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1 Introduction

After the calculation of the O(a?) corrections to the total semi-leptonic decay width [1],
the inclusive determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
|Vep| has an uncertainty of about 1.2% [2]. At this level of precision a careful study of QED
and electroweak (EW) effects is imperative, not only for the inclusive semi-leptonic decay
width but also for the moments of the kinematic distributions that enter the Heavy Quark
Expansion (HQE) global fits of B — X .fv. At present, the inclusive extraction of |V
includes only the short-distance EW logarithmic corrections derived in the classic paper
by Sirlin [3], while photon radiation is generally subtracted from the measured moments in
the experimental analyses. The subtraction is performed using the Monte Carlo (MC) code
PHOTOS [4] which includes soft and collinear photon radiation from final-state charged
leptons and hadrons with logarithmic accuracy. It however lacks the interference between



initial- and final-state photons, hard and structure-dependent radiative effects as well as
virtual corrections, which are sometimes enhanced by a factor 2.

The study of inclusive semi-leptonic B — X .fv decays is based on an Operator Prod-
uct Expansion (OPE) that holds for sufficiently inclusive observables. In particular, the
theoretical predictions for the total decay width and the first few moments of the lep-
ton energy and the hadronic invariant mass can be formulated as a double-series ex-
pansion in the strong coupling constant a, and the ratio Aqcp/my involving the QCD
scale and the bottom-quark mass. The power corrections start at quadratic order and are
parametrised in terms of B-meson matrix elements of local operators. Information on these
non-perturbative matrix elements is obtained from the normalised moments, and it is then
employed in the calculation of the total decay width from which |V| is extracted (cf. for
instance [2, 5] for recent analyses). At the B-factories the moments have been measured
by applying a lower cut on the lepton energy E, or the invariant mass of the final-state
lepton pair ¢2.

When QED interactions enter the game, things become more involved. The first im-
portant observation in this context concerns the definition of the final-state observables.
If only QCD is considered, the leptonic and hadronic final states are completely indepen-
dent and cleanly separate. Gluon radiation is fully included in the hadronic final state
so that the hadronic invariant mass squared M% and the hadronic energy Fx are defined
in a completely inclusive way. This is consistently done in the theoretical calculations of
the inclusive semi-leptonic decay width [1] and the moments [6-8], as well as in the cor-
responding experimental measurements. Photon radiation, however, affects both charged
leptons and hadrons making a completely inclusive definition of their respective properties
impossible. Moreover, the measurements of £, and ¢> always depend on the details of the
experimental analysis. At the B-factories, for example, the momentum of an electron and
hence its energy FE. is measured most precisely in the drift chambers from the curvature
of its trajectory in the magnetic field [9, 10]. The reconstruction of the true value of E,
involves modelling the photon radiation due to the interaction with the magnetic field
and the material in the detector components [11, 12] as well as bremsstrahlungs recov-
ery [9, 10]. Given the detector geometry and the way electrons are reconstructed, most of
the prompt photons emitted by the electron in the form of final-state radiation however go
undetected and are not corrected for in the E. measurement. We will therefore work under
the assumption that the true electron energy determined by the B-factory experiments
corresponds to the energy before the electron enters the detector, and after all final-state
radiation associated to the hard process has taken place. As a consequence, all these pho-
tons are effectively summed over in the experimental measurement which can be qualified
as totally inclusive with respect to photons. While this is certainly an approximation, we
believe it is closest to the experimental setup. The same assumption is also adopted in the
precision QED calculations of the electron energy spectrum in muon decay [6, 13—17] when
compared to the experimental measurements like those performed at MuLan [18, 19].

A second, related observation concerns the OPE, which in the presence of QED in-
teractions is no longer valid in general. While it still holds in the case of the total decay
width, the OPE fails for quantities that describe exclusive properties of the leptonic final



state (such as Ey or ¢?) or the hadronic final state (such as M% or Ex). This is because
a photon can connect the charged lepton with the hadronic initial or final states. In the
context of our work, the breakdown of the OPE is signalled by the presence of collinear
logarithms of the form a/7 In (m?/m?2) that appear in the electron energy spectrum and its
moments. These logarithmically enhanced QED effects arise already at leading power in
the HQE, i.e. the partonic level, and are expected to provide the bulk of the complete O(a)
contributions. In the absence of an OPE, we generally expect power corrections to start
already at O(aAqcp/mep). However, the logarithmically enhanced corrections related to
photons collinear to the electron represent an exception: since they factorise, they can be
computed using the structure function method directly from the lowest order, and this
holds for the power-suppressed contributions as well.

In this article, we focus our attention on the QED corrections to the total decay
width of B — X_ev, the electron energy spectrum and its moments. These observables
play a crucial role in the HQE global fits that are used to determine |[Vi|. Our aim
is to validate the subtraction procedure employed by the experiments and to improve
it by calculating QED effects not included in PHOTOS. To this purpose, we identify
two types of large QED corrections, namely collinear terms proportional to In (mg /mz)
and threshold corrections enhanced by a factor 72. For the electron energy spectrum
of b — cev we describe the analytic calculation of these contributions in section 2 and
section 3, respectively. In section 4 we then calculate the complete O(«) corrections to
the electron energy spectrum and the total decay width in & — cev. A comparison of
the obtained results shows that the logarithmically enhanced (72-enhanced) terms indeed
provide the dominant part of the full O(«) corrections in the case of the electron energy
spectrum (total decay width). In our comparison with experiment presented in section 5, we
therefore include the full short-distance EW corrections (beyond the logarithm computed
in [3]), the complete O(a) terms, and the leading-logarithmic (LL) QED effects in the
power corrections of O(AéCD /m?) and O(A%CD /m3). Section 6 contains our conclusions
and an outlook, while lengthy analytic expressions and technical details are relegated to a
few appendices.

2 LL effects in the electron energy spectrum

In this section, we describe the calculation of the LL QED corrections to the electron
energy spectrum of the B — X .ev transition. These corrections are proportional to log-
arithms of the ratio of the bottom-quark and the electron mass. We will first detail the
general formalism and then apply it to the partonic case. The same formalism can also
be used to compute the LL QED corrections to the power-suppressed contributions in the
electron energy moments of B — X.ev. The analytic expressions for these corrections
at O(A?QCD /m?) and (’)(A%CD /m3) are relegated to appendix A, while in appendix B we
extend the formalism presented in this section to the next-to-leading-logarithmic (NLL)
order and apply it to the leading-power computation of B — X ev.

The LL QED corrections to the electron energy spectrum of B — X .ev can be easily
computed with the structure function method [20, 21]. Further details on this approach



can be found for instance in [14-16]. The main ingredient to calculate these effects is the
leading-order (LO) electron-electron splitting function
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which is a kind of plus distribution and encodes the L QED correction to the probability
of finding an electron with energy fraction z in the initial electron. Here 6(z) and d(z) are
the Heaviside step function and the Dirac delta function, respectively. The LO electron-
electron splitting function is normalised such that

/ dzPV(z) =0, (2.2)

which guarantees that in the total decay width I' logarithmic corrections are not present as
required by the Kinoshita-Lee-Nauenberg (KLN) theorem [22, 23]. In practice, the LL cor-
rections to the electron energy spectrum are obtained by evaluating the following convo-
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where y = 2E,/m; with E,. the electron energy and p = m? /m% with my and m,. the
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bottom- and charm-quark mass, respectively. We have furthermore introduced the abbre-
viation

2
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and (dI'/ dy) denotes the electron energy spectrum calculated at LO assuming a mass-
less electron.

To give a simple example of the general formalism let us apply (2.3) to the case of the
partonic electron energy spectrum. In this case one has
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where G = 1.1663787 - 10~° GeV 2 is the Fermi constant as extracted from muon decay,
Vep is the relevant CKM matrix element and [24]
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Inserting the latter result into (2.3) and combining it with (2.5) we obtain
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Notice that in the limit p — 0 our result for f&)(y) agrees with (12) of [14] which contains
the LL QED terms for muon decay. This agreement is expected because in the fully
massless case the electron energy spectrum of b — uev and u — evv are the same.

The total decay width for b — cev is obtained by integrating (2.7) over y € [0,1 — p].
Using the relations
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where
9(p) =1—=8p—12p*Inp+8p* — p*, (2.10)
one finds
I'=T0g(p), (2.11)

which implies that the total decay width of b — cer does not receive LL QED effects.
Notice that this cancellation of mass singularities is required by the KLN theorem. In fact,
the same cancellation occurs for the LL and the NLL QED corrections calculated in ap-
pendix A and appendix B, respectively. This feature is related to the existence of an OPE
at O(«) for the total semi-leptonic decay width and represents a non-trivial cross-check of
our calculation of logarithmically enhanced QED corrections to the electron energy spec-
trum of B — X_.ev.

