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We interpret the new double charm baryon state found by the LHCb Collaboration in the invariant mass
distribution of the set of final state particles (AfK~ztz") as being at the origin of the decay chain
B - T (—>Afnt) + K*(—=K~z"). The nonleptonic decay ;7 — T+ + K*0 belongs to a class of
decays where the quark flavor composition is such that the decay proceeds solely via the factorizing
contribution precluding a contamination from internal W-exchange. We use the covariant confined quark
model previously developed by us to calculate the four helicity amplitudes that describe the dynamics of the
transition =7 — X induced by the effective (¢ — u) current. We then proceed to calculate the rate of
the decay as well as the polarization of the " and A} baryons and the longitudinal/transverse
composition of the K*°. We estimate the decay =+t — ZrtK*0 to have a branching rate of

B(Elf - T K*%) ~ 10.5%. As a byproduct of our investigation we have also analyzed the decay

B — ZH KO for which we find a branching ratio of B(El; — ZiK°) ~2.5%.
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I. INTRODUCTION

Very recently the LHCb Collaboration has reported on
the discovery of the double charm state 27" [1] found in
the invariant mass spectrum of the final state particles
(AfK~ntxt) where the A} baryon was reconstructed in
the decay mode pK~z". The mass of the new state was
given as 3621.40 £ 0.72 £ 0.27 = 0.14 MeV. The central
value of the extracted mass is very close to the 3610 MeV
value predicted in Ref. [2] in the framework of the one
gluon exchange model of de Rujula, Georgi and Glashow
[3] which features a Breit-Fermi spin-spin interaction term.
It is noteworthy that Ebert et al. predicted a mass of
3620 MeV for the Z;" using a relativistic quark-diquark
potential model [4]. We interpret the new double charm
baryon state found in the (Al K~ z"z") mass distribution
as being at the origin of the decay chain =i —
SH(=>AfnT) + K9(—>K"z"). This decay chain is
favored from an experimental point of view since the
branching ratios of the daughter particle decays £t —
Afnt and K0 — K-zt are large (~100% and, from isospin
invariance, ~66%, respectively).

The nonleptonic decay Z/;7 — Z* + K** belongs to a
class of decays where the quark flavor composition is
such that the decay proceeds solely via the factorizing
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contribution precluding a contamination from internal W-
exchange. We use the covariant confined quark model
previously proposed and developed by us to calculate the
four helicity amplitudes that describe the dynamics of the
transition E;;" — X" induced by the effective (¢ — u)
current. We then proceed to calculate the rate of the decay
as well as the polarization of the X+ and A baryons and
the longitudinal/transverse composition of the K*°. The
nontrivial helicity composition of the K** leads to a
nontrivial angular decay distribution in terms of the polar
angle 6, formed by the direction of the K~ in the K** rest
system and the original flight direction of the K*.

Double heavy baryon decays and their magnetic
moments were treated by us before in Refs. [5] where
we performed a comprehensive study of the semileptonic
and radiative decays of double heavy baryons using a
covariant quark model. The version of the covariant quark
model used in Ref. [5] has recently been improved by
incorporating quark confinement in an effective way [6].
For the calculation of the relevant transition Z!;" — " in
this paper we use the improved model which we dub the
covariant confined quark model (CCQM). The physics of
double heavy charm and bottom baryons (mass spectrum
and decay properties) has been studied before in a number
of papers [7-18].
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II. MATRIX ELEMENTS, HELICITY AMPLITUDES
AND RATE EXPRESSIONS

The matrix element of the exclusive decay B, (p;, ,11) N
By(p2s42) + V(g, Ay) is defined by

M(B, - B, +V)
_Gr
=7

In the present case B, =Z/t, B, =X!F, V=K,
Vii= "V, =097425, V;, =V =0.974642. For the
effective current strength we use the large N, limit of
the relevant effective current combination Cgi =
C, +1/N,-C; to write Cyy = —0.565 [19]. The large
N, limit has also been used to successfully describe the
nonleptonic decays Ag — A+ J/y and A} — p¢ which
belong to same class of neutral vector meson decays as
Bl — T + K0 which proceed solely via the factoriz-
ing contribution (also called internal W-emission) in
Refs. [20,21]. The leptonic decay constant is denoted by
fv. The Dirac string O* reads O = y*(1 — y°).

