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Light cone QCD sum rules study of the rare radiative E;, — Z,y decay
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The rare radiative decay Zj, — &,y is investigated within the light cone QCD sum rules approach. This
decay proceeds through the flavor changing neutral current b — s transition in the Standard Model. The
hadronic matrix element of the considered decay is parameterized in terms of four tensor form factors

TY(q%), Ty (¢*), T{(q*), and T% (¢*). The sum rules for these form factors describing the Ej, — &,y decay
are derived at ¢g> = 0 point using the , distribution amplitudes. The results of the form factors are
employed to calculate the corresponding decay width. Our finding indicates that this weak radiative decay
could be within reach of future high statistics studies of doubly heavy baryons at LHCb and upcoming

facilities.

DOI: 10.1103/r6t9-m2gw

I. INTRODUCTION

The existence of doubly heavy baryons composed of two
heavy quarks Q and one light quark ¢ is predicted by the
quark model. Doubly heavy baryons are divided into two
families, Zy( and Q. The Ey family contains a light u
or d quark, whereas the Q,, family contains a strange
quark s. Experimentally, the first evidence for a doubly
heavy baryon was reported by the SELEX Collaboration
[1]. In 2017, the LHCb Collaboration observed the doubly
heavy baryon ZE/ in the decay channel E/ —
AfK ztzt [2] with mass 3621.55 £ 0.23(stat) +
0.30(syst) MeV/c? [3]. Later, this state was confirmed
in the analyses of 2f;" — Efzt decay [4]. It should be
noted that the spin-parity quantum numbers J* of the Z;
have not yet been determined. Despite intensive exper-
imental studies, other members of the doubly heavy baryon
multiplets have not yet been observed by LHCb and
BELLE Collaborations. Experimental searches for these
states are ongoing within these collaborations [5]. These
observations have stimulated extensive theoretical studies
of the properties of doubly heavy baryons.

The mass spectrum of doubly heavy baryons has been
investigated within various theoretical approaches, such as
the relativistic quark model [6-9], QCD sum rules [10-16],
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potential models [17], and lattice QCD calculations [18—
20], etc. Studies of the electromagnetic and strong decays
also play an exceptional role in understanding the dynamics
of doubly heavy baryons (see the review [21] and refer-
ences therein, as well as [22-36]).

Flavor-changing neutral current processes governed by
the transitions b — s constitute a promising area for precise
tests of the Standard Model (SM). In the SM this transition
is forbidden at tree level and occurs only at one-loop level.
Hence, such decays allow us to scrutinize the gauge
structure of the SM and provide a platform to search for
new physics beyond the SM. The semileptonic decays of
baryons induced at the quark level by b — s transitions
represent an important opportunity to obtain more precise
information on the properties of doubly heavy baryons.
Moreover, weak radiative decays of doubly heavy baryons
are highly informative for acquiring additional insight into
the dynamics of these systems.

The present work is devoted to the study of weak
radiative decay of spin—% &}, baryon within the light-cone
QCD sum rules (LCSR) method [37]. Note that in LCSR
the operator product expansion (OPE) is organized in terms
of the twist of operators, rather than their dimension as in
traditional SVZ-type sum rules [38].

The paper is arranged as follows. In Sec. II we derive the
light-cone QCD sum rules for the transition form factors, at
g*> =0 point, describing the Ej, — E,y decay. In our
calculations we employ the heavy Z;, baryon distribution
amplitudes (DAs). In Sec. IIl we perform the numerical
analysis for the form factors obtained in the previous
section at g> =0 point. We also provide a numerical
prediction for the corresponding decay width. The last
section contains a discussion of the obtained results and
concluding remarks.