While the absence of logarithmically enhanced QED corrections in the total decay
width of B — X ev is guaranteed by the KLN theorem, such effects appear in general in
other observables. The impact of the LL. QED corrections to the electron energy spectrum
in the partonic b — cev transition is illustrated in figure 1. The shown results have been
obtained for a kinetic bottom-quark mass of mfi"(1GeV) = 4.57 GeV and a MS charm-
quark mass of m.(2GeV) = 1.09 GeV, corresponding to the central values of the recent
HQE global fit [2]. We furthermore have employed m. = 511keV and a(m;) = 1/133.
The same input will be used hereafter. From the figure it is evident that the LL QED
corrections change the shape of the electron energy spectrum of b — cer in a non-trivial
way. In the tail region, i.e. for y — 0, the spectrum receives a positive shift while close
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Figure 1. The red curve corresponds to f(y) defined in (2.7) while the black curve represents the
LO contribution f()(y) as given in (2.6). A kinetic bottom- and MS charm-quark mass is employed
and final states containing electrons are considered.

to the endpoint, i.e. for y — 1 — p, the LL. QED corrections tend to zero. This can be
understood analytically from the following limiting behaviours:

Jimy ) = g —9p+9p” — gp?’ —2(3—p)p*lnp, ygqufﬁlﬁ(y) =0. (212
In the peak region, i.e. in the vicinity of y = 1 — /p, the electron energy distribution is
reduced by the LL QED effects, as expected from the second relation in (2.9) and (2.12).
We add that the approximation of the logarithmically enhanced QED corrections to the
electron energy spectrum that has been proposed in [25] does not accurately capture the
functional form of the exact expression fI(i) (y). In particular, the tail is not described
correctly by the exponentiated radiation-damping factor introduced in [25] because this
approximation misses hard-collinear photon contributions that populate the low-energy
spectrum.

3 Threshold corrections in the total decay width

In this section, we explain how to compute a certain class of m2-enhanced QED corrections
first identified in [25, 26] in the case of exclusive semi-leptonic K and B decays. In the mod-
ern literature discussing QED corrections to meson decays these terms are often referred to
as Coulomb corrections (see for instance [27-32]). For what concerns the b — cev process
these terms arise from the virtual corrections where the photon is exchanged between the
charm-quark and the electron line in the final state. The corresponding Feynman diagram
is shown on the right in figure 2. Interfering the relevant virtual matrix element with
the Born-level contribution and normalising the result to the Born-level matrix element



squared, we find
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Here Q. = 2/3 and Q. = —1 are the electric charges of the charm quark and the electron
in units of e, while ¢> = (py —pl,)2 = (pc—i—pe)2 with pp, pe, pe and p, denoting the
four-momentum of the bottom quark, charm quark, electron and neutrino, respectively.
The correction (3.1) has been expressed in terms of the following one-loop Passarino-
Veltman (PV) integrals:
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Here p is the renormalisation scale that keeps track of the correct dimension of the integrals
in d = 4 — 2¢ space-time dimensions, rp = I'2(1 — €)T'(1 + €)/T(1 — 2¢) with T'(z) denoting
the Euler gamma function, P(k,m) = k? —m? and py = 0. The definitions (3.2) resemble
those of the LoopTools package [33].

The m2-enhanced QED terms now arise from the result (3.1) in the threshold re-

2

gion, i.e. when ¢> — (m. + mc)?. In this limit the three-point one-loop PV integral

Co(m?,¢*,m?2,0,m2 m?) develops a discontinuity. Explicitly, one has
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the relative velocity between the charm quark and the electron in the rest frame of either
particle. Notice that the observed 1/5.. factor signals the presence of a Coulomb pole
that describes the universal long-distance electromagnetic interactions between pairs of
charged non-relativistic final-state particles. In the limit of vanishing electron mass, one
has B.e — 1 and the discontinuity of (3.1) is hence simply given by

2 4
disc Apy = — 2 a 2 0Q:Q. = LO‘. (3.5)

To obtain the 72-enhanced QED correction to the total decay width of b — cer one now
has to integrate (3.5) over the relevant three-particle phase space. Since in the massless



electron limit, disc A, is independent of kinematics this integration is however trivial.
Instead of (2.11) one therefore obtains

4o
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where the explicit form of the function g(p) can be found in (2.10), which is also an excellent
approximation to the massive electron case. Notice that we do not resum the Coulomb
corrections as done for instance in [27, 29, 30] since in our case the associated Sommerfeld
enhancement [34] is insignificant. Beyond the leading power term computed above, one
expects power corrections enhanced by 72, starting at O(A(QQCD /m?) for the total semi-
leptonic width. These power corrections are sensitive to the spectator quark and may lead
to an observable difference between the B® and BT semi-leptonic decay widths.

4 Complete O(a) calculation

In the following, we describe the different ingredients of our calculation of the O(«) cor-
rections to b — cev. We first provide a comprehensive discussion of the anatomy of the
computation, the virtual and real corrections and their combination to obtain ultravio-
late (UV) and infrared (IR) finite results. While our approach is general and can be used
to calculate the O(«) corrections to any observable in b — cer, we present in this ar-
ticle only numerical results for the total decay width and the electron energy spectrum.
These results are then compared to the LL and threshold corrections computed earlier.
Finally, the relevant quantities used in the experimental analyses are introduced and a first
numerical analysis is performed.

4.1 The calculation in a nutshell

The calculation of semi-leptonic B — X.ev decay properties is characterised by a large
hierarchy of scales, i.e. M‘%V > m%, and is most conveniently carried out in the framework
of an effective field theory (EFT). If power-suppressed terms of O(mj/M3,) are neglected,
the relevant interactions are encoded by the weak Hamiltonian

H=—29T 0w, Q= (enPb)(Er Py, (4.1)

V2

where Pp projects onto fermionic fields with left-handed chirality. The Wilson coeffi-
cient C'(u) contains the short-distance contributions from scales above p. In the case
of B — Xcev and at leading power in Aqcp/msp, the matrix element of the dimension-
six operator @) is computed using perturbation theory for the semi-leptonic decay of a
free bottom quark. In QCD the hadronic current present in @ is a (partially) conserved
current and therefore the anomalous dimension of () vanishes. However, if photonic cor-
rections are considered, @) develops a non-zero anomalous dimension and as a result its
Wilson coeflicient depends non-trivially on the renormalisation scale p, but no additional
operator appears. While the LL. dependence on p has been computed more than 40 years



ago by Sirlin in [3], the complete O(a) matching corrections to (4.1) have only been found
rather recently in [35, 36]. We perform an independent calculation, whose basic steps are
outlined in appendix E, and obtain

Cp)=1+ % [ln (éj;) - 161] , (4.2)

which agrees with [35, 36]. Identifying the renormalisation scale y with m, = m¥n(1 GeV)
and using Mz = 91.1876 GeV the EW correction to the Wilson coefficient amounts to a
positive shit of about 0.5%. We note that the rational term in (4.2) is renormalisation
scheme dependent and that the quoted value corresponds to the use of dimensional regu-
larisation in d = 4 — 2¢ space-time dimensions with a naive anti-commuting 75 (NDR). At
O(a) the scale and scheme dependence of C'(u) is cancelled by that of the O(«) correc-
tions to the matrix element (Q(u)) computed in the EFT using the same renormalisation
prescription. The basic steps of this computation are detailed in the following.

We begin the calculation of the O(«) corrections to the matrix element of the four-
fermion operator () by parametrising the differential decay width of b — cer including
O(a) effects as follows
cuP

dl’ =
4my,

[Bdgs + % (Vdes + Rdos)| . (4.3)

Here B, V and R encode the Born-level, virtual and real corrections, respectively, d¢s
and d¢, represent the relevant three- and four-body phase space and C(u) is the Wilson
coefficient given in (4.2). In terms of the dimensionless kinematic parameters

2p; - pj
Yij = mg : (4'4)
the Born-level contribution is given by
B = NB Y Yee » Np = 32G% |V mj . (4.5)

In order to regulate the UV divergences that appear in V' we use the NDR scheme.
The finite parts of V will depend on this scheme choice, but as already mentioned
this scheme dependence will cancel against the scheme dependence of the Wilson coef-
ficient (4.2). The same statement is true for the scale dependence. The logarithmic IR
divergences associated to soft photon emissions are isolated and regulated by using a fic-
titious photon mass m.. These IR-singular terms appear in both the virtual and the real
O(«) contributions but have to cancel in their combination making the final result mani-
festly independent of the photon mass in the m., — 0 limit. This regulator independence
provides an important check of the numerical implementation of our calculation. For what
concerns collinear divergences, they are naturally regulated by the electron mass, which we
always keep finite.



v v v

Figure 2. Virtual QED corrections to the b — cev transition. The blue squares indicate an
insertion of the four-fermion operator ) introduced in (4.1) that induces the decay.

