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Inclusive rare A, decays to photon

Francesco Loparco'*
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Abstract. Inclusive H, — X7y decays, with H, a beauty baryon, are treated
exploiting an expansion up to the third order in the inverse of the b quark mass
my and to LO in a4, keeping the dependence on the hadron spin. Double dis-
tribution dy;j—orw is computed for polarized baryons, with y = 2 E, /my,, E, the
photon energy and 6p the angle between the baryon spin vector and the pho-
ton momentum in the H,, rest-frame. Modifications to the photon polarization
asymmetry can probe effects of physics beyond the Standard Model. A system-
atic method to treat the singular terms in the photon energy spectrum obtained
by the OPE is proposed.

1 Introduction

Processes induced at the quark level by the b — s transition occur at loop level in the
Standard Model (SM) and are therefore sensitive to physics beyond it [1-3]. Upon integration
of the heavy quanta, an effective Hamiltonian is obtained in terms of local operators and
Wilson coefficients [4, 5]. Physics beyond the Standard Model can induce new operators
and/or modify the Wilson coefficients [6—13].

The radiative b — s transition has been analyzed in theory [14]. As for experiment, after
the first observation of the B — K*(892)y mode [15] other exclusive processes have been
observed [16, 17]. For baryons, the rate and the photon polarization of A, — Ay have been
measured [18, 19], and an upper bound has been put to B(E, — E~ y) [20].

Considering the inclusive mode H, — X;v, several analyses have been carried out for
B mesons. In this paper we focus on the case of beauty baryons, in particular A; [21].
Invoking quark-hadron duality, it is possible to exploit the Operator Product Expansion (OPE)
and Heavy Quark Effective Theory (HQET) [22] to express inclusive decay widths as an
expansion in 1/my. Input quantities are the hadronic matrix elements of local operators.

Several issues in inclusive modes induced by the b — sy transition need to be considered.
The actual expansion parameter is the inverse of the energy released in the process. In some
regions of the phase space it is not small. Signals about the reliability of the method show
up as singularities in differential distributions. Singular terms appear at higher orders in the
Heavy Quark Expansion (HQE) in form of the delta distribution and its derivatives. The
origin of such terms can be related to the Fermi motion of the heavy quark in the decaying
hadron, and can be accounted for introducing a shape function which encodes information
on the distribution of the b quark residual momentum in the hadron [23-25]. In case of B,
measurements have been exploited to constrain its moments [26].

Another source of uncertainty in inclusive b — sy processes are the resolved photon
contributions [27], that appear at O(m;l) [28, 29].
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The photon energy spectrum can be measured above an energy threshold. For B the
HFLAV Collaboration provides 8(B — X, y) = (3.49+0.19) x 10~* for E, >1.6GeV tobe
compared to the SM result: B(B — X, y) = (3.36 +0.23) x 10~* for the same threshold [5].

Baryon modes, such as A, — X,y provide the further possibility to investigate observ-
ables sensitive to the spin of the decaying hadron. Heavy baryons with a b-quark produced
in Z° and top-quark decays are expected to have a sizable polarization, as observed at LEP
[30-32]. The application of HQE to baryons requires new information, namely the operator
matrix elements for specified hadron spin. These have been determined in [33]. Here we
also investigate a method to treat the singular terms in the inclusive photon spectrum to re-
construct the A, shape function, a method which can be systematically applied when higher
order terms in the 1/my, expansion are computed.

The plan of the paper is the following. Section 2 describes the b — sy low-energy
Hamiltonian both in SM and in extensions. In section 3 we review the application of the
HQE to the inclusive H, — X,y process with Hj, a baryon, keeping the dependence on the
baryon spin. The correlation between the photon and A, polarizations is studied. A treatment
of the singular terms is discussed in section 4. The last section summarizes.

2 Generalized b — s effective Hamiltonian

The low-energy Hamiltonian governing b — s transition can be written as

= G *® ’ 4
Hy™ = =4~ Vo Vi € 0:+ Ciaw 0] M

l

Gr is the Fermi constant, Vi the CKM matrix elements.! Eq. (1) comprises
the magnetic penguin operators O; = #[Ea‘”v (msPp + my PR)b] Fy, and Og =

B _ a . 1+ . . .
s [sc, o (%)nﬁ (mg P + mp PR) bﬁ] G4, with Pg; = =32 helicity projectors, a, 3 colour
indices, A“ the Gell-Mann matrices. F,, and Gj, are the electromagnetic and gluonic

field strengths, e and g, the electromagnetic and strong coupling constants, m, and mi

the b and s quark mass. Current-current operators O; = (3, ¥" Prcg) (¢g 7y, Prby) and
O, = (59" PLc)(Cy, P b) and the QCD penguin operators O3 = (5y* P b) 2., (GY" PLq),
Oy = (Ga¥'Prbp) 2@V Prqa), Os = (5y"Prb) ¥,(GY" Prq) and O =

(5o v" Pr bp) Zq (g v" Pr q.), where the sum runs over g = {u, d, s, ¢, b}, are also comprised.
The remaining operators, absent in SM, are analogous to the QCD penguins but have a scalar
or tensor structure [34]. The primed operators have opposite chirality with respect to the
unprimed ones.

