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HOW TO USE SANC TO IMPROVE THE PHOTOS MONTECARLO SIMULATION OF BREMSSTRAHLUNGIN LEPTONIC W -BOSON DECAYS� ��G. NanavaLab. of Nu
lear Problems, JINR, 141980 Dubna, Russiaand Z. W¡sH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Cra
ow, PolandandCERN, Theory Division, 1211 Geneva 23, Switzerland(Re
eived February 4, 2003)Using the SANC system we study the one-loop ele
troweak standardmodel predi
tions, in
luding virtual and real photon emission, for the de-
ays of the on-shell ve
tor boson, W ! l�l(
). The 
omplete one-loop
orre
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.This provides a useful element, �rst for the evaluation of the theoreti
alun
ertainty of PHOTOS. Later we analyse the sour
e of the di�eren
es be-tween SANC and PHOTOS and we 
al
ulate the additional weight, whi
h on
einstalled, improves predi
tions of PHOTOS simulations. We 
an 
on
ludethat, after the 
orre
tion of the weight is implemented, the theoreti
al un-
ertainty of PHOTOS simulations due to an in
omplete �rst-order matrixelement is redu
ed to below �� , for observables not tagging the photon in adire
t way, and to 10% otherwise. This is interesting for appli
ations in thephenomenology of the ongoing LEP2 and future LC and LHC experimentalstudies.PACS numbers: 12.15.Lk, 13.20.Cz� In
ludes material presented at the Cra
ow Epiphany Conferen
e on Heavy Flavors,Cra
ow, Poland, January 3�6, 2003.�� 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 No 00-00313.(4561)



4562 G. Nanava, Z. W¡s1. 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 at some remaining
al
ulational proje
ts for LEP as well. Re
ently it was used for that purposein [2℄.An important lesson from the LEP experiments [3℄ is that the desirableway of providing theoreti
al predi
tions is in the form of Monte Carlo eventgenerators. This aspe
t has been taken into a

ount in the development ofSANC from an early stage of its development.The 
urrently available version 
an 
onstru
t one-loop spin amplitudesfor the de
ays of the gauge bosons W and Z and of the Higgs boson H. Forthe moment, SANC features single real-photon emission, in the 
al
ulationsof the total rate and de
ay spe
tra of the B ! f �f(
) pro
ess. The 
ompletespin polarization density matrix of the de
aying boson is taken into a

ountas well.The integration, with the Monte Carlo method, over the three(two)-body �nal state is done without any approximation (in parti
ular, the small-mass approximation is not used). The program provides MC events with
onstant weight (unweighted events). The whole system is, therefore, fairlyself-
ontained and 
omplete.It is of the utmost importan
e for su
h a system to reprodu
e knownresults pre
isely; this step of its development was 
ompleted in Ref. [2℄. Letus turn now to its appli
ation: �rst �nd an approximation of the relativelylarge terms missing in PHOTOS [4℄ for generation of bremsstrahlung in Wde
ay, later install them into this program, and �nally verify, again withSANC, that the PHOTOS algorithm for the generation of bremmstrahlung inde
ays, after modi�
ations, works indeed better.Our paper is organized as follows: in the next se
tion we re
all, from [2℄,the set of observables 
hosen for tests and we explain the input parametersused in SANC and PHOTOS. Se
tion 3 is devoted to a dis
ussion of the SANCmatrix elements for QED bremsstrahlung. The gauge-invariant part of thismatrix element, whi
h is expe
ted to be responsible for the PHOTOS dis
rep-an
ies with exa
t matrix element, is removed from SANC �rst. These termsare approximated by simple formula and installed to a PHOTOS. Se
tion 4 de-s
ribes 
omparisons of full SANC with PHOTOS with the new 
orre
ting weightintrodu
ed. A summary, Se
tion 5, 
loses the paper.



How to Use SANC to Improve the PHOTOS Monte Carlo Simulation . . . 45632. Initialization set-ups for SANC and PHOTOS runsIn the following se
tions we 
ompare predi
tions from the programs SANCand 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 are set in thetwo programs:� In SANC we swit
h o� the EW part of the radiative 
orre
tions. Thesoft/hard photon limit is kept at 0.005 of the de
aying parti
le mass.� In PHOTOS we swit
h o� the double bremsstrahlung 
orre
tions. Thesoft/hard photon limit is kept at 0.005 of the de
aying parti
le mass.For the generation of the Born-level two-body de
ays, we use the MonteCarlo 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 ones used in the �rsttests of PHOTOS reported in [5℄. To visualize the usually small di�eren
es,we plot ratios of the predi
tions from the two programs rather than thedistributions themselves.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 the previous one, 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 �nal-state 
harged parti
le: this observableis 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. Complete and trun
ated matrix elements of SANCThe Feynman diagrams for the de
ayW�(Q;�) ! l(pl; �l) + ��(p� ; ��) + 
(k; �) (1)