4.1.1 Virtual corrections

Examples of Feynman diagrams that describe the virtual O(«) corrections to b — cev are
displayed in figure 2. External leg corrections are not shown in the figure but included in
the results given below. We decompose the virtual contributions as follows

V =Vov+ VR + Vi - (4.6)

where
Wy = % (~@F - Q2 — Q22040 +200Q0 ~8QuQ.) | - +1n ( :;)] SR
Vin =5 (@2 + Q2+ Q1T+ 2QuQul 4 2Q0 QI +2QuQuT) . (48)
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+(cee,p—r) } + QCQemg Ybw (yge — 2pr> (IZ + 1Y) } . (4.9)
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Here Qp = —1/3, Q. = 2/3 and Q. = —1 denote the electric charges of the particle
involved and we have introduced the abbreviation r = m2/m?. The explicit expressions for
the integrals J;, I?, Iioj, 17, 17, I and Iz-lj can be found in appendix C. Notice that both
Vuv and ViR are proportional to the Born-level contribution (4.5). This is a consequence of
the well-known factorisation properties of UV and IR divergences. In contrast, only parts
of the finite contributions Vg, factorise. To illustrate this property we have decomposed
Vin into a term proportional to yp, .. and terms that are not directly proportional to the
Born kinematics. We finally notice that the 1/e poles present in Viyy are cancelled by the

MS renormalisation of the four-fermion operator introduced in (4.1).

4.1.2 Real corrections

To determine the real contributions to the differential decay width (4.3) requires a treat-
ment of the four-body phase space. In our work, we divide d¢,4 into hard and soft regions
using the improved phase space slicing method introduced in [37]. One has schematically

Rdgy = [R(1—0,)+ RO.,] doy o)
— Rumea (1~ 05) déa + 65 [Ty(6,) + To(6,) + T5(6-)] |

where R is the exact real contribution to (4.3) and the slicing of the phase space is indicated
by 6. In our computation, we employ 6, = 6(Emin — E,) which evaluates to 0 in the
hard region, i.e. for E, > FEy;,, while it returns 1 in the soft region, i.e. for E, < Epp.
Here £, denotes the energy of the photon in the bottom-quark rest frame and Ep;, is a
resolution parameter that determines whether the photon is resolved or unresolved. Notice
that since the first term in the second line of (4.10) encodes hard photon emission the photon
mass can be set to zero when evaluating the corresponding matrix element squared. The
subtraction terms in (4.10) can be written as

Ti(0,) = Reo 65, To(0,) = (R — Reote) dda, T3(0-) = Reop (dpy — doi™), (4.11)

with
1
d(bZOft — d¢3 d¢7 ) d(b'y = @ E’2Y — m?Y dE7 dcosf. (412)

Here 6 is the angle that the photon makes with the z direction and d¢s denotes the three-
body phase space of the Born-level process b — cev. Notice that T7(f,) contains the soft
divergences needed to cancel the singularities of the virtual contribution, while T5(6) and
T3(6) are finite and vanish as the domain of support of 6, is taken to zero [38]. In our
case this means that for sufficiently small E\,;, only the term T; 1(97) needs to be included
in the calculation.

From the above discussion it follows that in order to determine the real O(«) corrections
to the partonic b — cev process we need to calculate Rpa.q and Rgo. The relevant
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Figure 3. Real emission QED contributions to the b — cev process. The colour coding resembles
that used in figure 2.

Feynman graphs are depicted in figure 3. For the hard real contribution we obtain

1672 Np { Q% Yee (Yo Yoy — 2 (Ybw — Yury)) N Q2 Ysw (Yey Yer — 20 (Yee + Yey) )

Ryara =
" mp 292, 292,

n Qg Yvu (Z/cv Yery — 27 (yce + ycv) ) — Q0. [ Ybw (Ybe + Yee)

2y2, 29by
_yce (be + ycu) . Yove (ybl/ (2yce + yev) — Yee yl/’Y) )
2yc*y 2yb7 Yey
. Qb Qe Yov (ybc + yce) _ Yee (ybu + yeu) (413)
2yby 2Yey
_ Ybe (ybu (che + yC'y) - 2yceyu'y) )
2yb’yyc'y
_ Qc Qe Yov ( (yce + yC'y) (yce + ye'y) — PYey — TyC'y)
Yoy Yery
In the case of the soft real contribution that appears in 77(6,) we instead find
167°B | Q; Qzp Qzr
Rsoft = P} D) + 5 D)
my, (>‘ - yb’y) ()‘ + yc'y) ()‘ + yew) (4 14)
+ Qb Qc Ybe Qv Qe Ybe Qc Qe Yee
(A= yb’y) A+Yey) (A= ybv) At Yey) (At Yey) (At Yey) ,

where A = mi / mg. This result is simple enough that one can integrate it over the d¢, part
of the soft phase space (4.12) and obtain an analytic result. We find

/efyRsoftdQS'y = g [ - Ql% IR(pb) - Qz IR(pc) - Qg IR(pe)

— Qv Qe Tr(py, Pe) — Qs Qe Tn(pys pe) + Qe Qe Tr(pes pe) |

The soft integrals Ir(p;) and Ir(p;, pj) are given in appendix D. Note that (4.14) and (4.15)
are both proportional to the Born-level contribution (4.5). This is again a result of the
factorisation of IR physics and a necessary condition so that soft singularities in Ry can

(4.15)

cancel similar contribution in the virtual contributions Vig.
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Figure 4. Dependence of the complete O(a) correction to the total decay width, i.e. AT'™M) (my)
in (4.19), on Eyin. The error bars represent the numerical integration error provided by CUBA.

4.1.3 Implementation and validation

In the following, we briefly discuss the numerical implementation of the virtual and real cor-
rections, their combination and the validation of our MC code. The three- and four-particle
phase spaces d¢3 and d¢4 play an important role in the calculation of the differential decay
width (4.3). We adopt the four-body phase-space parameterisations given in [39]. The
multi-dimensional sampling necessary to integrate the virtual and real contribution over
their respective phase spaces is performed with the help of the CUBA library [40]. To val-
idate that soft singularities cancel between (4.8) and (4.15) and to check the irrelevance of
the subtraction terms 75(6,) and 73(6,) in (4.10), we have computed the electron energy
spectrum and the total decay width for few different values of the resolution parameter in
the range Eni, € [107°,1073] GeV. Within the statistical uncertainties given by CUBA we
find agreement between the different results. In the case of the complete O(«a) correction
to the total decay width this feature is illustrated in figure 4. Hereafter we employ the
value Emin = 107* GeV as our standard choice. We have furthermore numerically verified
that the total decay width of b — c¢fv does not contain logarithmic mass singularities by
employing my = 511 keV or my = 106 MeV. These two choices correspond to the case of an
electron or a muon in the final state. As a final cross-check of our MC implementation we
have computed the O(«) corrections to the total decay width of p — evr and the O(ay)
corrections to the total decay width of b — cev, reproducing the classic results [41-43] with
a precision far better than 1%.

4.2 Numerical results

In figure 5 we display the complete O(«) corrections (green curve and band) and the
corresponding LL approximation (red curve) computed in section 2. The green curve cor-
responds to an interpolation obtained by considering 40 different bins that cover the full
physical region of y € [24/r,1 — p+r], while the green band reflects the associated numer-
ical integration uncertainties. Relative to the total O(a) corrections these uncertainties
typically amount to around 1%, except close to the zero of the depicted green curve. For
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the purpose of this comparison, we have factored the Wilson coefficient out and set the
renormalisation scale p equal to my = mlgin(l GeV). We observe a relatively good agree-
ment between the LL terms and the complete O(a) corrections to the electron energy
spectrum of the partonic b — cev transition, especially in the hard part of the spectrum,
where the LL approximation is expected to work best, and where the differences amount

to around 10% to 20%. Writing

L
1) = =3 R + A5 ), (4.16)

with f&) (y) given in (2.8), we can use our numerical results for f(1)(y) to obtain a simple
approximate expression for Af(l)(y). Employing p = 0.057 and » = 1.25 - 10~® and
identifying again the renormalisation scale pu with my, = mk®(1 GeV), we find

AfD(y) = [ — 2.04264 + 119.012y — 476.678y2 + 2034.14y3
— 4402.22y* + 4505.93° — 1807.38 ¢/° (4.17)

— 66.8251 (y — ymax) In (ymax - y) ] a(ymax - y) )

where ymax = 1 — p + r. This formula encodes the exact non-LL terms for the input
parameters listed above with a relative accuracy of better than 1%. It is worth noting
that in section 2 we have used m; as the hard scale in the logarithm l_Lb/e as defined
n (2.4). This is a somewhat arbitrary choice because the hard scale is in fact of the order
of the energy released, i.e. of O(mp —m.), and using a scale lower than my in the LL QED
effects might thus be more appropriate. To investigate this aspect, we also display
in figure 5 the electron energy spectrum obtained using L, /e instead of L, /e in the LL QED
prediction (dotted red curve). We observe a better agreement near the endpoint but not
elsewhere, suggesting that the terms beyond the LLs cannot be accounted for by a rescaling.
Hereafter we hence evaluate all LL QED corrections with our standard choice L, Je-

By direct integration over the full phase space, we also obtain a value of the O(«)
effects in the total decay width of the partonic b — cev process,

