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I ntroduction

c+c

Rare radiative leptonic decays By ¥ y are produced by b ¥ g (where g = fd;sg) quarks
transitions (so-called Flavor Changing Neutral Currents). These currents are forbidden at a tree
level in the framework of the Standard Model (SM) and occur at the lowest order of the perturbation
theory only through one-loop penguin and box diagrams. The box  diagram contribution is
suppressed relativeto the penguin approximately by afactor (m=Mw)? 5. Thebranching ratios
of these decaysin the SM arevery small: 10 8 for decays of the Bs-mesonsand 10 1° for the
decays of the By-mesons [[lll [J]. This fact gives us an opportunity to check the SM pre dictions
in a high perturbative order and to search for the new physics above the suppressed SM signal.

The correct Monte-Carlo simulation is of great importrance for the search of the rare radiative
leptonic B-decays at LHC. The purpose of the current paper is to introduce the new EvtGen
model BSTOGLLMNT intended for this ssimulation. It includes the theoretical features such
as the contribution of the weak annihilation, the dependence of the Wilson coef cients on the
scale parameter in the NLO approach, resonant contributions which may b e useful for correct
simulation of the mentioned decays for LHCDb.

1. Theoretical overview

The b ¥ g transitions with CP-violation effects are convenient to describe in terms of the
effective Hamiltonian HE;' % in the Wilson expansion form @, B, fl:
h
G
Har 0= BoWsVq  1+A Cu(u)0f () + Ca(u)0f (1) (L1)
#

AL a0l (1) +C (k)05 (1) +_Zci(u)oi(u) +@ 1 §;

where Gr isthe Fermi constant, Vy, g, are the Cabibbo-K obayashi-Maskavamatrix elements, /\Sq) =
VubVug=VibVig- IN ([L.2) Ci(u) form aset of the Wilson coef cients. The value of the scale parameter
U is of the order of a b-quark mass here. It separates the hard and soft contributions of the strong
interaction. The soft contribution is contained in the matrix elements of the basic operators O; ()
between the initial and the nal hadronic states. We should note that the accu racy of the Wilson
coef cients in the next to the leading logarithms order approximation (NLO) do es not exceed the
15% level aswell asthe accuracy of the calculations of the hadronic matrix elements. So, the NLO
approximation is quite enough for the numerical calculations of the matrix elements.

Either Cgf\;(q)(u; s) (in case of the b ¥ g transition, s is the square of the invariant dilepton
mass) or CSU (d’)(u; S) (in a charge conjugated case) Wilson coef cient contains the contribution s
from the udi- and céHpairs and p°-, w-, I=y-, Y'-, Y(3770)-, Y(4040)-, P(4160)- and ((4415)-
resonances as well as CP-violation effects [, B]. The s-dependence of the resonance contribution
ismodi ed according to [T].

One may write the following equations for the effective coef cients:

Cov P (k;'9) = Cov () + Cres(k; 9) + AL Cles(k; 9); (12)
Cav P(H:9) = Coy (1) + Cles(ki ) + AP Cres(u: 9):
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The Cyy (1), Cﬁ&(u; s) and Cg, (1) coef cients are de ned in [3]]

Below the denition of the form-factors for the Bﬁ ¥ y transitions (where g = fd;sg) is
presented *. The following kinematical notations are used for it: p* is the 4-momentum of the Bg—
or ég-m&eon, kH isthe 4-momentum of the photon, k‘f isthe 4-momentum of the positively charged
lepton “* and k’zl isthe 4-momentum of the negatively charged lepton * . These 4-momenta satisfy
the following equations:

p=k+k+k =k+q p’=MZ =s K=0 K=kK=n*

The effective tensor and pseudotensor form-factors take into account the CP-violation effects.
With these notations the form-factors of the BQ T ytransition may be de ned in the following way

(. 8

Fa(9?).
My

y(k; €)jdly. ysbiBi(piM1) = iegy gua(PK)  Paky
R (@),
My
y(k; €)jdioy vsbiBi(piM1) (P Ky = egy Gua(PK)  Paky Fra(a?;0);
y(k; €)jdioyy biBl(p;M1) (P K)v = ieg,&uqen Peky Frv (% 0):

(1.3)

y(k; £)idiy.biBh(pM1) = egq Euaen Peky

where tensor (Fry) and pseudotensor (Fra) form-factors depend on the 4-momenta k of a real
(k*=0)andgq=p k virtual (g? = s) photons. The latter one then converted to the “** -pair.
The rst argument of the FryTa(g3;g3) functions is the square momentum of the (real or virtual)
photon, which is emitted due to the effective vertex. This vertex is described with the Hamiltonian
of theb(B) ¥ q(d) (“** ;y) transitions.

