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Charmed baryons
» SU(3) (u,d,s): M. Gell-Mann, G.Zweig (1964)

» SU(4) (u,d,s,c): J.D. Bjorken, S.L. Glashow (1964)
» GIM mechanism: S.L. Glashow, J. lliopoulos, L. Maiani (1970)

» Problem: flavor changing neutral current at tree level
Q= “
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» Solution: extra duplet with charm quark
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Charmed baryons in one gluon exchange model
A. De Rujula, H. Georgi, S.L. Glashow, 1975.

» The model involves four types of fractionally charged quarks, each in
three colors, coupling to massless gauge gluons.

» The short-range quark-quark interaction is taken to be Coulomb-like
for the calculation of hadron masses due to the asymptotic freedom.

» The masses of charmed mesons and baryons have been predicted.

Numerous states with charm C=0 and C=1 were discovered.

There are precise results on the decays of single-charmed baryons

A = pp, Ax', T’ =5 — pK*°(892)

Three weakly decaying baryons with C=2 expected:

= = ccu and =L = ccd isospin doublet

QL = ccs isospin singlet



The study of the heavy-flavor-conserving nonleptonic weak decays of
heavy baryons has received a lot of attention due to their observation and
measurement of branching fractions by the LHCb and Belle Collaborations.

The decay 22 — A + 7~ was first observed at LHCb experiment and
the branching fraction was measured to be B = (0.55 & 0.02 4= 0.18)%

Recent experimental data obtained by the Belle collaboration gave the
value of B = (0.54 & 0.05 = 0.12)% which is in perfect agreement with
the LHCb result.

Baryons containing both an s quark and a heavy c or b quark, usually
decay via the disintegration of the heavy quark, i.e. via the decay

s — u(ad). There is, however, the possibility of the weak scattering
cs — dc.



Singly charmed 1/2" baryon states. Notation [a, b] and {a, b} for
antisymmetric and symmetric flavor index combinations.

Title Content SU(3) (1, ) Mass (MeV)
NS clud] 3 (0,0) 2286.46 + 0.14
=t clus] 3 (1/2,1/2) 2467.71 4 0.23
= c[ds] 3 (1/2,-1/2) 2470.44 £+ 0.28
it cuu 6 (1,1) 2453.97 4 0.14
Y c{ud} 6 (1,0 2452.65 4 0.22
P cdd 6 (1,-1) 2453.75 + 0.14
=t c{us} 6 (1/2,1/2) 2578.2 4+ 0.5
=0 c{ds} 6 (1/2,-1/2) 2578.7 £ 0.5
Q0 css 6 (0,0) 2695.2 + 1.7




> Ground states of baryons with J° = 1/2% can decay only weakly via
the internal and external /V-exchange.

» Two-body decays of baryons have five different quark topologies:

_— _—
_—
Ia Ib

G

IIa ITb II1

W-exchange diagrams



The quark diagrams that contribute to the Cabibbo-favored decay
=% — AL + 7 are shown below.
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After hadronizarion, the diagram la factorizes out into two parts: the
weak transition =2 — A/ via the W-emission and the matrix element
describing the pion leptonic decay.

The W-exchange diagrams lla, Ilb and 11l contribute into both the pure
quark diagrams called the short distance (SD) contributions and
effectively into the pole diagrams shown shown below. They describe the
so-called long distance (LD) contributions. For instance, the diagrams lla
and 11l effectively generate the Y2-resonance diagram whereas the
diagram Ilb effectively generates the =/ and =."-resonance diagrams.

™ ™

1

1 Hcff
0 .=+ :/+. +
c R Ac

(11
=)
\g|
)
>
+
(1



The effective Hamiltonian needed for calculations is written as
Gr

Hi = 5| ViV (C70) @1 + € (10) 01

+ Vs Ve (Cl(c)(uc)Ofc) + C2(C)(Nc)ch)> + H.c.}

Here Q: and Q: is the set of effective four-quark operators given by

Q" = (50fw)(@0uds), Q= (50 us)(sOuidh),

Q§C) = (EBOt‘cb)(EbO,‘Lda), Q2E) = (§aotLCa)(EbOpLdb)-
Here O} = ~*(1 — ~s) is the left-handed chiral weak matrix. We adopt
the numeration of the operators from the paper:
G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125-1144 (1996)
where the C; Q. means the leading order whereas the C; Q; is for

sub-leading order. The numerical values of the Wilson coefficients C; and
C; are being equal to

C"py) = —0.625, C! (pu) = 1.361, (pu = O(1GeV)),
Cue) = —0.621, Clpme) = 1.336, (pe = O(mc)).

