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ABSTRACT

Recently, due to improvement at experiments, QED brenfdatrg in B meson decays into
pair of scalarsifs and/orK’s) is of phenomenological interest. In practical applicatwhere
experimental acceptance must be taken into account, PHOI@fe Carlo is often used for
simulation of these QED effects. Phenomenologically squredlictions, valid over all phase
space can not be obtained for complex objects, with the IsSQEE® alone. We will nonetheless
use scalar QED to test the performance of PHOTOS. We preserdartalytical form of the
kernel used in the older versions of PHOTOS, and the exactotterespect to first order
scalar QED. Matrix element and phase space jacobians doeifad in the final weight. Scalar
QED NLO correction weight does not signiticantly improve tbredictions. Nonetheless it is
necessary for future extensions, such as electromagoeticfactors.

In this paper we also present aspects of program designathatelated to phase space
generation, especially when mass terms become significartipse to the phase space limits.
The discussed effects are way beyond the direct phenongionalinterest of today. We use this
opportunity to present some foundations of the programrozgéion that assure its precision,
which may be useful for future extensions.

Thanks to the applied iteration solution, all leading ankt e leading log terms are prop-
erly reproduced by the Monte Carlo simulation, and at thédéigrders as well. At the same
time, full differential distributions over complete mydte body phase space is provided.

An agreement of better than 0.01% with independent calomsibf scalar QED is demon-
strated. (Distributions varying in densities by up to 8 osdaf magnitude are used)
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1. INTRODUCTION

In the analysis of data from high-energy physics experisiante tries to resolve theXperiment=
theory equation. This non-trivial task requires that a lot of difnt effects be considered si-
multaneously. From the experimental side, these are ma&tgctor acceptance and cuts, which
are dictated by the construction and physical propertiesetletector. The shapes of distribu-
tions may be distorted by, say, misidentification and residackground contamination. These
effects need to be discriminated in an appropriate and eagitrolled way. From the theoretical
side, all effects of known physics have to be included in predictionsvall. Only then can
experimental data and theoretical predictions be conéobid determine numerical values of
coupling constants or effects of new physics (to be disam)er

A well-defined class of theoretical effects consists of QBEBiative corrections. PHOTOS
is a universal Monte Carlo algorithm that simulates thea$®f QED radiative corrections in
decays of particles and resonances. It is a project withreerabng history: the first version
was released in 1991 [1], followed by version 2.0 [2] (doudrieission and threshold terms for
fermions). The package is in wide use [3]; it was applied ageaipion simulation tool for the
W mass measurement at the Tevatron [4] and LEP [5, 6], and fdA @tatrix measurements in
decays oK andB resonances (NA48 [7], KTeV [8] , Belle [9], BaBar [10] and Felab [11]).
Discussion of the different components of systematic sm@PHOTOS is thus of interest.

Throughout the years the core algorithm for the generatfo®(ot) corrections did not
change much, however, its precision, applicability to®asi processes, and numerical stability
improved significantly. New functionalities, such as nulkiphoton radiation and interference
effects for all possible decays were introduced [12, 13lceRdy, the complete first order ma-
trix element was introduced into PHOTOS férdecays and complete NLO multiple photon
predictions for that channel were demonstrated to work [44].

Increasing interest in the algorithm expressed by experiatecollaborations (including
future LHC experiments and precise measurementB figcays) was a motivation to perform
a more detailed study of the potential and precision of th©PBIS algorithm. This paper is
devoted to the decay @ mesons into a pair of scalars. It is a continuation of the ipre
paper [14] devoted t@ decays. Simplifications introduced in the matrix elemembrally used
in these channels are confronted with the exact kernel ofdiicer scalar QED calculation. We
concentrate our attention on exact phase-space paraatietnias used in PHOTOS, and on the
explicit separation of the final weight into parts respolesfbr: (i) mass dependephase-space
Jacobians, (i) matrix elements and (iii) pre-sampler gegkuch separation opens the way to
include form-factors into matrix elements used in PHOTOSiclw can be measured but go
beyond scalar QED.

Our study of the PHOTOS algorithm can be understood as anetép in the on-going
effort to find practical solutions of the improved expansiohhe solution can be understood as
a rearrangement of the QED perturbation expansion, butithesfor the interaction of charged
scalars with photons and in case where ultrarelativisfic@amations are not valid.