' =1Og(p) |C(w)[* [1+ATM () |, (4.18)

where I'©) and g(p) are defined in (2.5) and (2.10), respectively. The correction AI'™ ()
represents the O(«) contribution to the matrix element of the operator introduced in (4.1)
evaluated at the scale y. For the input parameters used before, we find

AT (y) =2 lln <”22> + 5.516(14)] , (4.19)
T mb

where the coefficient of the logarithm is exact while the quoted numerical coefficient has
as indicated an uncertainty of around 0.3% which is associated to our MC phase-space
integration. Combining (4.2), (4.18) and (4.19), one finds to O(«) that

M?2 11
In <§> - =+ 5.516(14)]
mj 6

=14 1.43% — 0.44% + 1.32% = 1+ 2.31%,

L =1 + g
rOg(p) =

(4.20)
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Figure 5. Comparison of the complete O(«a) corrections (4.16) to the electron energy spectrum
(green curve) in b — cev and the corresponding LL approximation (red curve). In the former case
also the uncertainty of our numerical phase-space integration is indicated (green band). The LL
approximation using L., /e instead of Ly /e is displayed as well (dotted red curve). See the main text
for additional details.

where in the second line we have dropped the quoted uncertainty but given the numerical
results of the individual O(«) terms as well as their sum. The first observation to make
is that the renormalisation scale dependence has cancelled between the O(«) corrections
to the Wilson coefficient and the virtual contributions to the matrix element (cf. (4.2)
and (4.7)) leaving behind the EW logarithm first computed in [3]. In fact, it is interesting
to note that this logarithm represents about 60% of the total O(«) correction in (4.20).
Comparing the result (3.6) with (4.20) one furthermore observes that the m2-enhanced
terms calculated in section 3 provide about 80% of AT()(my), i.e. the complete O(a)
contribution to the matrix element of (4.1). Hence, the complete O(«a) correction to the
total decay width of b — cev is well approximated by the sum of the EW logarithm and
the m2-enhanced threshold effects, which are both scale- and scheme-independent.

The relevant quantities used in the experimental analyses are the branching ratio of
B — X ev, the electron energy spectrum and its moments with a lower cut FE., on the
electron energy in the rest frame of the decaying B meson. A quantity employed in the
extrapolation of the semi-leptonic branching ratio with a cut E, > E.y to the total semi-
leptonic branching ratio is

/ max
Ecut

cut 5 (4.21)

/ max
Me 8

where Enax = mp/2(1 — p+ 1) denotes the maximum of the electron energy available

in the partonic b — cer transition. The moments of the electron energy spectrum are
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defined as

Emax dr
dE. E"
/ €7 dE,

Ecu
<EgL>Ee>ECth = Emax ar (4.22)

dE, —
/Ecut dE@

In the B-factory analyses [44—46] the central moments of the electron energy spectrum are

considered. The first three central moments are given by
el(Ecut) = <E6>E6>Ecut )

62(Ecut) = <(E - <Ee>)2>
63(Ecut) = <(E - <Ee>)3>

Notice that all the observables introduced in (4.21), (4.22) and (4.23) are ratios and as
such they are insensitive to the overall normalisation. This means in particular that they

Ee>Ecut ’ (423)

Ee >Ecut

neither depend on the CKM matrix element V,; nor on the Wilson coefficient C'(¢). They
are also renormalisation scale independent and, to an excellent approximation, insensitive
to the m2-enhanced threshold correction. Since they do not cancel out like in the total
decay width, the LL contributions should therefore represent the leading source of QED
corrections to (4.21), (4.22) and (4.23), and it can be expected that in the case of the
higher moments these corrections may be sizeable. To illustrate the latter point let us
consider the central moments defined in (4.23) in the absence of a cut on the electron
energy, i.e. F, > m,. Relative to the LO results we find that the LL. QED corrections to
the first three central moments are

2 _
50" (me) = =% %Lbﬁ — —2.74%,

605 (me) = 2.16 = Ly = +8.9%, (4.24)
T

S05 (me) = 3.78 < Ly, = +15.6% .
7T

Notice that the result for 6¢“(m,) is independent of p because, in the absence of a lower
cut on the electron energy, the moments of a convolution factorise and the LL correction
to the first moment is proportional to the lowest order result. The results for 6¢5%(m.)
and §¢5%(m.) instead depend on p and we have employed the input parameters discussed
before in our numerics. For the corresponding complete O(«) corrections we instead obtain
the relative shifts

509 (m,) = —10.08(3) = = —2.412(7)%,

3Q

56 (me) = 27.8(5) < = +6.7(1)%, (4.25)

3

56 (me) = 36(2) % — 18.7(5)%.

As indicated these predictions have relative uncertainties due to our numerical phase-space
integration of around 0.3%, 1.8% and 5.6%, respectively. From (4.24) and (4.25) one
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Ecut R*LO R* AR*LL AR*(l)

0.6 0.9556 0.9516 —0.0150 —0.0120(3)
0.8 0.9005 0.8919 —0.0211 —0.0176(3)
1.0 0.8171 0.8017 —0.0266 —0.0230(1)
1.2 0.7041 0.6798 —0.0304 —0.0270(1)
1.5 0.4824 0.4431 —0.0306 —0.0282(1)
Ecut Zlfo fl AE%L Aggl)

Me 1.4187 1.3867 —0.0389 —0.0342(1)
0.6 1.4639 1.4345 —0.0229 —0.0219(5)
0.8 1.5101 1.4831 —0.0181 —0.0176(4)
1.0 1.5718 1.5478 —0.0138 —0.0136(3)
1.2 1.6469 1.6272 —0.0102 —0.0101(2)
1.5 1.7803 1.7721 —0.0058 —0.0059(1)
Ecut 6%0 82 AE%L Aéél)

me | 0.1832 | 0.1836 | +0.0163 | +0.0122(2)
0.6 | 01449 | 01452 | +0.0024 | -+0.0019(2)
0.8 | 0.1165 | 0.1171 | +0.0006 | -+0.0004(1)
1.0 | 0.0870 | 0.0883 | —0.00024 | —0.00033(7)
1.2 | 0.0597 | 0.0619 | —0.00048 | —0.00054(3)
1.5 | 0.0272 | 00308 | —0.00035 | —0.00038(1)
I l N A

me | —0.0416 | —0.0325 | —0.0065 | —0.0036(2)
0.6 | —0.0184 | —0.0108 | +0.00238 | +0.00236(8)
0.8 | —0.0090 | —0.0027 | +0.00186 | +0.00182(5)
1.0 | —0.0031 | 0.0017 | +0.00114 | +0.00112(3)
1.2 | —0.00029 | 0.0032 | +0.00058 | +0.00057(2)
1.5 | 0.00057 | 0.0023 | +0.000136 | +0.000137(5)

Table 1. Comparison of the LL and the complete O(a) contributions to the observables de-
fined in (4.21) and (4.23) for different values of the lower cut Eg, on the electron energy. All
quantities are given in units of GeV to the appropriate power. The second column shows the
LO results while the third column corresponds to the state-of-the-art QCD predictions used in the
recent HQE global fit [2]. The fourth and fifth columns present the absolute shifts due to the LL
and the complete O(«) corrections, respectively. Only the leading power terms are included in
these O(a) predictions. Additional explanation can be found in the main text.

observes that while for the first central moment the LL and the full O(«) predictions agree
quite well, in the case of the second and third central moments the complete O(«) results
are markedly smaller than their LL counterparts. This is because in the higher central
moments there are strong cancellations among the various contributing linear moments,
which subdominant contributions tend to disrupt, leading to larger deviations from the LL
approximation.

A comprehensive comparison of the LL and the complete O(«) contributions to the
observables defined in (4.21) and (4.23) is presented in table 1. The numbers given in the
table show that the LL approximation captures the bulk of the full O(«a) corrections to
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R*(Ecut), Y1(Ecut), ¢2(Fcyt) and £3(Ecyt). In fact, the LL approximation tends to improve
with increasing F.,t values. Also notice that the considered QED corrections are compara-
ble in magnitude to the higher-order QCD and power corrections that have been included
in the recent HQE global fit [2]. We add that the latter feature probably only applies to
R*(Ecyt) and to the moments of the electron energy spectrum (4.23), where perturbative
QCD and power corrections are relatively suppressed.

5 Comparison with BaBar implementation of QED effects

As already explained in the introduction, both BaBar and Belle subtract photon radia-
tion associated to charged final-state particles using PHOTOS, because such effects were
not included in the HQE theoretical predictions that were available at that time. In fact,
the BaBar papers [44, 46] report explicitly the size of the PHOTOS correction that is
applied for each observable. In the publication [46], the BaBar collaboration updated its
earlier measurement [44] using more recent values of the branching ratios of some of the
background processes. This more recent paper reports the size of the PHOTOS correc-
tions only for E.y = {0.6,1.5} GeV, finding results which are very close to those given
previously in [44]. Since the earlier work [44] provides numbers for five different cuts
E.yt = {0.6,0.8,1.0,1.2,1.5} GeV we will use them for our comparison of the branching
ratio of B — Xcev (BRinc(Feut)) and the first three central moments.