Published by the American Physical Society
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II. LCSR FOR THE E;, — E,y DECAY FORM
FACTORS

The exclusive decay Zj, — Z,y at the quark level is
governed by the flavor-changing neutral current transition
b — sy in the SM. This transition takes place at loop level
and is described by an effective Hamiltonian. Within this
framework, the exclusive decays are represented as a
convolution of short and long distance contributions.
The short-distance dynamics are encoded in the Wilson
coefficients, while the long-distance parts are described by
the matrix elements between the initial and final baryon
states, which are parametrized in terms of a set of transition
form factors. The form factors belong to the nonperturba-
tive domain of QCD; hence their calculation requires some
nonperturbative methods. Among these nonperturbative
approaches, the QCD sum rules method occupies a special
place because it is based on the fundamental QCD
Lagrangian. In the present work we employ the LCSR
approach to compute the relevant form factors for the
&}, — Epy transition responsible for rare radiative decays.

The rare b — sy transition is described by the effective
Hamiltonian

6
Her = — —V,bv [Z
+@w@wﬂ (1)

)+ C1 ()07 ()

where C;(u) are the Wilson coefficients and O;(u) are the
local operators. Explicit forms of the local operators are
(see Ref. [39])

O1 = Saru(1 =vs)cp)(@pr* (1 = 75)bg), (2)
O, = (Saru(1 =7s)cq) (@pr*(1 = v5)byp), (3)

O3 = (547,(1 = 75)%)2(%7’”(1 -rs)qp). (4)

q

O = Baru(l = 15)bp)> (@sr" (1 =75)qa). (5

q

OS = (Sayy(l - yS)ba)Z(Qﬂy”(l + ]/S)Qﬂ)s (6)

q

06 = (anﬂ(l - VS)bﬂ)Z(Qﬁyﬂ(l + yS)‘]a>’ (7)

q

O; = Gﬂv(mbR + mSL)baFWv (8)

e _
472 Sa

s

Oy = 4 2 Sa ;w(mbR + my L)T“ b/jGa;w’ (9)

where

R:1+75, :1—75’
2 2

a and f denote color indices, and ¢ and g, are the
electromagnetic and strong coupling constants, respec-
tively. The tensors F* and G** represent the electromag-
netic and strong interaction field strength tensors,
respectively. In the next discussions we will neglect the
terms containing m, in O; and Oy since m; < m;,. The
values of the Wilson coefficients C; can be found in [39].
Since the main contribution comes from operator O;, the
effective Hamiltonian relevant for b — sy transition takes
the following form

GFe

Hb—»sy = - 2\/—

V,bV,SC7(mb)sa (mbR + mSL)b FHv,
(10)

The matrix element of the exclusive Z;, — E,y decay is
obtained by sandwiching this effective Hamiltonian
between the initial and final states:

g5, 8y (q,

Replacing o, F* = -2ic,, ¢ q" in the O; operator, the
matrix element of interest can be written as

(&5 (P)I5104,q" (1 4 75)b|Z,(p))- (12)

In general this matrix element, in terms of form factors, is
parametrized in the following way

M= &)[Hp-sy|Ep(p.s)). (1)

(E5p(P)[Si0,,q" (1 + v5)b|Ey(P))
=z ,(P)ys[TYPY + T3PS + T3P uz, (p)
iz (P [TAP A+ TAPY 4+ TAPuz, (p).  (13)

The Lorentz structures P/ are defined as

1
Pl =—la’p" = p'.q g™,
mz,
1
Py :m—_[qu” -4 9™,
=p

|
P = — @~ ) (14

=

—b

For real photons, 77’3’” does not contribute and the following

endpoint relations take place at the ¢g> = 0 point (see also
Ref. [40]),

AW) (0) 5 5 74V g,

) (15)

T7(0)=T71(0). T,
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where mz: and mgz, denote the masses of Ej, and 5,

baryons, respectively, and the —(+) sign holds for 7% (0)
[T%(0)] form factor. From the end-point relations it follows
that, to describe the Z;, — E,y decay at g* = 0, it suffices
to know only two form factors, e.g., 77 (0) and T (0).

