W) i T (yg + vig)ysu
2 2 at /3 1/3 7/5 9
Nymy

A'(w) dTh (yp + vig)ysu.  (97)

99)

where Eq. (86) has been used. The unknown function A’(w)
contains all the dynamics of light degrees of freedom, and it
describes the response of the light particles to the changing of
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heavy diquark velocity. Furthermore, A’ (w) is totally deter-
mined by the soft function Eq. (92). In fact, this soft function
is a universal quantity which also appears in the HQET anal-
ysis of B — D transition [56], where the Isgur—Wise func-
tion &(w) is derived from it in the same way as done here for
A’(w). Explicitly, &(w) o« F[A(w), B(w), C(w), D(w)].
Thus one can conclude that A’(w) is related to &(w) up to
some constant coefficients.

4.3 Phenomenological results for reduced form factors
Generally, the doubly heavy baryon transition matrix element

induced by the V — A current is parametrized by several
independent form factors. For B;Q — BJ,/QZ it reads

(Bl (P (1) ©) = J1O)) 1By (o)
= ﬁcg(m[ﬂ @Hy" + Fag)) Pl + Fs (q2>P,f‘]ubQ<Pb)

—ﬁCQ(Pa[Gl(qz)y“ + Ga(g®) P! + Gs(qz)Pg‘]ysuthh),
(100)

while for B;g — Big the parametrization takes the form

By (Pl (1) ©0) = 1 ©) 1B, (Py)
—%g(ﬂ)[f 1@,
fZ(f)P PM""?\C;(ZI;) Ppa Pep
+ f;{(qz)gua]VS”bQ(Pb) - 53Q<Pc)[giﬂ(f ) V" Pra

2 /0,2

gz(q ) 83(q”)
Ppo P,

ba Loy + MpM,

+

b
(101)

However, if we treat such process by HDIiET considering
also the heavy flavor symmetry, the number of independent
form factors can be greatly reduced. Especially, by combin-
ing Eqgs. (41-43) and Egs. (96-99), one arrives at

By V1Y 018,

= n(w)it[2(1 + w)yu + vp + vep|u, (102)
Beg 1L 018,57

= n(w)i[2(1 + w)y,]ysu, (103)
(B 1) 0B,

= —fn(w)u[(l W)Yy — Uy — Vep s (104)
(B0 14018120

= Va1 + w)y,]ysu, (105)

Py Pep + gg(qz)gua]ubQ(Pb)-

By V1Y 18,5

= «/—n(w)u[(l + W)Y — Vppu — vm]u, (106)
B2 A OIBLE)
= V3l + w)y,]ysu, (107)
BLDOY 1BLEY)
= —V3n(w)ite[ (1 + w)g% — ven v + yuvf Jysu,
(108)
(B0 1A 0B
= V/3n(w)ita[(1 + w)g% — vevf Ju. (109)

where only one form factor n(w) is left. This is shared by all
the six matrix elements and n(w) is proportional to the soft
function A’ (w)
(N 1/ 2)2 M2
n(w) =CA—-7"5—
Nymx

A'(w). (110)
The vector transition shown in Eq. (102) is exactly the same
as that given in [47], where the transition matrix element was
derived based on heavy quark-diquark symmetry. However,
Ref. [47] did not give the result for the axial-current transi-
tion. In terms of the complicated factors in Eq. (110), this
is determined through the normalization at the zero-recoil
point w = 1. From Eq. (41), one can find that the vector
current J X7 X is conserved 9% J X_)>X = (. This implies the

w(v)
conservation of diquark number. Thus we can conclude that

Beow| [ &3 557 @ IBao )

= (Beo ) [11Byo (v)) = 20°(27)°8°(0), (111)
where 1 means the diquark number is one. On the other hand,
using Eq. (102), and choosing the rest-frame of By (v), v =
(1, 0), the same matrix element becomes

Beow| [ &3 357 @ IBso )

= 27)*8* (O)n(D)ii(v)[4y0 + 2v0|u(v)
= 12n(1)v°27)383(0), (112)
where we have used Y9 = p and Yu = u. Comparing the
above two equations, one can conclude that n(1) = 1/6.
At the end of last subsection, we have argued that A’ (w)
&(w). Since £(1) = 1, it thus follows that n(1) = (1/6)£(1).