To obtain QED correction factors for the distributions of the inclusive B — X.ev
decay, the BaBar collaboration has generated spectra for various exclusive decay channels
such as B — Dev, B — D*ev and B — D*"er without and with up to two photon
emissions utilising PHOTOS, appropriately weighting each exclusive sample. BaBar then
subtracts the obtained corrections from the measured or uncorrected values of BRinc1(Ecut ),
01(Ecut), Y2(Fecut) and £3(Eeyt) to derive the corrected or QCD values of the branching ratio
and the central moments. Notice that the procedure that BaBar uses to estimate the size
of the QED corrections to B — X_.ev is only able to capture logarithmically enhanced
effects associated to the soft and collinear photonic corrections to the matrix element of
the operator @ in specific channels. It instead misses the interference between initial- and
final-state photons, structure-dependent contributions, EW corrections that are associated
to short-distance physics encoded in the Wilson coefficient, as well as hard photon emission
and virtual photon corrections such as the 72-enhanced threshold corrections discussed
in section 3.

Any comparison with the QED correction factors obtained by BaBar requires a choice
of how to split the complete QED corrections to the differential decay width (4.3) into an
effective coefficient Agw and a function f(y) that describes the normalised electron energy
spectrum in B — X.ev. We choose the following decomposition

2
T _ 1o Apw @),  Apw=1+"In <M§> = 1.0143, (5.1)
dy m mj
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Figure 6. Comparison of the absolute shift of the QED corrections to BRinc(Feut) as a function
of the lower cut E, on the electron energy. The black curve corresponds to the correction obtained
by BaBar in [44] using PHOTOS, while the red (green) curve corresponds to our QED prediction
including the LL terms (all QED corrections) given in (5.2). The grey band represents the systematic
uncertainty on the PHOTOS bremsstrahlungs corrections that BaBar quotes in [44], while the black
error bars correspond to the total uncertainties of the QED corrected BaBar results. For further
explanations consult the main text.

with
11 .
s = 10w+ 2 10w - 5] + (%) 5 Lie 19, 0
3
4 Z ,U, {.0 +—Lb/e zLL }*’ Z ‘73|:.] )+Lb/ef](,1L)L(y)}
1= 7rG j=D,SL my

(5.2)

Here T(© is given in (2.5) and the logarithmic O(a) correction in Agw is the scheme-
independent part of the Wilson coefficient (4.2) with the renormalisation scale u set to my,.
The numerical value of Agy quoted in (5.1) corresponds to m¥"(1GeV) = 4.57 GeV and
Mz =91.1876 GeV. It is the value of Agw that is typically used in the literature (see for
example [2]). The functions f(¥)(y) and f()(y) are given in (2.6) and (4.17), respectively,
and the term —11/6 is the scheme-dependent part of the Wilson coefficient (4.2). Since it
is contained in f(y) the function is formally scheme independent up to O(«). The func-
tion fNLL( ) describes the NLL QED effects to the partonic electron energy spectrum and
is evaluated in appendix B, while the contributions in the second line contain the LL QED
contributions to the power corrections that are detailed in appendix A. In our numerical
study, we will use the values p2 = 0.477 GeV?, p p2, = 0.306 GeV?, p3, = 0.185GeV? and
pg = —0.130 GeV3, corresponding to the central values of the HQE parameters obtained
in the recent global fit [2].

In figure 6 we present a comparison of the absolute shift of the QED corrections to
the inclusive branching ratio of B — X .ev imposing a lower cut E. > F¢y on the electron
energy. The black curve corresponds to the correction obtained by BaBar in [44] using
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Eey | 0BRE2Bar | sBREL | sBRNLL | SBRO SBRY/™ BRinal o

incl incl incl incl incl
0.6 —-1.26% —-1.92% | —1.95% | —0.54% | —0.50% | —0.45% | +0.34
0.8 —-1.87% —2.88% | —2.91% | —1.36% | —1.29% | —1.22% | +0.30
1.0 —2.66% | —4.03% | —4.04% | —2.38% | —2.26% | —2.15% | +0.25

1.2 —-3.56% | —5.43% | —5.41% | —3.65% | —3.43% | —3.27% | +0.14
1.5 -5.22% | —8.41% | —8.26% | —6.37% | —5.73% | —5.39% | —0.09

Table 2. Relative size of the QED corrections to BRinci(FEeut). The values of Eg,¢ are given in
units of GeV. The entries in the column §BRE2P*" are the corrections obtained by BaBar in [44],
while the numbers for SBREL) dBRYE: and dBR{; successively include the LL, NLL and complete

incly incl
2
O(a) corrections to the b — cev branching ratio. The 5BRi1n/;n * numbers include all partonic QED

effects as well as the LL QED corrections to the O(A%CD /m?2) power corrections. The entries in
the column §BRj,¢ represent our best predictions and include besides all partonic QED effects
the power-suppressed LL QED corrections up to O(A%CD /m3) (see (5.2)). The relative shifts in
standard deviations (o) that we obtain when using our best QED calculation to correct the BaBar
measurements are given in the last column. See main text for additional details.

PHOTOS and the grey band represents the associated systematic uncertainties. The black
error bars furthermore correspond to the total uncertainties of the QED corrected mea-
surements. Our LL prediction contains all terms in (5.2) that are proportional to a/7 Ly, Je
and is indicated by the red line. The green curve instead corresponds to our best QED
prediction considering all contributions to (5.2). We observe that the BaBar results and
our LL predictions show relative deviations of around 40%. This is an expected feature
because PHOTOS as any other QED parton shower MC should capture the bulk of the
logarithmically enhanced photonic effects, even though it works with point-like hadrons.
However, the absence of virtual effects and in particular of the 7m2-enhanced threshold cor-
rections in PHOTOS explains why our full QED predictions are visibly above the BaBar
results. Also notice that for E.y < 1.0GeV the differences between the BaBar numbers
and our best QED predictions are larger than the systematic uncertainties on the PHO-
TOS bremsstrahlungs corrections that BaBar provides in the publication [44]. The found
differences are however always safely within the total experimental uncertainties.

In table 2 we present a more detailed breakdown of the individual relative QED cor-
rections to BRinel(Eeut). All theory predictions are normalised to the state-of-the-art QCD
predictions of the branching ratio that have been obtained recently in [2]. One first observes
that compared to the partonic LL QED effects the corresponding NLL corrections are very
small. Similar observations have been made in the case of muon decay in [14-16]. Likewise,
the power-suppressed LL QED corrections of O(A(?QCD /m?) and O(ABQCD /m3) have only a
minor impact on BRiy(Feyt). In fact, the calculated (’)(AéCD / m%) and (’)(ASQCD / mg) ef-
fects slightly improve the agreement with the BaBar corrections. The non-logarithmic O(«)
effects calculated in section 4 and encoded by Af (1)(3/) are instead numerically quite rel-
evant and tend to reduce the partonic LL QED effects in magnitude. Notice that this
reduction would be larger by around 0.4% if the constant —11/6 had been included in
Agw and not in f(y) (cf. (5.1) and (5.2)). As a result when using our best QED calcula-
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Figure 7. Comparison of the absolute shift of the QED corrections to #1(Fcut), ¢2(Eecut)
and l3(F.ut) as a function of the lower cut F..; on the electron energy. The colour coding re-
sembles that used in figure 6.

tion to correct the BaBar measurements we obtain BRi,e(FEcyt) values that are on average
larger by about 0.20 than the QED corrected values for BRiye(Feut) given in [44].

The absolute shift of the QED corrections to ¢1(Fecyt), ¢2(Feut) and £3(Ecyt) is shown
in the three panels in figure 7. In order to not spoil the strong cancellations between
the quantum corrections to the numerator and the denominator that enter the normalised
central moments [7, 47] we perform a double-series expansion in a and Agcp/my, when cal-
culating the ratios (4.23). In this expansion we keep all the terms up to the order indicated
by the superscript following the notation introduced in (5.2). We add that we have verified
that the expanded and unexpanded results of the central moments are numerically quite
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Bow | 0¢BaBar | gL | ggNLL e | et/ 5ty o
0.6 | —1.29% | —1.60% | —1.58% | —1.48% | —1.45% | —1.42% | —0.22
0.8 | —1.01% | —1.22% | —1.20% | —1.16% | —1.13% | —1.10% | —0.31
1.0 | —0.74% | —0.89% | —0.88% | —0.87% | —0.84% | —0.82% | —0.40
1.2 | —0.53% | —0.63% | —0.62% | —0.62% | —0.59% | —0.58% | —0.32
15 | —0.29% | —0.33% | —0.32% | —0.34% | —0.31% | —0.30% | —0.13