The hadronic matrix element (B,[,0,q,|B,) is
expressed in terms of four dimensionless invariant form

ViiViiCettf vMy(B2]3,0,4,|B1)e™ (Ay). (1)

factors F KQA(qZ), viz.

_ _ [ . q
Boliorads 1) = pas52) |1V (62) — i 32 FY <q2>}

M,
xu(p1,sy),
(Baltars01181) = (p3.52) [y =i A
Xysu(pi.sy), (2)
where o0, = (i/2)(y,7, —r,y,) and all y-matrices are

defined as in Bjorken-Drell. Here we drop F ;/ / A(qz) form
factors, which do not contribute to the decay B; — B, +V
due to the vector current conservation.

Next we express the vector and axial vector helicity
amplitudes HXZ//{: contributing to the decay E/f —

T/ 4+ K*° in terms of the invariant form factors F}%",

where A, = +1,0 and A, = £1/2 are the helicity compo-
nents of the vector meson and the baryon B,, respectively.
We need to calculate the expression

H,,,, = (By(P2.42)1320,41|B1 (p1. 41))e™ (Ay)

- sz/lv Hﬁ‘m, 3)
where we split the helicity amplitudes into their vector and
axial parts. We shall work in the rest frame of the baryon B
with the baryon B, moving in the positive z-direction:

p1=(M;.0), p,=(E,.0,0, ) and ¢ = (g0,0.0,—|p,]).
The helicities of the B, B,, and V are related by
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A = 4, — Ay leading to the angular momentum restriction
|4, — Ay| < 1/2. One has

MZ
HY =\/Q_/M} <F1VM+ + FY —V>
7 M

1

M2
H?O =1/0,/M}, (F{‘M_ -F VY)
M,
Y - \/—2Q_< - Ry )
H;:\/ZQ ( -F} 4+ Fj M) (4)

The remaining helicity amplitudes are given by the parity
relations H_ﬂ —_y = +H/1 4> and HA Sty = H/12 4, We
use the abbreviations M, = M| + M,, Q. = M% — M3,
[p2| = AV (M. M3, M5,)/ (2M)).
The decay width is given by
I'(By — B, +V)

F P2

T3 M \ViVilPCofiMy - (Hy +Hp).  (5)

where we introduce the following combinations of helicity
amplitudes

Hy = [Hy | +[H_1, ]
Hy = [Hy|* + [H_y?

transverse unpolarized,

longitudinal unpolarized.  (6)

After having set up the spin-kinematical framework of
the problem we now turn to the dynamics of the decay
process 2" — X K*0 which necessarily is model de-
pendent. As remarked on before the sole contribution to the
nonleptonic decay Z/ — X tK*" is the factorizing (or
tree graph) contribution. We use the CCQM to calculate the
transition matrix element E/;" — X1+,

An important ingredient of the calculation is the choice
of the nonlocal interpolating current which we now specify
together with the Lagrangian that describes the coupling of
the constituent quarks with the double heavy baryon. One
has [5,20]

E;rc-’_: L:{; ( ) - g"**'—‘cc ) J~++( ) +He,

/dxl/dxz/dx3F—++(x X1, X9, X3)

X €M1 Byt u (xy) e (x,) Cy,e® (x3),

(7)

J—++

it LE (x ) = g+ T (x) - Jgee (x) + Hee,

/dxl/dxz/dx3Fz++ (x5 X1, %2, X3)

X eyt e (xp Ju (x,) Cyu® (x3).

