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COMPARISON OF SANC WITH KORALZ AND PHOTOS�A. Andonova, S. Jada
hb, G. Nanavaa and Z. W¡sb;
aLab. of Nu
lear Problems, JINR, 141980 Dubna, RussiabH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Cra
ow, Poland
CERN, Theory Division, 1211 Geneva 23, Switzerland(Re
eived De
ember 17, 2002)Using the SANC system we study the one-loop ele
troweak standardmodel predi
tion, in
luding virtual and real photon emissions, for the de-
ays of on-shell ve
tor and s
alar bosons B ! f �f(
), where B is a ve
torboson, Z or W , or a Standard Model Higgs. The 
omplete one-loop 
or-re
tions and exa
t photon emission matrix element are taken into a

ount.For the phase-spa
e integration, the Monte Carlo te
hnique is used. For Zde
ay the QED part of the 
al
ulation is �rst 
ross-
he
ked with the exa
tone-loop QED predi
tion of KORALZ. For Higgs boson andW de
ays, a 
om-parison is made with the approximate QED 
al
ulation of PHOTOS MonteCarlo. This provides a useful element for the evaluation of the theoreti
alun
ertainty of PHOTOS, very interesting for its appli
ation in ongoing LEP2and future LC and LHC phenomenology.PACS numbers: 12.15.Lk, 13.20.Cz1. Introdu
tionThe SANC proje
t of Ref. [1℄ has several purposes. The intermediategoal is to summarize and 
onsolidate the e�ort of the last three de
ades in
al
ulating Standard Model radiative 
orre
tions for LEP, in a well organized
al
ulational environment for future referen
e. However, it is aimed notonly at training young resear
hers and students, but also at some remaining
al
ulational proje
ts for LEP as well.SANC provides an Internet-oriented, graphi
 interfa
e platform, whi
h ismeant to serve as a starting point for longer term resear
h e�orts in the areaof the higher order (multi-loop) 
al
ulations within the SM and beyond, for� Work supported in part by the European Union 5-th Framework under 
ontra
tHPRN-CT-2000-00149, Polish State Committee for S
ienti�
 Resear
h (KBN) grant2 P03B 001 22, NATO grant PST.CLG.977751 and INTAS Mo 00-00313.(2665)



2666 A. Andonov et al.the experiments at future high energy 
olliders. An important lesson fromthe LEP experiments [2℄ is that the desirable way of providing theoreti
alpredi
tions is in the form of Monte Carlo event generators. This aspe
t hasbeen taken into a

ount in the development of SANC from an early stage ofits development.The 
urrently available version of SANC 
an 
onstru
t one-loop spin am-plitudes for the de
ays of the gauge bosonsW and Z and Higgs boson H. Allof the Born and one-loop-
orre
ted spin amplitudes are generated intera
-tively from s
rat
h1 by SANC with the help of the algebrai
 pa
kage Form3 [4℄in the form of Fortran77 sour
e 
odes, and are then used in the MC genera-tion/integration part of the pa
kage. For the moment, SANC features singlereal photon emission, in the 
al
ulations of the total rate and de
ay spe
traof the B ! f �f(
) pro
ess. The 
omplete spin polarization density matrixof the de
aying boson is taken into a

ount as well.The integration, with the Monte Carlo method, over the three (two)-body �nal state is done without any approximation (in parti
ular smallmass approximation is not used). The program provides MC events with
onstant weight (unweighted events). The whole system is, therefore, fairlyself-
ontained and 
omplete2.It is of the utmost importan
e for su
h a new system to pre
isely re-produ
e known results. Con
erning virtual 
orre
tions, 
omparisons wereperformed with the 
al
ulations of Refs. [5, 6℄. The pre
ise 
omparisonswith the FeynArt pa
kage [7℄ were made in [8�10℄ as well.Our paper is organized as follows: in the next se
tion we des
ribe indetail the set of observables 
hosen for tests and the input parameter set-ups for 
omparisons SANC with KORALZ [11℄ and SANC PHOTOS [12℄. Se
tion 3is devoted to a dis
ussion of SANC te
hni
al reliability in the domain ofQED bremsstrahlung. To this end, 
omparisons with KORALZ and leading-log distributions from PHOTOS are 
olle
ted. Se
tion 4 des
ribes 
omparisonsof SANC with PHOTOS, fo
using on the non-leading 
ontributions in W and Hde
ays and on the relevant dis
ussion of PHOTOS physi
al un
ertainties. Thesummary in Se
tion 5 
loses the paper.2. Initialization set-ups for SANC , KORALZ and PHOTOS runsIn the following se
tions we 
ompare predi
tions from the programs SANC,KORALZ and PHOTOS. It is essential that the initialization be identi
al in all
ases and 
lose to the physi
al reality; in parti
ular the following options areset in the three programs:1 The form2 
odes related to the review of Ref. [3℄ were exploited at the early stage ofthe SANC development.2 That is why it may be valuable for tea
hing and training.