Bow | 668%Bar | gLt | gpNLL seg | se™ | sy o
0.6 | +0.31% | +1.65% | +1.43% | +0.91% | +0.48% | +0.50% | +0.07
0.8 | —0.34% | +0.50% | +0.34% | +0.04% | —0.40% | —0.33% | +0.01
1.0 | —1.00% | —0.27% | —0.38% | —0.60% | —1.08% | —0.95% | +0.04
1.2 | —1.27% | —0.78% | —0.85% | —1.05% | —1.60% | —1.42% | —0.08
15 | —1.91% | —1.16% | —1.18% | —1.40% | —2.24% | —1.93% | —0.01

Bow | 86382 | 5L | GeNUL | s | gl/me | sey o
0.6 | —17.3% | —22.1% | —23.1% | —22.7% | —22.6% | —22.5% | +0.35
0.8 | —42.8% | —68.9% | —69.2% | —66.7% | —62.9% | —62.9% | +0.45
1.0 | +63.9% | +67.3% | +66.3% | +63.9% | +56.2% | +57.6% | +0.34

1.2 | +11.7% | +18.1% | +17.6% | +17.1% | +13.3% | +14.7% | +0.28
1.5 | —047% | +5.92% | +5.69% | +5.61% | +2.10% | +4.69% | +0.23

Table 3. Relative size of the QED corrections to the first three central moments of the electron
energy spectrum (4.23). The notation resembles that used in table 2.

close together. The black curves correspond to the QED corrections estimated by BaBar
in [44] with the help of PHOTOS, while the red (green) lines represent our LL (full O(«))
predictions. The grey bands represent the systematic uncertainties that are associated to
the experimental subtraction procedure of QED corrections performed in [44], while the
black error bars correspond to the total uncertainties of the BaBar measurements. From all
three plots it is evident that the LL QED corrections describe the BaBar corrections pretty
well and that the numerical impact of the non-LL O(«) corrections is notably smaller in
the case of {1(Ecut), ¢2(Fcut) and f3(Eey) than for BRipc(Eeyt). Still the inclusion of the
term a/m (A fW(y) —11/6) in the calculation of the central moments in general improves
the agreement between the BaBar and our QED corrections. Also notice that in the case
of lo(Fcyt) the differences between the BaBar numbers and our best QED predictions are
within the systematic uncertainty band of the PHOTOS bremsstrahlungs corrections, while
this is not the case for ¢1(Ecy) and ¢3(Ecyt). Given that the systematic uncertainties as-
sociated to the subtraction of QED effects are always a subdominant component in the
total experimental uncertainties, our absolute shifts Ay (Eeyt), Alo(Eeyt) and Als(Eeyt)
are, however, always fully compatible with the combined errors quoted by BaBar.

In table 3 we present a complete breakdown of the individual relative QED corrections
to l1(Eecut), ¢2(Feut) and ¢3(FEcyt). All theory predictions are again normalised to the
state-of-the-art QCD results for the central moments [2]. One first notices that while in
the case of ¢1(FEcyt) and €3(Ecyt) the relative corrections are at the level of 1% or below, for
l3(Ecyt) the 003(FEcyt) values typically exceed 10%. This feature can be traced back to the

- 29 —



smallness of the QCD prediction for f3(Eey) (cf. table 1) with £5(0.9 GeV) ~ 0 leading to a
sign flip of §03(Fcyt) between Egyy = 0.8 GeV and Egy = 1.0 GeV. In the case of ¢1(Ecyt),
one furthermore sees that successively including the NLL, the complete O(«) corrections
as well as the LL QED terms of the O(A(QQCD /m?) and O(A%CD /m3) power corrections
steadily improves the agreement between our and the BaBar numbers. As a result, our
best QED predictions differ from the BaBar results by no more than 0.13% for ¢1(FEcyt)-
In the case of l3(Ecyt) and ¢3(Fcyt), we find that the LL QED corrections of O(AQQCD/mg)
and (’)(A%CD /m3) are larger than the partonic O(a) corrections, and that the inclusion of
the former contributions in many cases help to improve the agreement between our and
the PHOTOS calculation of QED effect. These features are particularly apparent in the
case of l3(FEcyt). Numerically, we obtain differences below 0.19% and below 21% for the
second and third central moment, respectively. Taking into account the total experimental
uncertainties the found deviations however amount to always less than 0.50.

6 Conclusions and outlook

In order to match the increasing experimental accuracy in semi-leptonic, radiative and
rare B decays, a reliable assessment of EW and QED corrections is desirable in general,
in some cases even mandatory. In recent years, such calculations have received consider-
able theoretical attention [29-32, 36, 48—68]. This article represents a first step towards
obtaining precision predictions for inclusive semi-leptonic B — X v decays including EW
and QED corrections that can be directly confronted with existing and future B-factory
measurements. To this purpose, we have identified two types of large QED corrections,
namely collinear terms proportional to In (mg / m%) and threshold corrections enhanced by a
factor 2. In order to show that these terms indeed provide the dominant part of the QED
corrections, we have calculated the complete O(«) corrections to the electron energy spec-
trum and the total decay width of the partonic process b — cev. The relevant virtual and
real matrix elements have been calculated analytically while the phase-space integration is
performed numerically, using an improved phase space slicing method to handle soft singu-
larities. This in principle allows for a fully-differential calculation of any IR-safe observable
in b — cev. Motivated by the observation that the logarithmically enhanced corrections
represent the dominant O(«) effects in the electron energy spectrum of b — cev, we have
furthermore calculated the NLL QED corrections in the partonic case and the LL QED
corrections in the case of the power corrections of O(AéCD /m?) and O(A%CD /m3) to the
first few moments of the spectrum.These calculations can be carried out analytically using
splitting functions. We have also completed the computation of the short-distance Wilson
coefficient at O(«) finding agreement with [35, 36].

Including all the above radiative corrections, we have then compared our results against
those obtained by BaBar in [44] using the PHOTOS package (see [30, 53-55, 65] for sim-
ilar comparisons). This MC code is the standard tool used in the relevant experimental
B-factory analyses to subtract photon radiation from the measured distributions. While
PHOTOS includes the real and virtual QED corrections that are needed to obtain a loga-
rithmically accurate description of the soft-photon region of the phase space, effects such
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as the interference between initial- and final-state photons, structure-dependent contribu-
tions, EW corrections that are associated to short-distance physics, as well as hard photon
emission and threshold corrections enhanced by 72 are not incorporated in the generator.
Our comprehensive comparison to PHOTOS shows that in the case of the branching ratio
the missing pieces lead to a systematic shift upwards by around 0.8% for low cuts on the
electron energy. For what concerns the first and second central moment of the electron
energy spectrum, we find differences of below 0.13% and below 0.19%, respectively. In the
case of the third central moment of the electron energy spectrum, the maximal deviations
between our and the PHOTOS results can reach up to around 21%. We also find that
the differences between the BaBar numbers and our best QED predictions are often larger
than the systematic uncertainties of the PHOTOS bremsstrahlungs corrections provided
in [44]. Taking into account the total experimental uncertainties the found deviations how-
ever amount to always less than 0.50. Interestingly, the inclusion of power corrections
tends to improve the agreement between our and the PHOTOS calculation of QED effects
in the branching ratio and the electron energy moments. Since our computation contains
QED effects not included in PHOTOS, we believe that our calculation provides a better
description of QED radiation in B — X .ev than PHOTOS.

We add that the QED corrections to the total decay width and the moments of the
electron energy spectrum calculated here have subsequently been included in a full HQE
global fit [69]. There it has been found that the correction dBRiyc1 at the lowest E¢, value
leads to the largest shift of —0.4% in |V|, as one would naively expect from our discussion
in section 5. The QED corrections to the moments of the electron energy spectrum instead
amount to an effect of +0.2%. Applying our new results for the QED corrections to the
electron energy spectrum and its moments to the BaBar data [44, 46], the article [69]
finds therefore a total modification of around —0.2% in |V| compared to the inclusive
determination in [2]. Notice that the HQE global fit [69] also includes the Belle data [45].
The latter measurement subtracts the QED effects in a way that is similar to what is done
by BaBar, but the paper [45] unfortunately does not provide the size of the subtraction, so
that one cannot improve the treatment of QED effects for what concerns the Belle data.