For calculation of these form factors we apply light cone
QCD sum rules method. We start by considering the
following correlation function:

M, (p.pf) = i / d*x ¢4 (0|T{1,,(0)b(x)
X i0,00°(1 +75)s(x)} [Es (p)).  (16)

where J, is the interpolating current of the doubly heavy
spin-3 zzb baryon, and JI* = bic,,q%(1 +ys)s is the
weak transition current. The explicit current of the doubly

heavy spin— baryon is

Imp/zl_[ﬂy(p,

p/) — ﬂ_é(p/z

1
J

= —ewe{2(q*" Cy, b)be +
" \/g b{ (C] 7/;4 )

(b*T Cy, b")q }. (17)

where C is the charge-conjugation matrix, €, is the totally
antisymmetric tensor in color space.

According to the standard procedure of the QCD sum
rules method, the correlation function is represented in
terms of the form factors of the hadron and calculated via
the light cone OPE. Sum rules for the relevant physical
quantities are obtained by matching the hadronic repre-
sentation to the OPE result using the quark-hadron duality
ansatz. The hadronic dispersion relation for correlation
function is obtained by calculating the imaginary part with
respect to variable p’2. Inserting a complete set of baryon
states carrying the same quantum numbers as the inter-
polating current the following relation is obtained

= M2, ) S 01, O)[Z3 (1, ) iP5 S + 73)bIES(p. )+ (18)

Here the sum ) indicates the summation over the polarizations of the intermediate =), baryon; the dots denote higher

states and continuum. The matrix element (0|J,

,(0)|Z;,(p’)) is defined as

(017,(0)I=5,(p")) = A, (p'), (19)

where 4 is the residue and u,(p’) is Rarita-Schwinger spinor for a spin—% doubly heavy baryon, respectively.
The matrix element of the weak transition current between the initial and final baryon is determined via the form factors
as given in Eq. (13). Using Egs. (13) and (19) and performing the summation over the spin of the =, baryon as,

1 2pupy | 1 pury = puy,

o I (A _ - _cbplPv | 1 Puplv vlu
Zuﬂ(p > )uv(p > ) - (15 + m‘:’Zb) 9w 3 Yu?v 3 m%* 3 mEzb ’ (20)

N “bb
for the hadronic part of the correlation function we get
(phys) <O|J;¢|‘—‘hb<p )><E‘* ( /)|Bi0uaqa(1 +75)S|Eb(p)>
e = -y + ...
= sy i(q Pl = gug- P75+ TH)
mé* _p/2 bb méb H H
bt = AT 4 T g () 4+ @)
=b

where - - -

represents the terms taking contributions from higher states, and the states with spin—%. Here we would like to

make the following remarks. The interpolating current J,, couples not only to spin—% state but also spin-% state through the

matrix element between vacuum and one particle state
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1 ml v v 4
<O|]ﬂ’B <P/, s = §>> = (Ap, + By, u(p'.s). (22) i — e_%’l(mih +mg, )(mz, T} —mz, (T] +277))
! 2mz ’
=b
m2

This indicates that the terms proportional to the p;, or y, on . i~ ATY

. . . —e M ,
the left carry contribution from spln—% states also. Therefore, 2 mz,
to isolate the sole contribution of spin-% state we choose the N
structures not having these factors. Besides, we consider ﬁ3 _ e—M—Zb AT .
certain order for Dirac structures, such as y,dy,p, to mg,
eliminate the present dependent structures. Finally, after 2 A(mz: T + ms (TA +2T2))
the Borel transformation, the correlation function in physi- [, = v el T AN 2 (24)
cal side takes the form mg,

The QCD side of the calculation is performed in deep

flfﬁhys) =0, 4759, +Todrsq,v, +T34q,v,+M4q,v,+-,  Euclidean region where p” < 0. The same correlation
(23) function, Eq. (16), is used with the interpolating current

given in Eq. (17) and the weak transition current. After the

application of the Wick theorem, the correlation function is

where IT represents Borel transformed correlation function, expressed in terms of a heavy quark propagator and the DAs
v, = p,/mz, and of the heavy E, baryon as
|
QCD 2i 4y Liqx U - T T
I (p'.p) = % d'xe'™ q* ZAi{Tr[Fi(GM/(l +75))" S, (=x)Cy,]
i=1
+ Sb<_x)6uv’(1 + }/5>FIT Cyp + Fi O-w/(l + VS)S[];(_x)CVﬂ]}uEb (P, S)a (25)

where S, (—x) is the propagator of the b quark. Equation (25) is calculated using the DAs for the heavy E, baryon obtained
using heavy quark effective field theory [41] and A; and I'; are