To test PHOTOS we have used predictions of the SANC [15] MGatdo algorithm. SANC
is able to calculate the exact first order scalar QED matexneints for decays d mesons



into scalars, and covers the full phase space of decay pioadthout any approximations.
Events provided by SANC MC are unweighted. SANC is a netwdidntserver system for
the semi-automatic calculation of Electroweak, QCD and Q&dDative corrections at a one-
loop precision level for various processes(-decays) oheldary particle interactions.

The paper is organized as follows. Section 2 is devoted taléseription of our results
obtained from scalar QED, which will be used later in testsSéction 3 the main properties
used in the design of PHOTOS are presented. In particum#thematical form of the weight
(NLO weight) necessary to introduce the complete first ondatrix element. The phase space
parametrization necessary to define the iterative solusea in PHOTOS is also given. Section
4 is devoted to results of numerical tests performed at fitest order of QED. Numerical tests
performed with the multiple bremsstrahlung option will beadissed as well. Finally, section 5
summarizes the paper.

2. Scalar QED and B decays

The one-loop QED correction to the width of the de@y~ — H_H."°, whereH,, denotes
scalar(pseudo-scalar) particles, can be representedws afshe Born contribution and the
contributions due to virtual loop diagrams and soft and Ipdaaton emissions. Both virtual and
soft contributions factorize to the Born one.

drTotaI _ dl—Born [1+ % <6soft+ 6virt)] + dr Hard (1)

Heredlr'Bo™ js the tree level differencial decay width"" represents the virtual corrections,
5% denotes the soft photon contribution atid™@is the hard photon contribution. The Born
level distribution in the rest frame of the decaying mesamnlwawritten as

dl—BOfﬂ = ﬁ |ABom|2dL|pSZ(P - k17 kz) ) (2)

whereM is the mass of decaying particle, » denote the momenta of decay produ#8°™
stands for the corresponding tree level amplitude @highs (P — k1,k2) is the two body dif-
ferential phase space. For the latter we choose the foltppamametrization

1 ANY2(M2, e )
321 M2

where angle®; and ¢, define the orientation of momentukn in the rest frame oB. In the
case of neutraB meson decay channds8 — H~ H2+, the scalar QED calculation for the virtual

dLip(P — ki, ko) = dcostdg,, (3)



and soft factors in formuldl1) gives
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where,m, , are the final meson massesis the soft-hard photon separator, ang denotes the
ultraviolet scale. The infrared divergence is regularizgdhe photon massy,.

= AY2(M?2,m2,m2) and Li(z / yIn 1-y).
The hard photon distributiodl™ Ha"djn scalar QED can be expressed as follows
k1.8 B k2.8
kk  Phoky

here,q; > are the charges of final mesons, dgdande, are the photon momentum and po-
larization vector respectively. The three body differahphase space of the decay products
dLipss(P — ku, ko, ky), is parametrized as follows:

dr Hard T |ABorn|24m <ql

2
) dLipss(P — k. ke k). 6)

AY2(1—2E,/M,m2/M?, m2/M?)

dlips(P =kl k) = —— g5 —28,m)

E,dE, d cosB,dg,d cosBfde}, (7)

where the angle@?, (p? define the orientation of momentuka in the rest frame otk; + k»);
and the photon enerdy,, and the angle8, and, that define the photon momentum, are given
in the rest frame of the decaying particle. These paramgtegsin the limits: 0< 6y, 9? <
m, 0< @, @} <2mandw < E, < (M2 — (my +mp)?)/2M. After integration of [6) over the
phase space variabldg (7), in the massless limit of the fieabms (i.em ,m, = m— 0), we
obtain

rHard_ 8o K I mz>ln4w2 o™ T 8)

m T,
Tt M2 M2 3t
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The virtual correction depends on the ultraviolet s¢glg which should cancel in the total
decay width because of the scale dependence of the pomnwidak coupling. The infrared
divergence cancels in the sum of virtual and soft contrdmgj as it must. The total width,
which is sum of the contributionEl(4)1(5), arid (8), is alsmefofw and of the final meson mass
singularity in accordance with the KLN theorem [16]—[17]:

“uv
1+ = (2 v +5>

The same calculations can be done for the chaByeason decay channels — H_~ Hf.
— Virtual photon contribution,

rTotaI rBorn

9)