The calculations and studies in this work can be extended in various ways. In the case
of the inclusive semi-leptonic B — X .fv decays, it would be worthwhile to generalise the
computations presented here to the moments of the hadronic and leptonic invariant mass
distribution, since these observables play an important role in the HQE global fits [2, 5] as
well. Similar statements apply to the forward-backward asymmetry [64, 70] that has not
been measured at BaBar and Belle, but should be accessible at Belle I1. The employed calcu-
lation techniques can also be applied to exclusive semi-leptonic B decays. While the impact
of QED radiation in B — D/v has been studied by several groups [29, 30, 32|, including
both logarithmic corrections and 72-enhanced threshold effects, in the case of B — D*{v
the existing analysis [53] takes into account only logarithmically enhanced contributions.
Improved calculations of B — D™y are also motivated by the measurements of the lep-
ton flavour universality ratios R(D) and R(D*) that show long-standing deviations from
their respective SM predictions at the level of 30 [71]. In summary, our calculation and
its planned extension to exclusive semi-leptonic b — cfv decays sets the theoretical foun-
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dations to build a new MC generator specifically designed to be used by the B-factory
collaborations. Such a tool will be a crucial ingredient in any future extraction of |V| that
aims at a precision close to 1%.
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A LL effects beyond leading power

In this appendix, we give the analytic results for LL. QED corrections to the electron
energy spectrum beyond leading power. At the LO the O(AéCD/mg) and (’)(ASQCD/mg’)
corrections to the electron energy spectrum can be parameterised as

dr 12 i P} P}
o = [f@)(y) a0+ SIS+ 5 I W+ T8 W) (A

where the expression for I'©) and f(9)(y) can be found in (2.5) and (2.6), respectively. In the
case of a massless electron, the remaining LO functions appearing in (A.1) are [72-76]

_ 3 2 _ 2 3.3
1) = |- - 2B LS gy
_ 2
&) = li (6+5y)y? — B 2WYP (?1 _Q‘Z;Qy P
_ 2 2 _ 2 2.3
B 6(?1 _y;;ugp L 10(6 S(Liyjyz;ﬁy p ] 61—y ). (A.3)
O, _ | 224-11y—y*)y*  16(3 -3y +y*)y°p
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_ _ 2 3 2 .2 _ 2.3
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_ 2 2 2 o 2 .3 2.3
) = l—§y3+ 2(12 (113y_z)ziy )y 80 10§ziyy)5 v)ve ] 0(1—y—p).
(A.5)
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Notice that the function fl()o ) (y) has a singularity at the endpoint of the spectrum but the
moments of the spectrum are well-defined.

By inserting the above results into (2.3) it is straightforward to derive the LL QED
corrections to the electron energy spectrum at O(A2 acp/ m3) and O(A} ocp/ my). We obtain

2
ﬁﬂdw=:{Lg(S—y+2m2—%@3+ww4—mmﬂ
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1
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The result for f (Dl )LL (y) still contains the convolution with a delta function

(0)
1=p dg Pee' ( 155
sow = [ TR (Y)st-ap) - 1(_;) , (A.10)
Yy

where P (z) is given in (2.1). The corrected spectrum f(D1 )LL(y) has still a singularity
regulated by the plus distribution. The moments of the spectrum however are regular and
can be expressed as

17p . . Ycut . 2 + 1 — 2
/ dyy'dp(y) = Ap +/0 dyy' [ i ) ] , (A.11)
Y

cut (y—1+p)(1-p)

where we have written the integral over y as the difference of two integrals, one ranging
over y € [0,1 — p| and a second one ranging over y € [0, yeut]. While the latter does not
include the endpoint of the spectrum and can be trivially calculated, the first integral can
be solved using the definition of the plus distribution (2.1) leading to

4
Ah=0, Ab=—3(1-p), Ab=-T(1-p°, Ab=-"(-p" (A12)

Notice that A% = 0 is a necessary condition to satisfy the KLN theorem.

B NLL effects in the partonic case

The NLL QED corrections to the electron energy spectrum in the inclusive B — X_.ev
decay can be obtained by the following convolution

2 2 [2 _ 0
(df)“ = (L) B T e (1) 4 25 (1)) <df>< " sy
dy ) NiL 27 2 y x | \z 3 \z dx
The expression for the LO electron-electron splitting function Pe(g) (z) has already been

given in (2.1) and the next-to-leading-order (NLO) equivalent takes the following form

1+ 22
—z

PU(z) = lim {2

A—0

1
<21n(1—z)—lnz+2)+ —;Zlnz—l—z—ll (1 —2z—A)

_l’_

<;+21nA>2—§7r2] 5(1—2)}. (B.2)

Notice that since we are interested in the total NLL QED effects including both real and
virtual ete™ pairs that result from a photon splitting, we have included in (B.1) only the
non-singlet part of the pair corrections. As explained for instance in the articles [14-16],
in this way double counting of real eTe™ pairs is avoided.

Extending (2.7) to the NLL we then write

ar

a - (0% 2E26
ToTOLG). 0 =10+ g Ly A0+ (5) . ®3)

~ 98 —



where the expression for £ (y) and f&) (y) can be found in (2.6) and (2.8), respectively,

and we decompose the function flsﬁzL(y) as follows

) =2) 01—y~ )+ D). (B.4)

Here ®(y) is a rather complicated analytic function involving various logarithms and dilog-
arithms that depend on both y and p. Instead of giving the explicit form of ®(y) we provide
an approximate result. Using p = 0.057, we obtain

31925665 .

2060 13352367 42755
d(y) = 5 5 b 2335446y — ~— —— 1y’ + 8569202y — 3354 50 yt + 25 ) o
83233 5 6927 776600
+— y6 B hly + (ymax - y) — + (ymax - y) (B5)
2 4 2 3
3229267 4356808
+ 9 (Ymax — 9)2 + 3 (Ymax — y)3] In(Ymax — ¥)

with ymax = 1 — p = 0.943. This approximation works to a relative accuracy of better
than 1% for the considered parameters.

C Virtual integrals

In this appendix, we collect the analytic expressions for the integrals that appear in the
virtual corrections (4.8) and (4.9). Many of the integrals given below can be evaluated
following the discussion in [77] but some integrals related to photon exchange between the
final-state particles need a dedicated treatment.

After introducing the Feynman parameter z, the diagrams describing the external leg
corrections depend on

M? :m2m?+m3 (1—-2), (C.1)

where m; denotes the mass of the corresponding internal fermion. The loop integrals
relevant for the self-energy corrections are

1 2 2
_ S (M)
Jl—Q/Oda:m(l x)ME— 1n<m?> 1, (C.2)

1 M? 1 m?
IZ-O:/O da:(l—x)ln(mg) =3 lln(mz> —3] , (C.3)

where the final results correspond to the lowest order in an expansion for small photon mass.

The structure of the loop integrals that arise from the Feynman diagrams where the
photon connects two different fermions are more complicated. After introducing the Feyn-
man parameters = and y, these integrals depend on

M} = (wpi £ yp;)* +m3 (1 -2 —y) , (C.4)

where the index pair can take the following values ij = {bc, be, ce} while p; and p; denote
the associated four-momenta. The =+ sign in the definition (C.4) encapsulates the different
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kinematic configurations of the relevant graphs. In the case of ij = {bc,be} where the
photon is exchanged between the initial and final state one has to take the + sign, while
for ij = {ce} corresponding to pure final-state interactions one has to choose the — sign.
To write the results for the vertex integrals in a compact form, we introduce the following
set of variables

s o+ witoy

_ Com L . 2
wij = —2pi'pj, Oij = \/wij —4mim; Z;

2, 2
i MGy % = om? Yij = wij+mi+mj. (C.5)

In terms of the abbreviations introduced in (C.5) we obtain

1 11—z M4
Iioj:/d:c/ dyln( f)
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( ) +1In (”@)] , (C.8)
m;

Y 1 1—x Y 1
iJ /0 ”C/O S VER)

1 11—z
Y — / d / du Y
ij 0 €L 0 Y Mz‘2j

_ (m; 37— i 7) S I (22) 4 2y, "L%Q ——. (C.9)
401,52, 2 453, m; 2335

These results hold in the cases ij = {bc,be} while for ij = {ce} one has to use the
replacement w;; — —w;; in the above expressions as well as in z;'; Notice that we have
again taken the limit m. — 0 to obtain the final expressions.

The expression for the integral Iz-lj is the most complicated one. It also depends in a
non-trivial way on whether one considers ij = {bc, be} or ij = {ce}. In the case ij = {bc, be}

we obtain

1 11—z 1 Wi m2 Z+
7= ,./d / dy — — “ii |y Y N (24 42A1L] | C.10
ij = i 0 * 0 yMZQJ 204j " m;m; "\ + * ( )

]

with

oo (VEE R o (1 (1
Q/Z,L'j Zij 1) 1) 1)
Here Lis(z) is the usual dilogarithm and we have introduced the abbreviations 22:5 =1- zi
The result (C.10) again applies in the limit m., — 0.

For ij = {ce} the integral I Z-lj cannot be obtained by a suitable substitution from (C.10),
because it develops an imaginary part in the physical region and therefore has to be com-
puted separately. Using the techniques described in appendix B of [77] it is however rela-

tively straightforward to compute the integral Iilj for the case of virtual photon exchange
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between the charged final-state particles. We find

— 2
Il= { [m (z*z‘) - Qﬂ In <TZ;> n Alcle} , (C.12)
Oce — Y+

where as before ¢* = (p, — py)2 = (pc +pe)2 and

_ q2+mz—mZiO’C€
= 2q2 ,

Y+ Y+ =1—-y+. (C.13)

The real and imaginary parts of AT, are given by

Re (AI},) = —2Li (—y‘) — 2Li, (—“) +2In(ys —y_)In (y‘?”)
Y—

Y+ — Y+ — Y- Y+ — Y-
1 v 1 Yy 9, 5 472
+ = In? (> + = 1In? () —In*(y-) — In" (y4) + —, C.14
s (o) Fal (7-) (y+) + =3 (C.14)

Im (Alcle> =4dirln (y4+ —y-) .