The tensor and pseudotensor form-factorsin ([L.3) correspond to the case when the real photon
is emitted by the valent quarks. Taking into account the emission of the virtual photon by the
valent quarks and the weak annihilation contribution one nds the following e xplicit view of these
form-factors:

16 a f
FTbv! q(q2) = 1+ % |:|.V(q2;o) + Fry (O; q2) = ALEQ) + )\C(q) é %;
y
F‘I?A? q(qz) = 1 % |:|_A(q2; O) + FI'A(O; q2) ; (14)

where a3 = C; +Cp=3 and fg, isthe rea positive lepton constant of the Bg-meson decay, whichis
de ned by the matrix element value:  Ojdiy* y*bjBi(p; M) = i fg, pH:
The form-factors for the Bg ¥ ytransition are expressed through the $8 ¥ ytransitions:

i) = 1+ 1 F(@0) + Py +

YIn this document we use the following denitions: v = i’y 23, oy = Slyuswl, €XV9P is the totally
antisymmetric fourth-rank tensor, €912 = 1, e="" 470em > 0, where dem is the electromagnetic coupling constant,
my, is the b-quark mass, my isthe light d or s quark mass, mq isthe mass of u- or c-quark, My is the mass of the initial
@8 (or Bg) meson and mis the mass of the charged lepton (“* or © ).
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6 @ | @ & fBg.
+ 3 ALI + AC C7y rrb ]
Frad@d = 1 % Fra(o?;0) + Fra(0;0%) : (1.5)

Further, for construction of the matrix element of the rare radiative leptonic decyas we will
use the dimensionless kinematical variables, normalized to the B-meson mass. That are the non-
dimetional masses m, = Mmy=M1, Mg = my=M, m= My, non-dimentional 4-momenta p = p=Mj,
k = k=M1, k1 = kj=M1, ko = ko=M; and non-dimensional Mandelstam variables:

s=pk2; t=pk12; u=pk22

which satisfy the following relation s+t +u = 1+ 2n?.
In the most common view the amplitude of the BB(p; M) ¥ wke)F(k)“ (ko) decay,
neglecting bremstrahlung, may be written in the following way:

hy(k; €); <" (ko); ¢ (ko) HG'™" % Bly(p; Ml)-—ieFMl e VinVig (1.6)
h
a(k; 9 & px V(K1)  ib(u;9e, ‘ftkz)v“‘( k) +

i
el 9)Ee i IV (k) if(9)e, M)y ( k)

For the Standard Model the a(u; s)  f(u; s) functions are de ned with the relations described in
[B]. The amplitude of the Bg(p; Mp) B y(k;e)“F(ky)“ (ko) decay may be writteninthefollowing
way':

+e B G a,
vk €); (k)i ¢ () Hr'™ ™ B(pi Myi = B5 M1 teVigVig (L.7)
h

a(k; g, ok MV “( k) +ib(;9e, M) ( k) +
1
e 9 & o TV ( k) +if(9)g, vy ( k)

All terms which make no contribution to the amplitudes in the Bg-meson rest frame are excluded
from (IL.6), (I.79). On transition from EQ to the B-mesons decays the f (u; s) function changesiit's
sign, while e(t; s) function doesn’t. That may be explicitly seen in the de nition of the amplitude
(L.7). Functionsa(y; s) and b(u; s) from ([L.6) are replaced with new functions a(y; s) and b(i; s)
which are also de ned in [J]

The lepton bremsstrahlung contribution to the Bg(p; Mp) B y(k;e) T (k)¢ (ko) decay ampli-
tude is described with the following expression [J]:

a fg,
1@» My VMo 1t

My 2 mCion (1.8)
§ . 1 1 l 1 1 a B ~UV .
(ko) Kk &k CP 2 ki) Ky fewe PO )

The amplitude of the bremsstrahlung is C-invariant, it looks the same both for 32 and for Bg—decay
(of course ViqVip is replaced by ViqVy,,). This can be shown with the explicit calculations.