A = %f(z)lllz(fhfz) Iy =jiysC™',

A = _%f(l)l//&r(tlv 1) [, = iog,i*n?ysC™!,

As = %f(l)%s(l],fz) I3 =ysC7,

Ay = éf(z)l/M(tl’ 1) Iy = #AysC™", (26)

where y,, w3, (3,), and w4 are the DAs with twist 2, 3, and 4, respectively, and the light cone vectors n and 7 are defined as,

1

Ng = —Xa»
VX

_ 1

gy =20, — e (27)

The DAs of heavy baryon =, are defined as
0 1 . _
y(t ) = A dwwA due™ Wiy, (y ), (28)

withit = 1 —u,t; = 0,1, = vx, and w is momentum of the light diquark. Considering the coefficients of the structures ¢ysg,,,
4759, 49,v,» and g, v, we obtain the sum rules for the form factor by matching the results obtained from the QCD side to that
of physical side.
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P (p'. p) = /du/dw{[

= Wy (. wyw(my, +2aw)) —

4

—mf(z)(%(u,vv) Pra(u w))i ]quﬂ [ﬁﬂz)u/z(u,w)ﬁw

4

\/§A2

=+ 2f(1>l/,\/30(u’ W)(mb + ZIZW)q ' 1}):| dYSg;w - |:

2 Wgrsg (W)t = fOyrs (1, ww(2my, + iw)

O W) = ) (2m, + )

SOy (u,w)aw?

4
\/gAmE,,

2

— mf@) (l/’\/z(bt, W) — 1/74(”, w))ﬁ3w2:| %qﬂvy + |:\/i_.A (f(z)V/Z(u’ W)W(mb + ﬁw)

By

— O 1t )it — 3, (s, w)w?) — j%( ¢ 0 D (1, w)
O (a1 w) — it ) (my + uw»] G+ }<> (29)

The dots in Eq. (29) represent the contributions coming from
other structures and the functions {(u, w) and A are given as

wluw) = [ deeyius) (30)
0
and
praw 2,2 2
A= — mg, w + ww* — mj,. (31)
mg

Having completed the calculation of both sides of the
correlation function, the next stage is equating the coef-
ficients of the same structure in hadronic and QCD sides to
obtain the sum rules for the form factors, 77, Ty, T4, and
T%. The final step for obtaining the sum rules for the form
factors is performing a Borel transformation from both
sides of the correlation function. Finally for the form
factors we get the following sum rules:

1:1

"= mg, TP
TV — 2 =b 2 ,
1 e 1
QCD _ 2 QD 2 [{jQCD
TV = ev( “2ma, T - me T 4 m, Ty ),
2 2A(mz, + mz: )
:bb ms ﬁQCD
TA =ew? —23
1 M i
- 5 (ms, eeP +ms, HQ(:D +T19°P) "
= —e M 2 /1 ’ ( )
where ﬁ?CD represents the Borel transformed results of the

calculations obtained from the QCD side corresponding to
the coefficients of the structures ¢ysg,,. 4759,V> 49,V
and g,v, given in Eq. (29). The Borel transformation and
the continuum subtraction are performed with the help of
the following master formula:

pu, w)

bl
( aw )k
ms
=b w=w

(33)

wrrre(ave) |

2
where the integration region is the region in the uw plane where s > 4m?. In Eq. (33) s = mz, (mz, + % — aw), and wy is
obtained from the solution of the equation s = s;, where s is the continuum threshold.
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The analytic results obtained in this section are used in
the following section to obtain the results for the form
factors numerically.