Comparison of SANC with KORALZ and PHOTOS 2667� In SANC we swit
h o� the EW part of the radiative 
orre
tions. Thesoft photon limit is kept at 0.005 of the de
aying parti
le mass.� In KORALZ we swit
h to the O(�) mode of operation (no exponentia-tion) with �nal state bremsstrahlung only. We set the CMS energyequal to the Z mass. The s-
hannel 
 ex
hange is swit
hed o� and thesoft photon limit is kept at 0.01 of the �beam energy�.� In PHOTOS we swit
h o� the double bremsstrahlung 
orre
tions but wekeep interferen
e e�e
ts. The soft/hard photon limit is kept at 0.005of the de
aying parti
le mass. For the generation of the Born-leveltwo-body de
ays, we use the Monte Carlo generation from SANC.To visualize the di�eren
es (or the agreement) between the 
al
ulations,we 
hoose a 
ertain 
lass of (pseudo-)observables, more pre
isely the one-dimensional distributions, whi
h are quite similar to the one used in the �rsttests of PHOTOS reported in [13℄. To visualize the usually small di�eren
es, weplot ratios of the predi
tions from two programs rather than the distributionsthemselves.List of observables:A Photon energy in the de
aying parti
le rest frame: this observable issensitive mainly to the leading-log (i.e. 
ollinear) non-infrared (i.e. notsoft) 
omponent of the distributions.B Energy of the �nal state 
harged parti
le: as in the previous 
ase thisobservable is sensitive mainly to the leading-log (i.e. 
ollinear) non-infrared (i.e. not soft) 
omponent of the distributions.C Angle of the photon with respe
t to one of the 
harged �nal state parti-
les: this observable is sensitive mainly to the non-
ollinear (i.e. non-leading-log) but soft (i.e. infrared) 
omponent of the distributions.D A
ollinearity angle of the �nal state 
harged parti
les: this observableis sensitive mainly to the non-
ollinear (i.e. non-leading-log) and non-soft (i.e. non-infrared) 
omponent of the distributions.3. Te
hni
al tests of SANCLet us �rst 
ross 
he
k SANC predi
tions in the 
ase of Z ! �+�� de
ayand for the real photon emission with KORALZ. The 
orresponding part of theKORALZ 
ode, essentially an improved emulation of the MC program MUSTRAL[14℄, was thoroughly tested over two de
ades and is an ex
ellent 
andidatefor the ben
hmark test for SANC matrix-element and phase-spa
e generation.



2668 A. Andonov et al.It 
an be noted that the phase-spa
e parametrization of the single photonemission in SANC, although developed independently, is essentially the sameas in KORALB [15�17℄.As we 
an see from Figs. 1 and 2 the level of the agreement for alldistributions of the types A, B, C and D is satisfa
tory, at the level ofbetter than 0.5% (or at the level of statisti
al error). We have 
he
ked thatthe O(�) FSR 
orre
tion to the total de
ay rate 
al
ulated as a di�eren
eof SANC results, with FSR on and o�, agrees well with the standard fa
tor1 + 34 �� = 1:001743. In fa
t we get 1:001733� 2:8� 10�5. The agreement isthus better than 10�4. We 
an thus 
on
lude that SANC is �
ommissioned�for the Z de
ay.
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Fig. 1. Comparisons (ratios) of the SANC and KORALZ predi
tions for the Z de
ay.ObservablesA and B: ratios of the photon energy (left-hand side) and muon energy(right-hand side) distributions from the two programs. The dominant 
ontributionis of leading-log (
ollinear) nature.
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Fig. 2. Comparisons (ratios) of the SANC and KORALZ predi
tions for the Z de
ay.ObservablesC andD: ratios of the photon angle with respe
t to �� (left-hand side)and ���+ a
ollinearity (right-hand side) distributions from the two programs. Thedominant 
ontribution is of infrared non-leading-log nature for the left-hand sideplot, and non-infrared non-leading-log nature for the right-hand side one.