: M2 +m2 —m3 2Mm, Mm, “u
virt 1 \Y
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T2ng +1E — m§+/\I |\/|m2 -In M2+ m3 — mZ+/\I mZ}
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2mg M2 - m§+/\ 4mg M2

— Soft photon contribution,

6SOft _ {1+M2+m%_n%| 2Mm :|| nﬁ
A M2+ m2 — m§+/\ AP
MZ+mf—mg [ —2A\ . 2
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— Hard photon contribution,
1 ke Pe)\?
Hard __ Born|2 1.e ;
dr = oM — A4 <q1k Y —P.ky) dLipss(P — k1, ko, ky),

Hard _ ~Bornd 1 m? 40 e _f

r =T n[(lJrzln—Mz)l M2+I vz~ 6 T3 (12)

Again after integration over the phase space, the massi@sel the final mesons (i.em,,m, =
m — 0) was used in this formula. Finally, summing contributid®8), (T1) and[{1l0), we obtain
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the following for the total decay width:

3 Hﬁv ® 11
1+ — (é W_S—i—?)] (13)

We have checked that the fact@®8 andd"" provide the same numerical results (at double
precision level) as the corresponding expressions frorh [18

To be assured of the accuracy of SANC Monte Carlo integrafidrich is a by-product
of MC simulation), we compared Monte Carlo results with thalgitical calculations. For in-
stance, the analytical result for total width of the deB8y- K+*K~(y) Wasl'TOtalI 0.000370096
MeV, while SANC Monte Carlo gavé[%®' = 0.00037006) MeV. For the channeB~ —
K=KO(y) we got respectively 1% = 0.000377615 MeV,I %@ = 0.00037762) MeV?™. The
agreement is thus better thanf(ln this test, where mass effects were included.

|—Total _

r Born

3. Exact phase-space and matrix element.

To start any discussion of the implementation of complest éirder QED radiative correc-
tions inB decay, one has to specify the parametrization of the compleise-space slots of the
fixed final state multiplicity.

Let us start with the explicit expression for the paramatian of ann+ 1 body phase-space
in decay of the object of four-momentul® as used in PHOTOS Monte Carlo. As our aim is
to define iterative relations, let us denote the four momehthe firstn decay products ds
and the lash+ 1 decay product ag. In our case the&+ 1-th particle will always be the real
and massless photénIn the later steps of our construction the masslessnesaibph and
properties of QED matrix elements will be used.

In the following, notation from Refs. [19,20] will be used.ewWlill not rely on any particular
results of these papers. We only point to other, similararstifor the exaat-body phase-space
parameterizations, which are used for other purposes.

The Lorentz invariant phase-space is defined as follows:

dLirSanH(P): . .
2kg(;11 2|<§I ;:TSqul(an 454( ZK q)
- d4p64(P_p_q>2qgl(32qn)32kgjl2(111 2k§I lZ(:'[ ( n)464<p—§ki>
- d“pa“(P—p—q)ﬁdupweklwkn), (14)

1Please note that these numbers are for the purpose of ownigsthe overalB —H — H coupling constants
do not match the experimental data

2However the construction does not rely on a photon to be masle principle it can be applied to define other
phase space relations, for example the emission of an essaive pion or emission of a pair of heavy particles.
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where extra integration variables, four vecoficompensated with*(p— 37k )) andM; (com-
pensated With(p2 — Mf)) are introduced. The element of the phase space integtakies the
form:

dLips1(P) =
i

dMi
(2m)
= dM?|dcosBde

dLips(P — p q) x dLips(p — ki...Kn)

1 AZ(M2,M2cP)
8(2m)3 M2

x dLipsi(p — Ki...Kn). (15)

The part of the phase space jacobian corresponding to atiegrover the direction and
energy of the last particle (or equvalently invariant megof the remaining system) is explic-
itly given. As usual we defina? (a,b,c) = va2+ b2+ c2 — 2ab— 2ac— 2bc. The integration
over the angle® and@is defined in the rest frame of tmet+ 1 particles. The integration over
the invariant masdyl,, is limited by phase space boundaries. The question of elafiaxes
with respect to which angles are defined is not trivial. Mapyians exist, we will not elab-
orate on that point here. It is covered in Ref. [1]. Form{l8)(¢an be iterated and provide
a parametrization of the phase space with an arbitrary nuoftfénal state particles. In such
a case, the question of orientation of the frames used toad#fanangles and the order
integrations (consequently, the choice of limits Ky integration), becomes particularly rich.
Our choice is defined in Ref. [2]. We will not elaborate on thigresting point here, nothing
new was necessary for the purpose of our study. Except fomtr@ioned above details, the
choice used for our phase space organization is the samd-&3/if. [21], TAUOLA [20] and
probably many other generators as well.