In SM the process b — s is described by photon penguin diagrams, with the photon
coupled either to the intermediate fermion or to the W*, giving rise to the magnetic operator
07, the only operator contributing at lowest order in QCD. The renormalization group evo-
lution to the scale u, =~ O(my) also involves Og and O . Large logarithms producing a
strong enhancement of the rate are generated by the mixing of these operators into O;. The
anomalous dimension matrix governing the mixing is regularization scheme dependent. Such
dependence is taken into account by defining an effective coefficient C;’E(yb) which includes
contributions of O, [35]. Therefore, O; represents the dominant contribution to b — s,
with the SM Wilson coefficients known at NNLO in QCD [14, 36].

In this study we describe a calculation at LO in a; so that only the operators O; and O
have been considered. Hence, the effective Hamiltonian at the scale u;, can be written as

bss Gr . refl ry Gr ¢ R
Heff = E Vis Vis {Ciﬁ 07 + C76ff 07} =4 @ "1672 Z C?ﬁ J#v @)
=17

'Doubly Cabibbo suppressed terms proportional to V,; V2 have been neglected in (1).
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where 4, = Vy, VJ,, Juv =[S0y (mg (1 = P;) + my, P;) b] and P; = Pg and Py = Py.
3 Inclusive decay width
The differential inclusive decay width can be written as

Gl

_ @ effs ~eff yr/ij  MN
= ldg) 5= Z cete et wi N 3)
INSING
with [dq] = m and 7YV = —4 4 ¢” g**. By the optical theorem, the hadronic tensor

WAjN is related to the discontinuity of the forward scattering amplitude depicted in Fig. 1
Tiw =1 f dx 7T (Hy(p, ST (0 T (O)IHy(p, ) 4)

across the cut corresponding to the process Hy(p, s) = X,(px) y(g, €): WZN = %Im [Tziézv
The ranoe of the invariant mass ni of the states produced in B and A, decays (with px =

v(q, €*) (g, €)

Figure 1. Discontinuity of the forward amplitude across the

cut of the radiative process.
mpv +

b *cut

b

p—q)is pi € [m%(*,m%] and pi € [mi,mlz\h], respectively. For m, — oo, pi is almost
always large enough to exploit the short-distance limit x — 0 in Eq. (4), thus allowing a
computation of 7% and W¥/ by an OPE with expansion parameter 1/m;, [37, 38], which can
be constructed by expressing the hadron momentum p = my v, where the v the four-velocity,
in terms of m,, and of a residual momentum k: p = my, v+k. The QCD b quark field is rescaled
b(x) = e~"™v¥ p,(x), with b,(x) and satisfies the equation of motion b,(x) = (P, + %) by(x)
with P, = # In terms of b,(x) Eq. (4) becomes:

Ty =i f d*x "D (o, )T (0 (O Hp(v, 5)) - Q)
J' contains the field b,. The HQE is obtained from
_ _ 1 .
= (Hp(v, bUOF’—F’bUOH, s 6
(Hy(v, 5)|b,(0) Moy =g = (0)|Hy(v, 5)) (6)

with T, = y°T% y® and T, = o7y (my, Pg + my Pp), T} = 07y (my, Py + my Pg). Replacing
k — i D, with D the QCD covariant derivative, and considering |k| ~ O(Aqcp) we have

(="
An+1 ’

Z (Hy (o, $)IB,(0) T, (P, +m) [i D (p, + mo)I" T, by(O)Hy(v, 5)) (N

where p; is the s quark momentum and Ay = px - m_Y. Using the trace formalism [39], we
can write the n-th term in the series as