(8)

J2++
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Differing from the calculations in [10,17], which use a
quark-diquark picture, we treat each of the three constituent
quarks as separate dynamic entities. The propagators
S,(k) = 1/(m, — ) for up and charm quarks are taken
in a form of free fermion propagators where m, = m,, m,
are constituent quark masses fixed in previous analysis of a
multitude of hadronic processes in our approach (see, e.g.,
Refs. [21,22]): m, = 0.2413 GeV, m, = 1.6722 GeV.
The compositeness condition of Salam and Weinberg
[23] gives one constraint equation between the coupling
factors gzi+,gy++ and the size parameters Ag:+, Agi+
characterizing the nonlocal distribution Fg-+(x; X, X5, x3),
Fys (x5 x1, X2, x3), respectively. As size parameter we use
Asr+ = 0.867 GeV (unified size parameter for the J = %Jf
single charm baryons fixed in Refs. [21]) and consider
Ag:+ as a free parameter. The size parameters of light and
heavy baryons in our approach are varied in the region
0.5-1 GeV. Therefore, in our calculations we will vary
Az in the interval 0.5-1 GeV. We found that the results
for the decay widths ['(ElF — i+ + K*0(K?)) are very
stable in this region of the size parameter Ag:+. In the
following discussion we will indicate the dependence of
our results on the choice of Az++ in the interval 0.5-1 GeV
in the form A £ AA.

The leptonic decay constants fg- =212 MeV and
fx = 161.3 MeV evaluated in our approach are in good
agreement with data: fg- = (217 £7) MeV and fx =
(156.1 £0.8) MeV [24].

Let us now list our numerical results for the four helicity
amplitudes. They are

Hyy=3.0£0.1GeV, H_ = —(9.640.4) GeV,
Hy=-(3.0£03)GeV, H_ ;=10.0+£05GeV. (9)

1
2

For the sum of the moduli squared of the helicity ampli-
tudes one obtains

HN - HU + HL =21024+179 GCVZ,
Hy = 109.0 £ 10.2 GeV?,
H, =101.2+7.7 GeV?, (10)

which leads to the partial decay width
[(EL - i + K0 = (021 £0.02) x 102 571, (11)

We have also analyzed the decay Z;" — =/ 4 K using
the same dynamics as for the decay Zf," — =/ + K*0. We
obtain

[(ELE - =5 + K% = (0.05 £0.01) x 1012 571 (12)

The K** mode is about four times stronger than the one
including the K°. In order to convert the partial rate into
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a branching ratio one would need the total width or,
equivalently, the lifetime value of the ZE/. Neither of
these are known experimentally. There have been several
attempts to calculate the lifetime of the Z1;" based on the
optical theorem for the inclusive decay width combined
with the operator product expansion for the transition
currents together with a heavy quark mass expansion.
The results are in the range of 430 fs—670 fs [8,13]. As
a median value we take 7+ = 500 fs. For the branching
ratios we obtain

To++
—cc

500 fs

B(EL > St + K0) = ( ) (105 + 1)%,

Tat+
Scc

500 fs

B(EF - I +K°) = ( > (2.5 +£0.5)%.

III. POLARIZATION, LONGITUDINAL/
TRANSVERSE HELICITY FRACTION AND
ANGULAR DECAY DISTRIBUTIONS

We treat the decaying =" as being unpolarized.
In principle, the E};" could acquire a nonzero transverse
polarization in the hadronic production process. However,
since one is averaging over the rapidities of the production
process the 1" is effectively unpolarized (for more details
see [22]). The baryon-side decay =™ — Afz™ is a strong
decay and, even though the X/ is polarized, the decay
St — Afxt possesses zero analyzing power to resolve
the polarization of the 7, i.e. the azimuthal angle and the
helicity angle decay distribution of the decay I+ — Afz™
is uniform. For the meson-side decay K*° — K~z* one
obtains the angular decay distribution

dU (Bl - it + K0(=K~ 7))
dcos Oy

Gk |pa|

=B(K*® > K-zt
(K = K)o

Vi ViaPConf Y MY Hy
3, 3.,
x | 5cos 0y F; —I—Zsm OvFr (13)

where B(K** — K~z") = 2/3 is the branching ratio of the
decay K*® — K~z". The angular decay distribution (13)
involves the helicity fractions of the K** defined by

H, 2—|— H 2
L:M:Msio.m,
Hy
[Hy P+ [H_ i, [
= = 0524001, (14)
Hy

This has to be compared to the unpolarized case F; = 1/3
and Fr =2/3 which is e.g. realized at the zero recoil
point g> = (M, — M,)? where there is only the axial vector
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S-wave excitation of the final (Z}TK*0)-state with
\/EH’;‘/zo = H‘{‘/zl (“allowed Fermi-Teller transition”).