If the invariant mass of the system of all particles exceptfitst oneM4, is replaced with
the energy of the first one defined in tRerest-frame ky, and the simplification due to zero
photon mass is used, then the phase space formula can eEnvastt

dLips11(P) =
[4dkykydcosﬂd(p (1) } x dLipsh(p — ki...kn)
= {kydkydcosﬂd(p (1) } x dLips(p — Ki...Kn), (16)

If we would havel photons accompanyingother particles, then the factor in square brackets
is iterated. The statistical fact:,%rwould complete the form of the phase space parametrization,
similar to the formal expansion of the exponent. The lastida, supplemented with definition
of frames with respect to which angles are defined is usedfioedne full kinematic configu-
ration of the event. From angles and energlgg 0f photons and also angles and masses for
other decay products, four-momenta of all final state padican be constructed.

If in formula (18) instead ofiLips,(p — ki...k,) one would uselLips,(P — kj...kn) the
tangent spacewould be obtained. Then photons do not affect other pasticlc®menta at all,
and have no boundaries on energies or directions. Photemsdependent from one another as
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well®. The tangent space is unbounded from above. Energy and niemennservation define
relation between tangent and real phase space. The forrafitand) one step in the iteration
reads as follows:

dLips1(P) =
1 AM2(1,mE/p? M3/ p?)
4dkdcos8dog s X S mg /P2, M3/P2)
xdLips(P — ki...kn), -

and can be obtained from formulga115). We have to use thisutarfor Lips, 1 (P —
kyK1...kn) twice:

: dm? .
Lipshi1(P — kyki...kn) = (Z—TSLIpSZ(P_) kyp) x Lips(p — Ki...kn)
: dm3 :
Lipsa(p— ki...kn) = ﬁLlpsQ(pﬁklp’)><Llpsn71(p’ﬁkz...kn) (18)
and compare it with:
_ _ A2 _ R
Lipsh(P — k1..kn) = —=Lipsy(P — kip’) x Lipsh-1(p" — ko...Kn). (19)

(2m)

where the factorkipsy(p — kip’) x Lipsh-1(p’ — ko...kn) andLipsn—1(p’ — ko...kn) are cho-
sen to match and relate with a common bobstp’ = Lp/, ko = Lky,..., kn = Lk,, finally
p? = M%. We skip details of the particular orientation of the fram¥¢e direct the reader to
Refs. [1, 2] for that purpose. Let us remark that form[Id ($@n example: many options can
be introduced, necessary, for example in the case when P30 Gsed for the intermediate
decay of large chain of subsequent decays.

Formula[[1¥) can be realized algorithmically in the follogiway:

1. For any pointin n-body phase space (earlier generated)edescribed for example with
the explicit configuration of four vectols...k,, coordinate variables can be calculated,
using formulal(Ib).

2. Photon variables can be generated according to the esxpnea square brackets of Eq.

@g).

3. Obtained in this way variables from the old configuratiad ¢&he one of a photon can be
used to construct the new kinematical configuration forrthel-body final state. The
phase-space weight, which is zero for configurations oetsithse space boundaries, can
be calculated at this point frof{l17) and finally combinedwtite matrix element.

SExpression[[1I6) would be only slightly more complicatechitead of photons a massive particle was to be
added.



The presentation of the above example is incomplete andactipe a lot of options need to
be used. Here we have chosen two sub-groups of n-body phase. sphe first one consisted
from particle 1 and the second from particles 2 to n combingéther. Obviously in case of
2-body decays discussed in this paper, choices are limited.