However, it is necessary to point out that the reduced
matrix elements Eqs. (102-109) are only applicable in the
region w ~ 1 or equivalently g2 ~ ¢2,. = (Mp — M,)>.
In the smaller-¢2 region, the large recoil may invalidate the
static dynamics of HDIiET. As a result, one cannot argue that
for any w we have n(w) = (1/6)£(w), and an appropriate
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extension of the form factors from g2 = g2, to ¢*> = 0 is
necessary. Since the transition matrix elements Eqs. (102—
109) are expected to have a lowest-¢> pole at the mass of B,
meson, it is appropriate to multiply n(w) with single pole
function B(w) with a suitable normalization B(1) =1,

B w_M}g"i_Mg_qz _I_Qrznax/m%?c
2MM, L—q?/my

(113)

Finally, we arrive at an explicit expression of the 1 function

1 M2+ M2 — g2\ 1 =gk, /m%
n<q2>=—s< b e

1-— qz/m%gc

(114)
6 2MpyM,

Note that for the practical calculation we have to distinguish
between the different masses Mj,, M.. The Isgur—Wise func-
tion was calculated e.g. in Ref. [57], which has the expression

Bo/w i
/ dpexp <—_f)w>
T
1 1
x [—¢§(p) + (1= 500 0)].
s& =« mQ + 2cmofo, M? =2kmort,

E(w) =

(115)
(116)
where A = Mmp—mp,mg = Mp, K = mc/mb,sOD = 6GeV?

is the effective threshold, while M2 = 3 — 6 GeV? is the
Borel parameter. In this work, we simply use its center value

112(1)_, p1i2(1)

B b Bbc
10 ]
—~ f1
B b T -
CON ST B ;
S B :
pol T | -
0 ’ ) ® 8 10
¢ [GeV?]
1/2 (1) 1/2 (0)
Bbb Bn
08
ot ]
___________________ .
& o0al T
> mmmmmmmmmmTTTT ] mmees .
L !
G o2} | - :
0.0 | "
_02 ‘
0 : ) ° 8 10
¢? [GeV?]

Fig. 2 ¢>-dependence of the Bl/z — Bl/z
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form factors, where Q = b, ¢

M? = 4.5GeV?. ¢% are the B meson light-cone distribution
amplitudes, which have the form

_o 1
Bl =S, Phw)= e,
2n wo

(117)

where wy = (2/ 3)A [58]. The mass parameters are set as
mp = 4.18 GeV, m. = 1.27 GeV, mg = 5.279 GeV,

= 1.869 GeV and mp, = 6.275 GeV. Fig. 2 shows
q° dependence of the Bl/ 2 Bisz(l), Bi/QZ(O) form fac-
tors, where we have redeﬁned the six form factors as

(Beo (P (4 0) = ()} 1Bro(Py)

uqv

= ﬁcQ<PC>[y“f1 (> +io* RE )

+ 2 1@ Juno Py
My, ]
- . q

—tco(Pc) [J/“gl @D +ioc" L er(g?)

My

q" 2 i

+-—g3(q") |v5up(Pp), (118)
My, ]

with g" = P,f — P! the transferred momentum. The f; and

gi are related to the F; and G; as

2y _ N 2 2
fi(q?) = Fi(g") + 2(1\’117-|-Mc)(1’2(6] )+ F3(q7)),

12(1)__ gli2(1
Bpe  —Bes ™
10} A
—~ f1
g |— )
I ey :
LI R E fa
ool I "
i ’ ¢ 6 8 10
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1200 _, 12 (1
Bb —8B M
05l e A
B PRt f1
&
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o 00
c O :
___________________________ g
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Fig. 3 qz—dependence of the B;/Qz RN B?,/Qz(l) form factors, where Q = b, ¢

1
HgH = EMb<Fz(q2) + F3(g?)),

1
H@H = EMb<F3(q2> — P (),

1
g1(¢>) = Gi(¢*) — 5 (M M) (G2(q*) + G3(g?)),
1
8(q*) = EMb(Gz(qz) + G3(gY),

2 1 2 2
83(q") = zMp(G3(g”) — G2(g7)), (119)

2

and here we have gz(qz) = gg(qz) = 0. The masses of
the baryons are mp,, = 10.143 GeV, Mgl = 6.943 GeV,

Bs/z = 6.985 GeV, m B2 = = 3.621 GeV and My =

3.69 GeV. Figure 3 shows the ¢>-dependence of the B,
83/2(1) form factors, where fz(qZ) = gl(q2) = gz(qz) =0.

4.4 Semi-leptonic decay widths

Next, using the form factors given in the last section, we

will calculate the semi-leptonic decay widths of B lg RN

Bi/Qz(l) 51/2(0) nd Bz/Qz(l). For the case of B;/Qz(l)

B2, 51/2(0) . . .
c0 the formula of the differential decay width

is given in [9 34]

dry  GhVexmlPPq? p (1 —m})?

dg? 38473 M?