We do not include penguin operators because their Wilson coefficients are small compare with those from

current-current operators.



In the SM the relation VV.y = — V. V.4 holds to an excellent
approximation. For instance, in the Wolfenstein parametrization of the
CKM-matrix, one has

ViVus = +A(1—X°) + 0\
ViVa = —X(1—X)+0Y.

The global fit in the SM for the Wolfenstein parameter gives
A = 0.22500 =+ 0.00067. In what follows, we introduce the short notations

VC(;)M = |VieVua|, and VC(;)M = —|V& Vel

The numerical values of the CKM matrix elements are taken from PDG:

| Vug| = 0.97373 &£ 0.00031, | Vus| = 0.2243 4 0.0008,
|Vea| = 0.221 4= 0.004, | Ves| = 0.975 & 0.006,

that approximately give V((]LI'{)I\I ~ 0.218 and Véf()M ~ —0.215.



Covariant Constituent Quark Model

The CCQM is based on a phenomenological relativistic Lagrangian
describing the coupling of a hadron H to its constituents:

Line = EHH(X)JH(X) + H.c.

The coupling constant gy is determined from the so-called compositeness
condition, which was proposed by Salam and Weinberg.

The quark currents Jy(x) have the nonlocal shapes as

Ju(x) = /dx1 dx; Fy(x; x1, x2) - Gf, (x1) Tm gf, (x2) Meson

Jg(x)

/dx1 dxz [ dxs Fg(x; X1, X2, X3) Baryon

X

M qu(Xl) [Emazagqé aZ(XQ)C M qgs(x:i)}

Jr(x) /dx1 cee /dX4 Fr(x; X1y .y Xa) Tetraquark

% [Ealach;l— a; (x) CTy qu (Xg)] . {Easaz;caé'«n (x3)2C (724 (X4):|



Vertex functions

Translational invariance of the vertex functions:

Fu(x +a,x1+a,...,xn+a) = Fu(x,X1y...,Xn), Va.
Our choice:
n
Pt ee5) = 8= 3 ) (St = )
i-1 i<j
n
where w; = m; /(3 m;) and m; is the mass of the quark at point x;.

Jj=1

The vertex function @4 is written as

en(Ste =) =1 [ o)~ ).
i<j i=1
&H(—ﬁi) = exp ((_2’,27//\%) , ﬁi = %Zq"qf'

i<j



The matrix elements contributing to the baryon transitions =2 — Al 7~
are represented by a set of the quark diagrams shown in figure below.
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They describe the so-called short distance contributions.



The diagrams describing the the building blocks of the long distance
contributions look as following

M
B, B> B, B>
Weak B;-B; transition Strong ByB>M coupling

The quark propagators are chosen as ordinary Dirac propagators

d4k e—ik(xl—XQ)

Sq(x1 — x2) :/WW

We use the Fock-Schwinger representation for them in evaluation of the
Feynman integrals.

m+ k

m? — k2

— (m+ &) [ da expl-a(m’ — k)



Evaluation of the diagrams

Then one can arrive at the following representation for the Feynman
diagram with n-propagators.

I'I:/d"aF(al,...,a,,),
0

where F stands for the whole structure of a given diagram.
The set of Schwinger parameters «; can be turned into a simplex by
introducing an additional t—integration via the identity

1= /dt&(t = )
0 i=1

leading to

n

oo 1
n= /dtt"_1 /d"a6(1 — Za;) F(tai,...,tan).
0 0

i=1



Infrared confinement

> Cut off the upper integration at 1/\?

1/X22 1
ne= | dtt"_lfd"a6<1 — Za;) F(tag,...,tay,)
0 0 i=1

» The infrared cut-off has removed all possible thresholds in the quark
loop diagram.