We can generalize formul@{[17) to the casd photons by iteration, in exactly the same
manner as was done for formul@al16). If the expresion in leeck Eq. [II) is dropped we
may define:

dLipsy (P) =
1Ikdd sB;d ! dLipsi(P — Kj...kn 20
”ilj”:\ﬁ k/ COSu; (ﬂz<2n)3 X IpSW( — K1... )7 ( )
as the tangent spacefor the multiple photon configuration. Photons do not affettter
particles’ momenta. They also have no boundaries on energyaee independent one from
another. It is important to realize that one has to chooseixrelements for the tangent space
to define the transformation to the real space. Rejectionesedt construction, performed
with the help of formulal(1l7) for each consecutive photomidish photon multiplicity. At the
same time, energy-momentum conservation constraintshaoeluced. Of course as rejection
implements changes in phase space density, a matrix elethanincludes virtual corrections,
should be taken as well. This is equally true for the tangpaice and the physical space.

The treatment of the phase space presented here lies atttt@hie construction of PHO-
TOS kinematics, and was used since its beginning. It exhahstcase when there is only
one charged patrticle in final state. Case of multiple chapgeticles final states, when some
of them are ultrarelativistic, collinear configuartion destention; presampler with multichan-
nel generation is needed. In our case we follow the same mfedmexplained in Ref. [20].
For generation, the exact phase-space parametrizatiost sufficient. It must be completed
with the matrix element, with both virtual and real bremallung QED corrections taken into
account. Careful regularization of soft singularities teabe performed as well.

In the standard version of PHOTOS, as published in [1, 2]faHewing matrix element is
used for single photon emission when there is only one clgrgdicle in final state:

19 Botos = |ARMPW T (21)
where

woeld _ A 20-x) (. 1+ Bcosdl—4/1—micosd
3 WTRW T 1+ (1—x)2 1—B2co<H 2 1—Bcosh

o 1
P TR S o (g M
_ % M2 _ m;
T M M (i m)? mg*_4|\/|2(1+m§/|\/|2)2'

4We will omit details here, because for the two-body finalestatnd obviously massless photon, the necessary
complications manifest themselves only in the case of plelphoton generation. We will not explain this subject
in detail here.




This old and somehow awkward approximatlAh‘I':,?'d for WT3 implemented in standard
PHOTOS is present due to historical reasons. The expressgibout approximations reads:

ki.€ Pe\?
kik, Pk

|AB°m|24T[CX % )\< ’ﬁ’ﬁ) ( ZEY)SnZ 5
V2 (%) (1 T w2 (17, ) cos)

= |ABM24m % x W (P, kg, k2, ky) (22)

9 Pt = |APParm (ql

here,(k; +kz)? = 1. In both, the standard and exact version of PHOTOS the samameph
space parametrization and presampler for collinear aniéswjularities are used, the appropri-
ate contributions to the final weight read:

AL/2 (1,
M2 (1,

)2Ev

)W

2(1—cosBy/1—m2) M
1+ (1—x)2 2E,

Y

W-EI.(P7 k17k27ky> =

- ||—‘3\J ZI\J|"3\’
S Bk

)

WTZ(P7 k17k27ky> (23)

The expression fow/ T; can be deciphered from formula{17) andr, is related to pre-
samplers for collinear and soft singularities. TogethahwW T; for the matrix element, they
are implemented in routineHOCOR of PHOTOS. The following defines the notations used.
The photon energf, is defined in rest frame of the decaying particle (of md$s Masses of
decaying particles are denoted respectivelgnaandm,. The angled between directions dé;
andky is defined in the rest-frame &f + ko.

The combined effect of the virtual and real corrections @ntthal rate increases by a factor

of FTf,tf The ratio of [ZR) and{21) constitutes the basic elemenpgfading PHOTOS func-
tionality to the complete first ord&rNothing had to be changed in the phase space parametriza-
tion. Effects of virtual corrections need to be included adlwand must be included in the
normalization. The correcting weight can be chosen simgly a

| [axac T2

= : 24
|9 [Broros ™ ey
For the standard version of PHOTOS the virtual correctisagsequired to be such that the total

decay rate remains unchanged after complete QED corrsdi@included.

SThis is only true in the case when PHOTOS is run at the firstrok@en option of multiple radiation is used
in PHOTOS, the single photon emission kernel is iterateds TBad to some complications.