(Hy (@, $)|B,(O) T, (P, +mg) iD(p,+my) ... i (p, +my) Ty by(0)|Hy(v, 5)) = ®)

n times

= [FL @o+m) [ | [y +m0)] r{v] | (Ho, 9B ID" . D" by(O)Hy(0, g
k=1 “ Moy,
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with a and b Dirac indices. For any order in the expansion, all the matrix elements (MH1-#n),,
can be written in terms of nonperturbative pararneters

o 2MH = (H,|b, iD" iD, b,|Hy)
O(m;,*)
2MH = (Hplb, (- i) IDH DY by|H))
ZMH = (HbIb iD* (iv- D)iD,, b,|H}) . ®
2MHPL5 —<Hb|bu( lO'm,)lD”(lU D)lebv|Hb>

-3
om,"). .. Om,")

Mi-#n have been derived at O(m;3) for a polarized baryon in [33], extending the previous
results [40—44].
The double distribution, with respect to y and cos 6p, using the methods proposed in
[39, 45], comprises two terms
d’r

— =T +4cos6pls. 10
dydcosp 1 eostria (10)

Integrating (10) in cosfp, (fp being the angle between the hadron spin s and the photon
momentum ¢), one has I} = 1 dr and the photon energy spectrum

Lﬂz[l_ i g 3+5z_10pD L1 PR
Iy dy 2mb 2m2 1-z2 3m3 1-z2
A2 4/\3 2 A3
[“” (12— 25 3452 - 22 (1+20) + 5 (1 + )]6’(1—z—y)
2mb 6mb 3mb 3mb
+ﬂ’zf(1— 2—il— 1+2 pﬂl—z "(1—z—
5 2) (I-29(1+22)+ ( )Wo'l —z—y)
6mb 3’";; 6mh
lng Q=221 +25"(I-z2-y), (11
where 7 = 2’1_,0 _ 0(3}27lljx| mh(l_Z)S [lciff|2+|cjreﬁl] Ceff Ceff+ \/—C/eﬂC and C/eﬂC

VZ G+ C’efr I, is given by:

2 |ceff|2+|c“*ff|2 1302 304G 5+3z  Pp 31+9z
e = |1 . . |oct-z-n
"I, [CTP — |CeTp 2m  dm 1-z  6m 1-z
N2 2A3
[“” (1-2)-2% 3+ )—i(1+z)]6'(1—z—y)
Zmb 2mb mb
2 P
+[ (] = ) ——(1—z)(1+2z)]6” (1-z-y)
6mb 3mb
1;)0 =221 +2)8"(1-z2-y). (12)

The angular differential distribution also comprises two terms:

=A+ B cosép, 13
dcosOp cosop a3

: _1 Lo ICMPoICe P o 1342 345 5437 Pp 3149z
with A = 3 [(H, — X;y)and B = -3 ICTP+ICT 1 2m  dm 1z 6m) 1=z =

Integrating in cos 6p, the inclusive H, — X,y width is given by

~D ~2 ~3
3+5 10 1+

[(H, — X,y) = Ty|1- 2= _ He o _Pp_*Z (14)
2m127 2m127 1-z2 3m2 1-z2
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For €} — 0 the SM result is recovered.

Another interesting observable is the photon polarization asymmetry Ap(cosép) in b —
sy transition that quantifies the difference between left and right handed photon produced (the
definition can be found in [21]). In SM the photon polarization asymmetry is Ap(cos 8p) ~ —1
for almost all cos 6p, it increases only for cos p — 1, see Fig. 2 (left panel). Physics beyond
SM can produce a deviation of the asymmetry from the SM value with the largest effect for
cosfp =~ 1. Considering both C7 and C’, real and varying C;"‘ff/Cgff € [-0.3,0.3] we obtain
the asymmetry in Fig. 2 (right panel) versus C;eﬁ / Cgff for selected values of cos 0p.

-0.80
05
-0.85 M cosop =1
0.0 [ ] -t
SM cosbp =
Ap" om0 e BRE
M costp =0
-05
1 cosop = -—=
-0.95 Pz
10 / M cosop = -1

“““““ -03 -02 -01 0.0 0.1 0.2 03

cosfp cMics"

Figure 2. Photon polarization asymmetry Ap(cos 0p) versus cos 0p in SM (left) and photon polarization
asymmetry Ap(cos 6p) for several values of cos 6p, varying C;"‘f / C;“. (right).

4 Treatment of the singular terms

The spectrum obtained by the short-distance OPE does not account for possible smearing
close to the end point region. In this region, the Fermi motion of the b quark and its soft
interactions with the light degrees of freedom in the hadron are relevant. It is possible to
resum the singular terms defining the spectral function [23-25, 38, 46]

[oe]

IUED) 501 -2 ), (1s)
and introducing the quantity f(k,) as?
Ss(y)=fdk+5(1—y—2+ Z—:) [f(ks) +O0m, )] . (16)
The photon energy spectrum is obtained by the convolution [24]
% - f dk. f(k+)fl—;. (17)

In j—;* the b quark mass my, is replaced by m; = m;, + k., an exact substitution at tree level.