» We take the cut-off parameter A to be the same in all physical
processes.



Matrix elements of the SD-contributions

G u - u u u u
M = Vi o) (G + €€ D+ (€ — €I) D u(pr)
+ VEW(C — ) i(p2) | Dua + D] u(pr) | -
The tree diagram factorizes into two pieces according to
d'k ~ 5 “
D. = N:.gu Wd)m(—k ) tr [Of Su(k — wuq)¥sSa(k + waq)]

dky [ d*ke ~ ~ -
X 685,85, /(27)}*: /(%)j chl( Qj)¢32<—9,2>
X Sc(ka)tr [Su(ki + p2) Oy 1Ss (ki + p1)vsSa(ki + ko )s]

' d4k1 d4k2 e =2\ 2
_ © _ _
= —6fuq"gs, g5, /(277) m)i ¢Bl< Qq>¢32( Q,)
X Sc(ko)tr [Su(ki + p2)Ou 1Ss(ki + p1)ysSa(ky + ko)~ys]




Matrix elements of the SD-contributions, cont.

The calculation of the three-loop W-exchange diagrams is much more
involved because the matrix element does not factorize. One has

Du, = 12g8,88,8m H/( 4’51 Qg>$32<_ ﬁr2>5'V>M(—/':'2)

Sc(ks)tr [vsSa(ka + p2)(1 + 75)Su(ke + ks)]
X tr[Su(ks + p2)v5Sa(ki + p1)vsSs(ki + k3)(1 — ~s)] ,

X

Finally, the matrix element describing the SD-contributions are written as

Gr _

Mso(Z2 — Aim™) = 2 (p:) (Aso +35Bso ) u(py),



Matrix elements of the LD-contributions

G c c o) =

Mso = —C Vi, (Cl( ) — ¢! )) U(p2)D 5o ps i~ (P1sP2)S50(p1) D=0 50 (pr)u(pr)
V2 ‘

where Szg(Pl) = 1/(m>:g— p1).
_ Gy W (e _ cw)p®

ME:+ = V3 “(P2){ {VCKM (Cl G )Dz:‘/\j(pQ)

+ V(()ll:()M (CI(C) - Cz(c))D(Ec£+A3(P2)} X 552+(P2)ng E;+W_(P1,P2)} u(Pl)

where SE: () = 1/('"52 F— P



Matrix elements of the LD-contributions

It appears that the strong transition =0 — = + 7~ is identically equal to
zero due to the chosen form of the interpolating quark current

abc a( bC’)/5S )
As a result, this transition is described by the diagram which contains the
trace of a string with three quark propagators and three ~s-matrices that
gives zero contribution. Explicitly we one has

Doz = 68=38z En- H/ o~ 82)8 (- 62)8 - (-P)
X Sc(ka)tr [Su(ki 4 p2)vsSa(ki + p1)vsSs(ki + k2)vs] = 0.

There are two kinds of the interpolating currents for the A-type baryons
(Ag,=q) whereQ = b, c. They are written as

Js = €°Q(u”CrssC), scalar diquark,

Jv Py @ (uP Cy™ss°) vector diquark.

The interpolating current with the vector diquark could provide the
nonvanishing transition = _c — =7 Py



Full amplitude

It is widely accepted that S-wave amplitude is saturated by the 1/27~
resonances. Ordinarily, their contributions are calculated by using the
well-known soft-pion theorem in the current-algebra approach. It allows
one to express the parity-violating S-wave amplitude in terms of
parity-conserving matrix elements. In our case, one has

— _ 1
Ay (12 N+ ) = £ Aznss
AEC‘ AT VC(lIl()M (Cz(u) - CI(U)> a(_:':lz)’ AE + V((J(I:()M (Cz(c) - C1(C)> a(zcé AES
Finally, the transition =2 — A/ + 7~ amplitude is written in terms of

invariant amplitudes as

+ _ Gr _
<N T [ Her |22 >= =L ii(p2) (A+ v5B) u(py)

V2
where A and B are given by
A = Asp + Aip, Awp = Asxo +A52‘ + A,
B = Bsp + Bip, Bip = Byo + BEZ*'



Decay width

It is more convenient to use helicity amplitudes H,, »,, instead of invariant

amplitudes A and B

=v/Q; A, H? =./Q-B,
2

HY
l
2t
where my = mi + m,, Q. = mi. — q°.