x (@+ADUH_y o +1Hy o)

+3if(H_y P+ 1Hy D). (120)
dy  GlVexmlPq? p(1 —m)* Q2+ mj)
dg> 3843 M7

x (|Hy >+ H_y 1), (121)

1/2(1) N

with the helicity amplitudes given as Hj, ,, = H)Z T

A
H}Q Aw?
Yroms 2
Y\ =i ﬁQ_ <(M1 + M) f1 — q—f2> :
2 q2 M]
/Q 2
HY\ = ﬁ+ ((M1 Ma)gr +
2 q M
. M, +M2
H%ﬁ1 =i/20_ (—fl fz)
H;’ \/2Q+< gz)
/Q 2
HY .= ;r <(M1 M) fi+ o 13).
2 q Ml
yroms 2
Hi, =—i == <(M1 + Mg — q—g3> :
TN 7
Hl/kzﬁ)»w = H)};JW’
HA, ., =—H, . and Q1= (M +M)*—g%

(122)

where p = Mav/w? — 1 withw = (M?+M3—¢>)/2M 1 M,
while M1(M2) is the initial(final) baryon mass, m; =
my /+/q?* and m; is the lepton mass. For the case of 81/2(])

ng (l), the formula for the differential decay width is given
in [23]
dlr  G% 5P MPVw? — 1
- = 51 Vekml" —————7——
dw 2m) 12M

x (Mg P4 P+ Hy P4 P,

(123)
arp G% Vex |2q2M{2\/w2 -1
dw  (2n)3 12M
7 2
x (1 o +1_1 o). (124)
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Table 1 Decay widths of By, — Bp.(I/7)v. Comparison between the results in this work and those derived in Ref. [9] using the LFQM

'/ 7 (this work)

I'[GeV] (LFQM) I'y/Tr (LFQM)

Channel I'[GeV] (this work)

BV - B* Oy 4.1 %1074 2.54
By — B,V 1y 1.0 x 10714 2.12
B*V - B* Oy 3.2 x 10~14 2.47
B*V - Bl* Dy 0.9 x 1071 2.13
B2V = B2 1.8 x 10714 1.12
By — B0y 4.4 %1071 0.82
B2 = B2y 1.4 x 10714 1.08
B*0 - By * My 40 x 1071 0.82
By — B,V 12 x 1074 0.89
B2V = BlP V1 9.1 x 10~15 0.92

3.3 x 10714 2.32
45x 1074 2.48
1.5x 1074 0.91
1.9 x 10714 0.95
6.4 x 10715 1.43
9.0 x 10°15 1.18

with the helicity amplitudes given as

Fi 2M1M2(w:|:1)f4V’A’
7 2
iy = i G [ 2w 104,

(126)

(125)

SV.A
H3)

SV.A
Hyipo =

1 2
il\/?%\/ M1M2(w F 1)
x| (Myw = M) ;7 5 (M 5 Moy 1)

M@ = DA M@t - D 27
where the upper (lower) sign denotes V (A), fiV = fi ( fl.A =
gi). The total decay width is the sum of the longitudinal and

the transversal parts
dI'r
dq? )’

My —M>)?
F:/( 1—M>) dq2<d£+
m? dq*

The masses of e, i are neglected here and m, = 1.78 GeV.
Table 1 gives the resulting decay widths and also a compar-
ison with those derived in Ref. [9] within light-front quark
model (LFQM). It appears that the two sets of decay width
results are consistent.

(128)

5 Conclusions

In summary, we have constructed a heavy diquark effec-
tive theory (HDiET), which satisfies the global heavy quark
flavor SU(2) symmetry and electromagnetic U(1) symme-
try. Imposing these symmetries, we constructed the coupling
terms where the diquark fields interact with the external weak
and electromagnetic sources. Such coupling terms enable us
to obtain the effective diquark transition currents in the small

@ Springer

recoil region. On the other hand, for large recoil, the diquark
transition currents are derived from the matching between
QCD and DiET at tree level. Furthermore, we simpilfied
DiET as HDiET in the heavy diquark limit, from which we
reduced the form factors of the doubly heavy baryon transi-
tion to only one function n(w). The reduced vector matrix
element is the same as those derived by heavy quark-diquark
symmetry in earlier works. In addition, we pointed out that
n(w) is related with the universal soft function which is pro-
portional to the Isgur-Wise function of heavy meson decays.
Thus we obtained the g2-dependence of 7(g?) by assum-
ing a monopole structure. Finally, the obtained form factors
are used to predict the semi-leptonic decay widths of dou-
bly heavy baryons, and the results are consistent with those
derived by LFQM in the earlier works.
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