For k, € [-my, my, —my], replacing m;, — m; in the variable y, one finds (m; = 0 to simplify

2E,
k)

E, = mg” (physical end-point). The shape function provides an interpretation of the singular
terms in the photon energy spectrum obtained in the previous section. Writing Eq. (11) as

the discussion): y — Hence, for k' = my, — m;, the maximum photon energy is

3
1 dr M,
——:E s - z- 18
I' dy n! (I=z-9), (%)

2Perturbative corrections to the shape function and its moments are discussed in [47, 48].
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with I" in Eq. (14) and the moments

A2 A3 2A3
My=1, M, = ﬂ” (1—)——(3+5 )—L(1+2)+ pL§(1+z), (19)
Zmb 6m h 3mb 3m;
20 ol b
M, = A (1-2)7 ——pD (1-2)(1+27)+ 2 (1-2), M3=——pD3 (1-2°(1+2).
3mb 3mb 3mb 3my

Each moment M,, in Egs. (19), has an expansion M,, = ;7 —* [24]. M, in (15) are related

m

to the moments of the photon energy spectrum: (y*) = T fol = dy yk dr . Using (18) we have:

<y>—Z fdyyé(”)(]—z—y) Z()(l—z)k’M,, (20)
<y>=(1—z>+M1, <y>—(1—z>2+2(1—z>M1+M2, or = - Wy Q2

The moments of the measured photon energy spectrum can be used to determine the HQET
parameters as well as the cos 8p distribution (13).

Let us describe the effect of the Fermi motion. Each order in the 1/m,, expansion, the
photon energy spectrum obtained by the OPE corresponds to a monochromatic line. At LO,
the line is at y = 1 — z, the next terms correspond to a displacement of this position. The
convolution (17) with the shape function provides the smearing of the spectrum.

The shape function is a nonperturbative quantity to be determined by methods such as
lattice QCD, or which must be suitably parametrized. We adopt a different point of view.
Including infinite terms, the sum in Eq. (18) coincides with S s(y) in (15). In the sum, the

first term corresponds to a monocromatic line at the zero of the ¢ function, with (y) = 1 —z
_o?

and o} = 0, the LO results in Eqs. (21). We write 6(b — y) = lim, o ﬁ;wq e 27 , with

b=({0-2 = {yLo and 0'5 at each order in 1/my, starting from 1/m§. For m;, — oo the
condition o, — 0 reproduces the partonic result. Our ansatz consists in substituting

S M > M, 1 -y
S =), —"U-z-p - Sw=), — (1 y L e’ . (22)
Using the representation of the Hermite polynomials H,(x) = (—1)" e~ (% , We obtain:

1 M, 1) e b-y
Ss(y) = § — |- e * H, . (23)
V2no, & 1! [ \/50'_,/] \/an

Denoting by (i) the moments computed using this expression for the spectral function,
Ymax
W= [t where  lim 6= 6. 24
0 Ty

with () in (20). While b is fixed to the LO result for (), o, can be determined at an arbitrary
order in the 1/m;, expansion. At odds with most models proposed for the shape function, by
construction the ansatz (23) can include all moments M,, once they are computed.

In Fig. 3 we plot the spectral function obtained at LO, O(m;2) and O(mf). The maximum
photon energy is larger than the partonic result y = 1 —z. In the same figure we plot the shape
function obtained from (16) at O(mbz) and O(m;, 3). As a consequence of broadening the
spectrum through the substitution in (22), there is a tail exceeding the physical end-point
7RIS %” (1 = z), and a tail in the shape function exceeding k'™* = my, — mp. This is
a spurious effect of the truncation. When higher orders in the HQE are included, the area
below such tails approaches to zero.
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Figure 3. Function S ((y) (left) and shape function f(k,) (right) obtained using Eq. (23) up to n = 3.

5 Conclusions

The HQE has been exploited to compute the inclusive decay width induced by the b — sy
transition for a beauty baryon. The differential width in the photon energy and in cos6p
allows to construct new observables with respect to mesons. The calculation has been carried
out at O(mf) for non-vanishing m;, using the baryon matrix elements determined in [33].
For the singular terms appearing in the spectrum we have proposed a treatment that can be
systematically improved including higher order terms in the expansion.

I thank P. Colangelo and F. De Fazio for collaboration. This study has been carried out within the INFN
project (Iniziativa Specifica) SPIF.
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