Comparison of SANC with KORALZ and PHOTOS 2669In the 
ase of the W and Higgs de
ay we rely on the 
omparison withPHOTOS. Due to the in
omplete one-loop QED in PHOTOS we 
annot, in prin-
iple, expe
t the agreement for the de
ay distributions A, B to be betterthan the order of 1lnm2B=m2� ' 7%. We see in Fig. 3 for Higgs boson de
ayand in Fig. 5 forW de
ay, that this is indeed the 
ase. In fa
t, the agreementis mu
h better in the 
ase of the Higgs boson de
ay. In Figs. 4 and 6 we seethe angular distributions of the photon with respe
t to the 
harged fermion(observable C). Here, in prin
iple, the agreement should not be worse than1lnmB=Emin
 ' 20% for the photon emitted in dire
tions far from the 
hargedparti
le and 1lnm2B=m2� lnmB=Emin
 ' 1.4% for dire
tions 
lose to the 
hargedparti
le. This is indeed the 
ase.
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Fig. 3. Comparisons (ratios) of the SANC and PHOTOS predi
tions for the H de
ay.ObservablesA and B: ratios of the photon energy (left-hand side) and muon energy(right-hand side) distributions from the two programs. The dominant 
ontributionis of leading-log (
ollinear) nature.
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Fig. 4. Comparisons (ratios) of the SANC and PHOTOS predi
tions for the H de
ay.ObservablesC andD: ratios of the photon angle with respe
t to �� (left-hand side)and ���+ a
ollinearity (right-hand side) distributions from the two programs. Thedominant 
ontribution is of infrared non-leading-log nature for the left-hand sideplot, and non-infrared non-leading-log nature for the right-hand side one.
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Fig. 5. Comparisons (ratios) of the SANC and PHOTOS predi
tions for the W de
ay.ObservablesA and B: ratios of the photon energy (left-hand side) and muon energy(right-hand side) distributions from the two programs. The dominant 
ontributionis of leading-log (
ollinear) nature.
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Fig. 6. Comparisons (ratios) of the SANC and PHOTOS predi
tions for the W de
ay.Observables C and D: ratios of the photon angle with respe
t to �� (left-handside) and ���� a
ollinearity (right-hand side) distributions from the two programs.The dominant 
ontribution is of infrared non-leading-log nature for the left-handside plot, and non-infrared non-leading-log nature for the right-hand side one.4. Physi
al un
ertainties of PHOTOS in W and H de
ayIn the 
ase of testing H and W de
ays, the 
omparisons of PHOTOS withthe �matrix-element� type 
al
ulations were never a

ounted for in a welldo
umented way. The following dis
ussion will give us a 
han
e systemati-
ally evaluate un
ertainties of PHOTOS for these two de
ays.In the 
ase of the Linear Collider studies and many s
enarios for newphysi
s, the 
ross se
tion for the produ
tion of the Higgs boson 
an bequite large. In the 
ase of sophisti
ated observables, the re
onstru
tion ofthe referen
e frames of the intermediate states requires good 
ontrol of the



Comparison of SANC with KORALZ and PHOTOS 2671bremsstrahlung 
orre
tions. Our 
omparison shows that, in the 
ase of theHiggs boson de
ay, the approximation used in PHOTOS works mu
h betterthan 
ould be expe
ted from its design prin
iples. In fa
t it provides resultsdi�
ult to distinguish from the �matrix-element� ones in the 
ase of allobservables A to D (Figs. 3 and 4).At LEP2, the produ
tion and de
ay of W pairs is now being 
ombinedfor all four LEP2 experiments, and un
ertainties due to bremsstrahlungin W de
ay are important. PHOTOS is part of one of the main programs(YFSWW3) used in the LEP2 analysis of the W -pair data. Our tests willprovide an estimate of the size of the un
ertainties, due to use of PHOTOS. Ifthey turn out to be sizeable, the improvements will need to be implementedeither into the PHOTOS algorithm or by other means.In Figs. 5 and 6, we see that up to leading order, the distributions agreewith the �matrix element� results provided by SANC. There is, however, noex
eptionally good agreement observed in the previous 
ase of H de
ay.This point requires further study, before planning improvements of PHOTOS.In parti
ular, a 
omparison of PHOTOS with another available matrix-element
al
ulation of � ! e���(
), e.g. from TAUOLA [18℄, should also be repeatedto 
he
k if a pattern of dis
repan
y similar to that for W de
ay is observed.TheW 
hannel is of importan
e for some studies [19℄ of LHC Higgs dis
overypotential as well, see also [20℄. 5. SummaryWe have su

essfully tested SANC versus KORALZ in 
ase of the Z de
ay.In this way we have veri�ed the te
hni
al 
orre
tness of SANC, e.g. its phase-spa
e generation and QED 
orre
tion amplitudes.In 
ase of W and H de
ays, we have 
he
ked that SANC agrees with theleading order QED 
al
ulation provided by the PHOTOS Monte Carlo. These
omparisons allow us to evaluate the size of missing non-leading terms inPHOTOS. In the 
ase of H de
ays, we have found that PHOTOS results areex
eptionally good � di�eren
es with SANC are indistinguishable from zeroand below 1% everywhere. In the 
ase of W de
ay, PHOTOS predi
tions arewithin 7% for the end parts of the spe
tra a�e
ted by the leading-log 
or-re
tions and within 20% for the angular part of the distributions, where theinfrared-indu
ed logarithm dominates over non-infrared non-leading termsonly. The di�eren
es are up to 40% in the phase-spa
e regions where onlynon-leading 
orre
tions 
ontribute to the matrix element. We 
an 
on
ludethat results from all three programs for all four observables agree within theexpe
ted pre
ision ranges.The authors would like to thank D. Bardin and B.F.L. Ward for usefuldis
ussions.
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