In case of final states with two charged particles in PHOTG@Sd¢Howing versions of the
interference weight were used:

2
kl.S k2.8
(ql—kl.ky - QZ—kz.ky>

Whnt =
'NT ke oPe\? e oPe)?
Uik, —9pk ) T (Wi —Ypk
2
Kky. ks.
(g — o)
W-HNT—option = J1,2 e be 2 ko6 Pe 2
(onfe —aBe) h+ (a2t —afE ) %
3o 1
LT WT(P ke kg, k)W (P kg, ko, k)
5 = 1 (25)

W-EI.(P7 k27 k17 ky)WTZ(P, k27 kl7 kY)

The form of W Tyt results from the exact expressions, formulaé (12) Bhd (6)veéver, phase
space and multichannel presampler specific teknls (23) ndezldiscussed. Presencelpfind
Jo in interference weight is optional, but only for single ptrotradiation. The factod; » (J;
or Jo) must cancel th&/ T, - W T, term of the generation branch used for this particular event
generation. In general, the absencedidkerms is due to properties of the second order matrix
element. These will not be discussed here. For the time being idedtgimilarities with the
case oZ decay have to be used instead.

Once we have completed the description of our internal ctng weight necessary for
PHOTOS to work in the NLO regime, we will turn to the numericadults.

8For example the forndV TinT —option is inappropriate for configurations when the first generateaton is hard
and the second soft.
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4. Results of the tests

The most attractive property of Monte Carlo is the posgibib implement selection criteria
for the theoretical predictions that coincide with the expental ones. Especially in the case
of the final state bremsstrahlung presence of experimentaifts is essential, as they usually
significantly increase the size of the QED effects.

In this section we will concentrate however, on the follogvpseudo-observables, as used
in Ref. [22, 23]:

e -A- Photon energy in the decaying particle rest frarttés observable is sensitive mainly
to the leading-log (i.e. collinear) non-infrared (i.e. sofft) component of the distribu-
tions.

e -B- Energy of the final-state charged particles the previous one, this observable is
sensitive mainly to the leading-log (i.e. collinear) norfrared (i.e. not soft) component
of the distributions.

e -C- Angle of the photon with final-state charged particligris observable is sensitive
mainly to the non-collinear (i.e. non-leading-log) butts@fe. infrared) component of
the distributions.

e -D- Acollinearity angle of the final-state scalarthis observable is sensitive mainly to
the non-collinear (i.e. non-leading-log) and non-soé.(non-infrared) component of the
distributions.

We will start our comparison foB~ — 1K~ (y) and PHOTOS running without improve-
ments from the complete matrix element. Despite this fazttjreement looks good, see fify. 1,
and holds over the entire range of the distributions, whanies by up to 6 orders of magnitude.
Differences can hardly be seen. To visualize the differenirefig. 2, the ratios of the distri-
butions are plotted. Similar to what was seen in the testZ fdecays [14] local discrepancies
may reach up to 15 % for c@s.o. > 0.5. Note however that those regions of the phase-space
contribute at the level of 1 to the total decay rate. Once the matrix element is switclmed o
see fig.[B, where ratios of distribution are plotted, the egrent become excellent, even at a
statistical level of 18 events. It was of no use to repeat the plots of the distribstigith the
corrected weight in PHOTOS, as the plots could not be diststged from the ones of fig] 1.

Encouraged by the excellent performance in the case of tb&ydato final states with a
single charged patrticle, let us now turn to decays into twarged mesons. To avoid accidental
simplifications, we have selected final states with scalbdifferent massesB? — K™ (y)).

Again, as can be seen from figel 4 ddd 5, agreement between ®8@3ing the stan-
dard kernel and SANC is rather good, but some differencesigtelOnce the complete kernel
is switched on, fig[16, the agreement is quite amazing. Indhse, the interference weight,
and the multiple singularity structure of the pre-samplarabians, formuld{25), were tested
as well. Both version8VTint andW TinT—option gave the same results for the case of single
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Figure 1: Results from PHOTOS, standard version, and SAN®fo— 1K~ (y) decay are
superimposed on the consecutive plots. Standard distiigjtas defined in the text, are used.
Logarithmic scales are used. The distributions from the pveds overlap almost completely.
Samples of 1®events were used.
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Figure 2: Results from PHOTOS, standard version, and SAN@ts of theB~ — 1K~ (y)
distributions in fill are presented. Differences betwad®POS and SANC are small, but are
clearly visible now.
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Figure 3: Results from PHOTOS with the exact matrix elemantl SANC for ratios of the
B~ — mK~(y) distributions. Differences between PHOTOS and SANC arevbetatistical
error for samples of fevents.
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Figure 4: Results from PHOTOS, standard version, and SAN®%o— mK*(y) decay are
superimposed on the consecutive plots. Standard digtitsjtas defined in the text, are used.
Logarithmic scales are used. The distributions from the pvads overlap almost completely.
Samples of 1®events were used.
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photon emission. However only the first versid iyt turned out to be consistent with ex-
ponentiation. We will skip discussion of this point here. clmmplete the tests of phase-space
for multichannel emissions, final states with more than tvassive decay products need to be
studied, preferably for multiphoton radiation as well.