III. NUMERICAL ANALYSES

This section is devoted to numerical analyses of the
analytic results for the form factors given in Sec. II at
g*> = 0. Additionally, using the obtained form factors we
present the corresponding decay width.

In our numerical analysis the main input parameters are
the DAs of the &, baryon, which are [41]

n 31/2 2u — 1)

wo(u,w) =w uuz — 3 —w/en,
=& |G
1/2
a,Cy/ 2u—-1) _
wa(u,w) = Z_;"We w/e,
n=0 €n ‘C” |

WO 2u—1)
P2

_W/gn

(34)

The parameters ag, a;, a,, and &, €, & in Eq. (34) are
given in Ref. [42], A = 1/2, C/(2u — 1) is the Gegenbauer
polynomial, and |C%|? is

G = Al dulCh(2u = 1)]2. (35)

0.20
015} --m-- 5p=119 GeV?
0.10F — 5p=121 GeV?
2 0.05 --A-- 50=123 GeV?
>|: .
0.00 :.:;:1:;:g:;:l:c:a:::l:c::::t::-::-:-
-0.05f
-0.10 . ‘ ‘
9.0 9.5 10.0 10.5 11.0
M (GeV?)
0.20
015} -=m-= 5,=118 GeV2
0.10 } —e— 5,=119 GeV?
g -=a-= $,=120 GeV?
—— 0.05}
T_‘-
0.00 P T S HEE S HE T 2 b
-0.05f
-0.10 . ‘ ‘
9.0 9.5 10.0 10.5 11.0
M*(GeV?)
FIG. 1.

Besides DAs, we also need other input parameters such as
current coupling constant A = (0.22 & 0.03) GeV? [43],
f1=1>=1(0.032+£0.009) GeV? [44], |V,|=1.014%+
0.029, |V, | =(41.540.9)x 1073, m;, =4.7840.06 GeV,
mg = 934750 MeV, mz- = (5797.0 +0.6) MeV  [45],
mz-- = 10.237 GeV [46].

In addition to these input parameters, in the results there
are auxiliary parameters, such as Borel parameter M? and
threshold parameter s,,. The threshold parameter is related to
the excited state of the considered baryon, and considering
these its value is fixed to the interval 119 GeV? <
5o < 123 GeV?. Imposing that the contribution of the lead-
ing twist-2 term dominates over the power corrections and
continuum contributions, the interval for the Borel parameter
is determined as 9 GeV? < M? <11 GeV2. Figure 1
presents the dependence of the form factors, TY, TY, T¢,
and T%, at g> = 0, on Borel parameter M within the given
interval of the Borel parameter, and at different values of
threshold parameters. To determine the numerical values of
the form factors and their corresponding uncertainties, we
carry out the analysis in which the Borel parameter M? and
the threshold parameter s are randomly sampled within their
prespecified intervals. With 5000 random sets of these
parameters, we obtain the corresponding histograms pre-
sented in Fig. 2, and the mean values and standard deviations
of the form factors. From these analyses we obtain the form
factors as follows:

0.4
--m-- 5=119 GeV?

03¢ —e— 50=121 GeV?
o “=a== 50=123 GeV?
{; 0.2

e o R
01} i
0-0 I I I
9.0 9.5 10.0 10.5 11.0
M?(GeV?)
0.4
--m-- 5,=119 GeV?

0.3t —e— 50=121 GeV?
S --a-= 5o=123 GeV?
q\;‘ 0.2'
~

(IR il L LT L P T e R

r-l--r-l--A--n--A--l--A--l--A--.-,..,_,
0.0 1 1 1 1 1 1 1
96 9.8 10.0 10.2 104 10.6 10.8 11.0

M?*(GeV?)

Variation of the form factors of Z;, — Z,y transition as a function of M? at different values of sy.
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FIG. 2.

Counts
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' ] Iii
ol ﬂ | ol I | l [
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7/(0) 770
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o
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-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.06 0.08 0.10 0.12 0.14 0.16 0.18

(0 T,(0)

Histograms of the form factors obtained using randomly selected values of the auxiliary parameters M? and s,.