The two-body decay width reads

M(Bi— B+ M) = 3? |p2|’Hs, 'Hs—2<‘H1 ( + ’Hgtr)

where |p2| = )‘I/Q(m%’ m2’ q )/(2’"1)
Also it would be instructive to evaluate the asymmetry parameter defined

2kAB

by
|Hij2el? — [Hoapoe
T A2 ¥ k2B?’

B [Hi2¢)? + |H=1/2:|? B

where k = |p,|/(E2 + m;) and E; = (m? + m3 — ¢°)/(2m;)



Numerical results

Model parameters have been determined by a global fit to a multitude of
decay processes.

my,d ms mc A

0.241 0.428 2.16 0.181 GeV

The size parameters of light meson were fixed by fitting the data on the
leptonic decay constant.

Meson  Am(GeV) fu(MeV)  fo*(MeV)
Pion 0.871 130.3 130.41 £ 0.20

Since the experimental data of the single charm baryon decays become to
appear recently, we will assume for the time being that the size
parameters of all single charm baryons are the same.



Numerical results

Dependence of the branching fractions on the size parameter of a single

charm baryon.
0.01

0.0075

0.005

0.0025 =

0.5 0.55 0.6 0.65 0.7
/\Q (GeV)

One can see that the measured branching fraction can be accommodated
in the framework of this work by having A =~ 0.61 GeV.



Numerical results

In order to estimate the uncertainty caused by the choice of the size
parameter we allow the size parameter to vary from A,;, = 0.54 to

Amax = 0.66 GeV that correspond to the intersections of the theoretical
curve for branching fraction with the experimantal lower and upper error
bars. We evaluate the mean and the mean square deviation

B N N
ST SUEL)
i=1 i1
Finally, our result for the branching fraction reads as
B (ES AL+ w‘) — (0.54 4 0.11)%
which should be compared with the data from LHCb and Belle:

Birucy, = (0.55 4+ 0.02 &+ 0.18)% Bgelle = (0.54 + 0.05 + 0.12)%

Amplitudes SD LD SD+LD
A-ampl. (GeV?) 0.0156 -0.0751 -0.0595
B-ampl. (GeV?) 0.166 -5.378 -5.212




Asymmetry parameter

It is instructive to evaluate the asymmetry parameter defined by

_ |H1/2t|2 - |H—1/2t|2 o 2kAB
[Hijoe|? + [H_1/2¢]? A2 + k2B2?’

Here k = |p,|/(Ex + my) and E; = (m? + m3 — q¢°)/(2my).

The numerical value of the asymmetry parameter is found to be equal to

o = —0.75.



Numerical results

Comparison with other approaches.

Approach B(Z2 = At )% Asymmetry
LHCb [1] 0.55 & 0.02 & 0.1 —
Belle [2] 0.54 £ 0.05 £ 0.12 —

Voloshin [3] > 0.025 £ 0.015 —
Gronau (constr) [4] 0.194 +£ 0.070 —
Gronau (destr) [4] < 0.01 —

Faller [5] < 0.39 —
Cheng [6] 0.72 £ 0.07 0.46 + 0.05
Niu [7] 0.58 £ 0.21 —0.16
Our model 0.54 £ 0.11 —0.75
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Summary

> We have studied two-body nonleptonic AC = 0 decay =% — A} + 7~
in the framework of the covariant confined quark model with account
for both short and long distance effects.

» The short distance effects are induced by four topologies of external
and internal weak W-interactions, while long distance effects are
saturated by an inclusion of the so-called pole diagrams.

» Pole diagrams are generated by resonance contributions of the
low-lying spin 1/2% (X2 and =/ ") and spin 1/2~ baryons. The last
contributions are calculated by using the well-known soft-pion
theorem.

> It is found that the contribution of the SD diagrams is significantly
suppressed, by more than one order of magnitude in comparison with
data. The most significant contributions are coming from the
intermediate 1/2% and 1/2~ resonances.

> We can get consistency with the experimental data for the value of
size parameter being equal to A =~ 0.60 GeV.