Let us comment that not only the shapes of the distributiore@n an excellent manner
between PHOTOS and SANC simulations, also the number oftewveth photons of energy
below the certain threshold agreed better than 0.01 %, tlers wonsistent with each other
within a statistical error of 1event samples. The excellent agreement, presented in per, pa
combined with other results published before, help to confivat theoretical effects normally
missing in PHOTOS are small, but if necessary can be intrediucto the code. It is also
important to note that the agreement provides powerfultieet test of the generator.

Finally, let us point out that early versions of the progrdrefore 2004, were not reaching
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Figure 5: Results from PHOTOS, standard version, and SAN@ts of theB® — T K*(y)
distributions in fil¥ are presented. Differences betwad®POS and SANC are small, but are
clearly visible now.
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Figure 6: Results from PHOTOS with the exact matrix elemantl SANC for ratios of the
BY — 1K™ (y) distributions. Differences between PHOTOS and SANC arevbetatistical

error for samples of 1events.
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that level of technical sophistication. To establish itukegd a major effort. Kinematical vari-
ables used in PHOTOS differ from those of SANC. The diffeemnoould arise due to technical
problems, also if for example the Born-level events whiehtabe modified by PHOTOS would
not fulfill energy-momentum conservation or particles mataevere not on mass-shell, at the
double precision level. This point must always be checke@very new installation of PHO-
TOS in an experimental environment. For that purpose we hallected numerical results,
given in TablddL, for the cumulant of bremsstrahlung decajthwiG(Eest) = I' (Erest) /T 101,
wherel (Etest) denotes the decay width, integrated over energy carriedldyremstrahlung
photons combined up to maximum B

Channel Moy Eiest | SANC | PHOTOS:
[MeV] | [MeV] o(a) | o(a?) | o(exp
B-—m ]| 2500 2.6]0.9291 0.9289] 0.9314| 0.9311
B-—mm| 2500 26| 0.9571 0.9569| 0.9578| 0.9577
B~ —1m K| 2500 2.6 | 0.9294 0.9292| 0.9318| 0.9314
B-—mK%| 2500 26 | 0.9574 0.9572| 0.9580| 0.9580
B-—K 1| 2500 2.6]0.9627 0.9628] 0.9636| 0.9634
B-—K 1| 2500 26 | 0.9777 0.9777| 0.9779| 0.9779
B~ — K K%| 2500 2.6 0.9629 0.9631| 0.9639| 0.9638
B~ — K K%| 2500 26 | 0.9779 0.9779| 0.9782| 0.9781

BY -ttt 900 2.6]0.8311 0.8306| 0.8451| 0.8433
B — ot 900 26 | 0.8978 0.8972| 0.9019| 0.9016
BO — K™ 900 2.6 | 0.8662 0.8660| 0.8754| 0.8741
BO — K™ 900 26| 0.9193 0.9188| 0.9219| 0.9219
BO - K1t 900 2.6] 0.8661 0.8659] 0.8753| 0.8743
B0 — K1t 900 26| 0.9193 0.9191| 0.9220| 0.9219
B - K K+ 900 2.6 0.9011 0.9014| 0.9066| 0.9057
B - KKt 900 26 | 0.9407 0.9407| 0.9424| 0.9422

Table 1. Benchmark results for B decays into pair of scalars: elao@gnetic cumulative of
decay widtH (Etest) / rTotal \where Eostdenotes the maximal energy which can be carried out by
photons. The following input parameters were used:=r6279MeV, mp = 135MeV, m: =

139 MeV, nxo = 494 MeV, nk+ = 498 MeV. Our results differ negligibly between standard
PHOTOS and the one with exact matrix element. That is whyamdyset of numerical results

is provided. For each decay channel PHOTOS results of fiestpisd and multiple photon
radiation are to good precision proportional liKe—x : 1—x+x?/2 :exp —x), where x depends
on the decay channel anddg. To produce results for our table sampled6f events were used.
Statistical errors are thus at the level of the last significdigit for all the table entries.
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5. Summary

This paper was devoted to the study of bremsstrahlung dmnsdn the decay dB mesons
into pair of scalars of rather large masses. Predictions wersented in the form of PHOTOS
Monte Carlo.