TY(g* = 0) = 0.15 + 0.03 GeV,

TV (8> = 0) = —0.024 £ 0.007 GeV,
2=0 TA(¢* = 0) = 0.11 £ 0.02 GeV.

T (q = —0.024 £ 0.007 GeV, 36
1

We see that the endpoint relations for 7} and T4, namely 7 (0) = T4(0), are satisfied exactly, and the relations between

TY(g*) and T%(¢?) are satisfied with good accuracy.
With the obtained values of the form factors given in Eq. (36), we predict the width of considered decay. After some

calculations for the decay width we get

2 ~(0)eff 2 w2 (m2 — 3
aemGE|Cy,) " (my) PV Vi | (mz;, —mz,) [—2mhm (mg. (IT9]> = |TYP)
S\TE,

7687% m‘é ma.
+ mz,mi (T3P + SRe[T4T4] + 2T} P = SRe[TYTY"]) + md m2. (T4 =T}
+4Re[T{ T3] +7|T5 [ + 4Re[T{ T3] = 7|TY|?) + md, (IT5* — T3 )
—mg, mz; (Re[T1T5"] +4|T5 > — Re[TYTY*] + 4|5 ) + mj(md, (IT1]> + |T}]?)
—mg, mz; (Re[T1T5"] +4|T5* + Re[(TY — 4T3)T3"]) + md, (IT5* + |TY])
+mz,m3, (2|T{* + SRe[T{T5"] = 2|} > + 5Re[T{T}"]) + mz, mZ, (|T}[?
+I|TY? + 4Re[T{T5*] — ARe[TY T3] + T(|T3 > + T3 1)) + mi(me, (IT{]* + |T{ %)
—mZ, mz; (Re[T1T5"] +4|T5* + Re[(TY = 4T3)T3"]) + m2, (IT5* + |T3])
+mz,mz. (2T + 5Re[T{Ty] = 2T |* + 5Re[TTy"]) + mz m2, (|T{* +|T}]?

+ 4Re[T{ T3] = 4Re[TY TY") + 7(|T4 + TY12))|.

Using the numerical values of the quantities entering in Eq. (37), for the decay width we obtain
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I'(E;, = Eyy) = (123 £0.23) x 1071 GeV.  (38)

At the end of this section we would like to note that the
calculations are directly applicable for estimating
E‘Zb - Aby’ E‘ﬁc - E‘cy’ EZC - E‘b(Ab)y’ E‘Zc - E‘C(AC)}/
transitions as well. After making appropriate replacements
one can immediately estimate the transition form factors as
well as the corresponding decay widths. For instance
considering the ratio,

e, -= V., Vi
T(E;, = Apy) [V Viyl

in the SU(3) symmetry limit,

- | -
[(E;, = Apy) z%F(.:bh —>5,y)~6x10721 GeV.  (40)

IV. SUMMARY AND CONCLUSION

In the present work, the form factors of the rare radiative
=, — Bpy decay were calculated using the light cone QCD
sum rules method and the heavy E, baryon distribution

amplitudes. At the quark level, the process is driven by the
flavor changing neutral current transition b — sy, and the
decay amplitude can be written in terms of four tensor form
factors TV (q?), TY(q*), T4(q*), T5(g*). The numerical
values of the form factors were obtained at ¢> =0 as
TY(0) =-0.024+0.007 GeV, T¥(0) = 0.15 £+ 0.03 GeV,
T{(0)=-0.024+0.007 GeV, and T% (0)=0.11+0.02GeV,
which satisfy the endpoint relation within their uncertainties.
Using the obtained form factors, we computed the decay
width as ['(E;, —» E,y) = (1.234£0.23) x 107 GeV. The
presented calculation scheme is applicable for estimating
corresponding rare radiative decays, like Ei. — E.(A.)y,
Ere = Bp(Ap)y, B = E.(AL)y as well. Although the
predicted width is small, it falls in a range that may become
accessible with future high luminosity data on doubly heavy
baryons at LHCb or similar experiments.
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