Notice that the dilogarithms in (C.14) have all been chosen to be real by using the identity
Lis (2) = —Lig (1 — 2) — In(2)In (1 — 2) + 72/6 and that only the real part of Il enters
our calculation. The contribution of the 72 term in Re (AIL) reproduces the result (3.5)
obtained in section 3.

We finally remark that only the virtual integrals (C.2), (C.10) and (C.12) develop
logarithmic singularities for m, — 0. These divergences are precisely the soft singulari-
ties which are needed to cancel the analogous divergent terms in the soft integrals to be
discussed next.

D Soft integrals

The soft integrals that enter (4.15) are given by the following expressions

m p (P =Pl
Ir(pi) = —In T+ 2 In | —1 ], D.1
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Here p{ and |p;| denote the energy component and the magnitude of the three-momentum
of p;, respectively. Notice that both (D.1) and (D.2) contain soft singularities of the form
In (mg / (4E§1m)) that depend on the phase-space slicing parameter E,,. For sufficiently

small Fyi, the sum over virtual and real contributions however becomes independent of

this resolution parameter.

E EW corrections to the Wilson coefficient

The EW corrections to low-energy charged-current (CC) processes have been studied long
ago both for the semi-leptonic [3] and purely leptonic case [78]. However, in these early
works only the scheme-independent logarithmic terms have been computed while scheme-
dependent finite one-loop corrections have not been considered. These corrections have
subsequently been calculated in the leptonic, semi-leptonic and non-leptonic case in the
articles [35, 36, 48, 49, 79]. Below we present a comprehensive discussion of the calculation
of EW corrections to all three types of CC processes. This is accomplished by splitting
the corrections into universal and non-universal parts and providing the explicit electric
charge dependence for the latter.

As we are interested in computing the O(«a) contributions to the Wilson coefficient C'(u)
entering (4.1), we can neglect all external momenta as well as all quark and lepton masses
because they are all much smaller than the weak scale. In this approximation the Born-
level matrix elements of a generic CC process is given by the matrix element of the local

operator G
4 _ _
Mom = TQF (Qoc)s Qoo = (YuyuPrba) (Yo" Poiow) - (E.1)

Here we have removed possible CKM factors and ¢,y (¢4)) denotes the component of a
fermionic SU(2)z, doublet field with weak isospin T3 = 1/2 (T3 = —1/2). Notice that we
have expressed the above Born-level result in terms of the Fermi constant G as extracted
from muon decay. In this way, as we will see in a moment, most of the EW radiative
corrections cancel, including all terms that depend on the top-quark and the Higgs-boson
mass. In the limit of vanishing external momenta, all O(Gr«) corrections are proportional
to (Qcc) and can thus be expressed as O(a) contribution to its Wilson coefficient Coc ().
In other words, there is no mixing with other operators.

The virtual EW corrections to a given low-energy CC process can schematically be
written as

Re (Aww (M) — Aww(0) 269

CcC CC
Mvirtual = MBorn Obox T Overtex + 3 )
My 9

(E.2)

where the contributions dpox and dyertex €ncode the relevant box and vertex corrections,
Aww (¢?) is the unrenormalised two-point function of the W boson, and dg is the coun-
terterm of the SU(2); coupling constant g, whose precise definition is irrelevant for our
purposes. The W-boson mass is renormalised on-shell, as indicated by its counterterm
Re(Aww (M3,)). The sum of these four contributions is UV finite. We use the Feyn-

man gauge.
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Figure 8. Examples of Feynman diagrams that contribute to the short-distance EW corrections
encoded by the Wilson coefficient C(u). Only contributions involving Z-boson exchange are shown
but there are also photon loops.

In the case of the b — cev transition the term dyx in (E.2) receives contributions from
Feynman diagrams like the one shown on the left-hand side in figure 8. Using dimensional
regularisation for both UV and IR singularities and keeping the electric charges @Q; of the

external fermions explicit, we obtain

2 2 2
Obox = 162 { l ; + In (NZ )] XSs + (s, — | 725120 In —M‘%V . (E.3)

Here s,, denotes the sine of the weak mixing angle. The 1/¢ pole is a IR divergence origi-
nating from the photon boxes, while the Z-boson boxes are finite. The process-dependent
factors x and ( are given by

1, leptonic,
X =Qu(Quw —4Q4) + Qu(Qa — 4Qw) = { 3, semi-leptonic,
% , non-leptonic,
(E4)
% , leptonic,
¢(=Qu (QQUI + 5Qd/> + Qq (Q;/ + 5Qu/> =1{¢ -2 semi-leptonic,
—% , non-leptonic.

To reduce products of strings of three Dirac matrices resulting from one-loop boxes involv-
ing the exchange of a W boson and a photon, we have employed the relation

(Yuvu oA PLba) (ba 'y v Praby ) = (16 — 4€) Qec + Ecc (E.5)

where Q¢ is the operator introduced in (E.1), Ecc is a so-called evanescent operator and
the particular choice of O(e) term in (E.5) corresponds to the NDR scheme definition [80].
This scheme choice only affects ¢, while y is unaffected and hence scheme independent.
The scheme dependence of ¢ however cancels in the final physical results, provided that all
parts are calculated consistently using (E.5). Notice that in our calculation of the matrix
element of the operator () as detailed in section 4.1 we also use the NDR scheme and as a
result the final result (5.1) for the electron energy spectrum is scheme independent.
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The term dyertex in (E.2) receives contributions from vertex diagrams and external leg
corrections associated to wave function renormalisation (WFR). An example of a possible
vertex graph relevant in the case of b — cer is depicted on the right in figure 8. In agreement
with [82], we find that dyertex does not depend on the fermion doublet under consideration
and therefore represents a universal process-independent contribution. In the case of a
quark doublet the renormalisation turns out to be more subtle. In the limit of vanishing
external quark masses, one can limit oneself to the renormalisation of the left-handed quark
fields. For down quarks, the WFR matrix can be decomposed as

(Z§)ij =0 + (6Z1)ij,  (0Z§)ij = Aabij + ViV By, (E.6)

where A, contains the light-quark contribution, while By includes the difference be-
tween the top- and the light-quark contribution that results from the Glashow-Iliopoulos-
Maiani (GIM) mechanism. The explicit form of these coefficients can be found in (39)
and (40) of [81]. In the case of a quark vertex like in b — cev, the counterterm contribu-
tion corresponding to the renormalisation of the external bottom-quark line is proportional
to the Born-level matrix element (E.1) and takes the following form

52} 1 A
= 3 Yy S g ViV Bl Ve = Ve (®)

q=d,s,b q=d,s,b 2

Notice that in order to arrive at the final result we have used the unitarity of the CKM
matrix, i.e. 3,4 VigVj, = dij. Due to the GIM mechanism the counterterm (E.7) hence
does not receive a contribution from top-quark loops which is a necessary condition to
obtain a universal vertex correction dvertex. For what concerns the WFR of the external
charm-quark line, it proceeds in the same way as described above but in that case B, = 0.
The corresponding counterterm d.ot = A, /2 Vyp therefore also receives contributions only
from loops involving massless quarks.

Since we have normalised the Born-level amplitude (E.1) in terms of G, to calcu-
late the O(«) correction to the Wilson coefficient of Qcc relevant for the semi-leptonic
or non-leptonic case one has to subtract from (E.2) the corresponding leptonic matrix el-
ement. Thereby the universal part of (E.3) cancels out. The same is true for the last
two terms in (E.2) as well as for the universal vertex correction dyertex. We add that, in
principle, also the CKM matrix has to be renormalised. However, as we are assuming mass-
less light quarks, we just need to remove the ill-defined anti-hermitian part of the WFR
constants [83, 84]. Once this is done, the rest of calculation is unaffected, meaning that
it resembles the calculation that did not take CKM renormalisation into account. Notice
also that all the residual photonic corrections to muon decay (those described by photonic
corrections in the EFT) are included in the conventional definition of G [78] and do not
need to be subtracted. The final result of our full SM calculation performed at vanishing

1 M?2
——+In (22>
€ p
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external momenta and masses is therefore

(6%
M = M {01

+g—;}. (E.8)



In order to obtain the Wilson coefficient we still need to match the full SM calculation
with the EFT one, performed in the same scheme and at vanishing momenta and masses.
As the EFT photonic loops vanish under these conditions, the only contribution from the
EFT is the counterterm related to the operator MS renormalisation, a pure 1/e pole that
cancels the divergence in (E.8). We therefore obtain the following Wilson coefficients for
the CC processes of interest

(1) [2ln (AZQ%) — 131] , semi-leptonic,
Coc(p) =1+ 52 (E.9)

4 2 .
i {g In (AZQZ) — 292] , non-leptonic,

where as indicated the electromagnetic coupling « is naturally also evaluated at p. The first
line leads to the result given in (5.1) and agrees with [35, 36], while the second line coincides
with the expression for the Wilson coefficient derived in [35, 48, 49].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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