To quantify the size of the Next to Leading logarithm effesdsmally missing in PHOTOS
we have installed into the program the complete scalar-QED drder expression for thg
decay matrix element. After modification, the differencesween PHOTOS and the matrix
element calculation embodied in SANC were below statistceor of 1& events for all of
our benchmark distributions. Both PHOTOS and SANC were tuixed first order without
exponentiation. The agreement provides a technical teeeafimulations from both of the two
programs as well.

The improvement of the agreement due to the introduction adreecting weight could
come with a price. That was the case with the deca¥.oBecause B mesons are scalar the
complications did not materialize and a correcting weigtnt be installed to standard PHOTOS
versions. On the other hand, numerically introduced imgnaosnts are small. Deficiencies of
standard PHOTOS are localized in corners of bremsstralbage space populated by photons
of very high energies and angularly well separated from ftatle mesons. Those regions of
the phase space weigh less than 0.005 to the total rate dackdites in that region approach
20 % of their size, at most. The effects are thus significdothyer than 0.1 %, if quantified
in units of the totaB decay rate to a particular channel. Also, in those regidresptedictive
power of scalar QED is rather doubtful. That is why we do natkht is urgent for users
to change the PHOTOS correcting weight to enable the compleO, unless measured form-
factors become available. Conribution to the systematar @f PHOTOS due to incompletness
of the old kernel (with respect to scalar QED) does not depenekperimental cuts and is thus
of no phenomenological importance for today.

Our paper was not only focused on numerical results due tbdiate bremsstrahlung B
decays. Aspects of mathematical organization of the prodoa calculation of radiative cor-
rections forB production and decay was discussed as well. Approximatised in PHOTOS
affects matrix elements ambt phase space, which is treated exactly including all masstsif
Generation of the phase space starts from the tangent spasteucted from an eikonal approx-
imation but used for hard photons, even of energies abovaviiéable maximum enforced by
energy momentum conservation. In the second step, phase-spnstraints are enforced and
compactification is introduced. This is similar to claskmeclusive exponentiation. However,
energy momentum constraints are introduced for each catigeghoton, step by step, and
conformal symmetry is not exploited in that procedure.

Complete re-analysis of the final weight for decays intoasalvas presented. Parts corre-
sponding to matrix elements, phase space Jacobians anagern@e-samples were explicitly
separated. Special care was devoted to mass terms. Anfalyticof the single photon emis-
sion kernel (i. e. matrix element with approximation) usedtandard version of PHOTOS,
was also explicitly given. That is why, the analysis presdrtere can be easily extended to
other decay channels. It is the first time that we have predenich a study for particles other
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. . me
than elementary fermions and in the case where mass termdesfib> are not neglected.
B

For B decays in the case of multiple photon radiation in PHOTOSnéar level of agree-
ment as in Ref [14] foZ decay is expected, but the appropriate reference distimitio not
exist yet. We agree with the results of reference [18], h@wvewly at the level of about 1 %.
We have not performed any tuningjafy and other input parameters used in that paper. Instead
we have collected numerical results, given in Tdble 1, wiah be used as a technical test of
PHOTOS installation in particular simulation set-ups. Wersgly recommend such tests to
be performed. In these tests the agreement betweens PHOT®OSANC (or simple semi-
analytical expressions for higher order simulations) wgsicantly better than 0.1 % for all
entries.

On the technical level it is worth mentioning that the NLOreating weight of PHOTOS is
used as an internal weight. All generated events remainhwéigexactly as it was in the case
of Z — ptu~ decay. PHOTOS used for decays of B mesons into scalars poaitexample of
multiple emissions from both outgoing charged lines cawgthe complete phase space where
the hard photon emisson region does not require any speeaihient. Mass terms have been
included without any approximations.

In principle, if necessary, complete higher order matrensénts (NNLO level) could be
incorporated with the help of correcting weights as wellisTihteresting point definitely goes
beyond the scope of the present paper and also beyond therpbealogical interest for any
foreseeable future. This is equally true for the possibleresions to simulations in QCD, which
are also outside the scope of the paper.
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