Our results for the helicity fractions considerably deviate
from their unpolarized values leading to a pronounced
cos @y—dependence of the angular decay distribution (13)
which is quite close to W(8y) ~3/8(1 + cos? Oy).

The longitudinal polarization of the daughter baryon
¥+ depends on the polar emission angle 6y via

Py++(cosy)
350020y |y P [y ) 43050y (1~ H )
3sin’ Oy (|Hy | +[H_1_|*) +3cos* 0y (|Hyo|* +|H_y*)
(15)

When averaged over cosfy (one has to integrate the
numerator and denominator separately) one has

(IHu? = [H_ ) + ([Hyl? = |H )
Hy
= —(0.83 +£0.01). (16)

T =

As mentioned before the polarization of the I is not
measurable in its strong decays. However, the 1™ transfers
its polarization to the A in the strong decay X7 — Al z™.
The average longitudinal polarization of the A can be
calculated to be (we average over cos 6y ):

B \Hy|* = [H_yol* + [Hy > = |H_y
PALJT (63) - H c
N

= —(0.83 £ 0.01) cos (17)

0s 0y

where 0 is the angle between the direction of the Al and
the original flight direction of the 1, all in the rest frame
of the £5 7.

For the decay E/" — /T + K° we find a slightly larger
value of the longitudinal polarization of the X" given by

|Hy, [ = [H_y

Hs
=—(095+£0.02).  (18)

Py (B — B +KO) =

In principle, the polarization of the Al can be analyzed in
its weak decay A — pK~zx'. For example, one could
attempt to measure nonvanishing values of the expectation
value (cos®;) where 6; is the polar angle between the
polarization direction of the A} and either one of the three
decay particles (i = p, K™, z7) or the normal of the decay
plain (see an exemplary analysis of a weak (1 — 3)-
particle decay in e.g. [25]). To our knowledge the weak
decay Al — pK~z* has not been completely calculated
yet except for an analysis of the subchannels A} — pK*©
and A7 - ATTK™ [26].
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IV. SUMMARY AND CONCLUSION

We have discussed in some detail the possibility that the
new double charm state found in the invariant mass
distribution of (Af K~z z") can be attributed to the decay
chain E}.f - 5 (-Af ") + K*(=K~z"). The hypoth-
esis can be tested experimentally by looking at the decay
distributions of the particles involved in the cascade decay.
For once one can check whether there are significant peaks
at the = and K*° masses in the (Afz") and (K~z7")
invariant mass distributions, respectively. If there is a
significant continuum background one would have to place
relevant cuts on the invariant mass distribution to obtain the
appropriate cascade decay channels discussed in this paper.
One can then go on and check on the angular decay
distributions in the respective cascade decays which have
been written down in this paper. We have also discussed the
decay =+ — it + K° which we predict to have a
branching ratio four times smaller than that of the decay
B — I 4+ K0, It would nevertheless be interesting to
experimentally search for this decay mode.

It would also be worthwhile to experimentally check on
further nonleptonic decay channels of the double charm
state E" (see also Refs. [16]). For once there are the
decay channels Z/ — E:F(=E% 4+ 2%) + 2t (p") and
Bl - BT (B +7%) +p°%  Experimentally more
challenging would be the decay -channels
B (=B +y)+xn(pT), and EF > EF T (B +aT) +
7 because their detection would require photon identi-
fication. The above two-body nonleptonic decay modes
belong to the same class of processes as the decays Zi" —
Tt + KO(KP) in that they are solely contributed to by
the factorizing (or tree graph) contribution. A possible
W-exchange contribution (color commensurate “C” in the
terminology of [27]) is forbidden by the Korner, Pati, Woo
theorem [28]. The calculation of the above rates proceeds in
the same way as the calculation in this paper and will be the
subject of a future publication [29].

=+
See T
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