4
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2. The EvtGen implementation of the B3(B) ¥ *** y

Recently the EvtGen package didn’t include any model for the rare radiative leptonic decays
of the B-mesons. Such a model, called BSTOGLLMNT, was introduced into the LHCb software
framework as a part of the EvtGenExtras package since version v2r4. Practicaly it includes a
set of the C++ classes which implement the model and four EvtGen con guratio n lesfor the four
decay channels, most interesting from the experimental point of view: Bg " yutu o, Bg T yete ,
B ¥ yutu andB? ¥ ye*e . However the generator is adopted for all three-body rare radiative
leptonic decays which take place in the SM.

In addition the model contains the form-factors of the hadronic transitions, calculated within
the dispersion formalizm of the quark model (with the the parametrizations adopted in [l ]) and
the vector mesons dominance model [B]. It also includes the description of the dependence of the
Wilson coef cients C; on the scale parameter 1, the contribution from the vector resonances p, w,
@, J=y, Y’ etc. within the Standard Model and different CP-violation effects according to [[].

The BSTOGLLMNT model is based on the following classes and methods:

The Evt bs2| | GanmaMNT class serves as an interface between the BSTOGLLIMNT model
and the standard EvtGen classes.

Evt bs2l | GarmaAnp class de nes the amplitude and cal culates the maximum probability
for the rare radiative leptonic decays of the B-mesons. This class is aso responsible for
the application of a cut on the minimal photon energy and exclusion of the J=y- and y'-
resonancesregion (9:199 < s< 15:333). Thelatter option correspondsto thereal experimental
procedure of the search for the rare radiative leptonic decays.

ClassEvt bs2l | GarmaFFIMNT calculatesthe form-factors of the %(Bq) ¥ ydecays, taking
into account the CP-violation effects. For the numerical ansatz of the form-factors the
expressions from the paper [f] are used.

Evt bTosl | W | sCoef f NLOclassisresponsible for calculation of the Wilson coef cients
inthe NL O approximation of the SM [B]. Thiscal culation takesinto account the CP-violation
effects[[§] and (optionally) the contribution from the vector udi and cétresonances. Thisclass
is taken from the BTOSLLMS model.

The hierarchy and the rel ations between different classes of the BSTOGLLMNT model is shown
inFigfl.
The generator provides alot of freedom to the user. At the level of initial parametersinput one
may change the CKM-matrix elements, the scale parameter u, the number of the effective quark
avours used for the calculation of the strong interaction running constan t as(u) and the minimal
energy of the photon in the By meson rest frame. It is also possible to de ne achoice of the as(Mz)
value (from lower to the upper limit of the experimental region).

3. Monte-Carlo generator tests

All the tests were performed for the case of u™*u -pair na state, asit isthe closest to the real
experiment needs. To check the model output some distributions for the generated particles have
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Figure 1: The hierarchy and relations of different classes inBIST OGLLMNmodel.

been plotted. First of them is the non-dimentional invariant mass of the lepioé #\s one of the
tests it's useful to compare it with the theoretical prediction.

Dimuon invariant mass distribution chg(B_g) I gmi m decays is shown in Fig.2. Both
plots are drawn in the double logarithmic scale. The left one presents theticabprediction and
based on paper [2]. A solid line shows the distribution when all the reseneontributions are
taken into account. A peak in the loswégion corresponds to the-meson. In the middle region
the J=y - andy “resonances may be observed. The photon poler8ndeson peak become too
wide to be visible in the double logarithmic scale.

The right plot shows the output from tlBSTOGLLMNMmodel with statistics of 30000 gene-
rated events. The photon pole?- andw-mesons contributions are contained in the rst bin of the
histogram. The region af=y - andy %resonances was excluded from the generation at the level of
matrix element used in this model.

Fig.3 shows the same distributions for tB%(E?S) I gnim decay. In the lows fegion the
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