4564 G. Nanava, Z. W¡sare shown in Fig. 1 (unitary gauge), where (pl; �l) and (p� ; ��) denote thefour-momentum and heli
ity of the fermion l and neutrino, respe
tively,(k; �) is the four-momentum and heli
ity of the photon, and (Q;�) the four-momentum and heli
ity of the W boson. In the notation of Ref. [6℄, the
Fig. 1. Feynman diagrams
orresponding parts of spin amplitudes take the form:M ��;�� ;�l(k;Q; p� ; pl) = � Ql2 k � pl b�(k; pl)� QW2 k �Q (b�(k; pl) + b�(k; p�))��B��l;�� (pl; Q; p�)+ Ql2k � pl X�=�U��l;�(pl;ml; k; 0; k; 0)B��;��� (k;Q; p�)� QW2k �QX�=��B��l;��(pl; Q; k)U���;��� (k; 0; k; 0; p� ; 0)+U��l;�(pl;ml; k; 0; k; 0)B��;��� (k;Q; p�)� ; (2)where we have introdu
ed the following notation:B��1;�2(p1; Q; p2) � g2p2 �u(p1; �1) b"�W (Q)(1 + 
5) v(p2; �2) ;U��1;�2(p1;m1; k; 0; p2;m2) � �u(p1; �1) b"�
 (k)u(p2; �2) ; (3)Æ�1�2b�(k; p) � U��1;�2(p;m; k; 0; p;m) ;Ql and QW are the ele
tri
 
harges of the fermion l and theW boson, respe
-tively, in units of the positron 
harge, "�
 (k) and "�W (Q) denote, respe
tively,the polarization ve
tors of the photon and the W boson.This amplitude 
an be divided into three gauge-invariant parts:



How to Use SANC to Improve the PHOTOS Monte Carlo Simulation . . . 4565� Infrared-divergent part:M��;�� ;�l(k;Q; p� ; pl)(a) = � Ql2 k � pl b�(k; pl)� QW2 k �Q (b�(k; pl) + b�(k; p�))�B��l;�� (pl; Q; p�) : (4)� Collinear-divergent part:M��;�� ;�l(k;Q; p� ; pl)(b)= Ql2 k � pl X�=�U��l;�(pl;ml; k; 0; k; 0)B��;��� (k;Q; p�) : (5)� Finite part :M��;�� ;�l(k;Q; p� ; pl)(
)= � QW2 k �Q X�=��B��l;��(pl; Q; k)U���;��� (k; 0; k; 0; p� ; 0)+U��l;�(pl;ml; k; 0; k; 0)B��;��� (k;Q; p�)� : (6)On
e the last (�nite) term is dropped from the whole amplitude, event dis-tributions produ
ed with SANC and PHOTOS be
ome almost identi
al; this isshown in Fig. 2, where 
omparisons of the PHOTOS (trun
ated SANC) with
omplete matrix elements are visible on the left-hand (right-hand) part ofthe �gure. This is very en
ouraging and 
an be used as a starting pointfor improving PHOTOS, with the help of some kind of 
orre
tion weight. Wehave indeed found that analysing the di�eren
e between the 
omplete andtrun
ated matrix elements of SANC su
h a 
orre
tion weight Æ 
an be found.One 
an repla
e the exa
t matrix element of SANC with:X�����l jM��;�� ;�l(k;Q; p� ; pl)(a) +M ��;�� ;�l(k;Q; p� ; pl)(b)j2 (1 + Æ) ; (7)whereÆ = P�����l jM ��;�� ;�l(k;Q; p� ; pl)j2P�����l jM ��;�� ;�l(k;Q; p� ; pl)(a) +M ��;�� ;�l(k;Q; p� ; pl)(b)j2 � 1= �8k0(1� �l 
os �)� m2lElM4W (1�m2l =M2W )(4�m2l =M2W )+ 2Elk0M3W (1�m2l =M2W )(4�m2l =M2W )� (8)
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acolθcosFig. 2. Comparisons (ratios) of the PHOTOS, trun
ated SANC and 
omplete SANCpredi
tions for the W de
ay. Ratio of the ���� a
ollinearity distribution fromPHOTOS and 
omplete SANC (left-hand side) and ratio of the ���� a
ollinearity dis-tribution from trun
ated SANC and 
omplete SANC (right-hand side) are given.The dominant 
ontribution is of non-leading nature, the observable D.and k0 denotes the photon energy, while ml and El denote, respe
tively, themass and the energy of the fermion l. FinallyMW denotes the mass of theWboson and �l =q1�m2l =E2l , � = \(~pl; ~k) (all kinemati
al variables de�nedin theW rest frame). The di�eren
es between the results obtained from su
happroximated matrix elements and those from the 
omplete matrix elementsare rather small (see Fig. 3).
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tions for the W de
ay from SANC trun
atedand 
orre
ted with the fun
tion Æ and from the 
omplete SANC. Ratio of the ����a
ollinearity distribution is given. The dominant 
ontribution is of non-leadingnature, the observable D.



How to Use SANC to Improve the PHOTOS Monte Carlo Simulation . . . 45674. Numeri
al results from the improved PHOTOSOn
e our formula (8) was expressed in a simple form, we 
ould rathereasily introdu
e it into PHOTOS as an additional 
orre
ting weight, to bea
tivated in the 
ase of leptoni
 W de
ays only.As we 
an see from Figs. 4, and 5 level of the agreement between thenew version of PHOTOS and the 
omplete-matrix-elements 
al
ulation of SANCis for all distributions of the types A, B, C and D at the level of betterthan 10%. This is true, even in the 
ase of the observable D, where thedi�eren
es, without the 
orre
ting weights, were up to 40%.
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ν -µ → -WFig. 4. Comparisons (ratios) of the 
omplete SANC and 
orre
ted PHOTOS predi
tionsfor the W de
ay. Observables A and B: ratios of the photon energy (left-handside) and muon energy (right-hand side) distributions from the two programs. Thedominant 
ontribution is of leading-log (
ollinear) nature. In the lower part of theplots similar 
omparisons for the 
omplete SANC and trun
ated�
orre
ted with ÆSANC predi
tions are given.Also, as one 
an see in Fig. 5, 
omparisons between 
omplete and
orre
ted�trun
ated versions of SANC give similar patterns of residual di�er-en
es, as in 
ase of PHOTOS 
omparisons with the 
omplete matrix elementsSANC. This indi
ates that the approximation used in evaluating formula (8)is at the origin of at least some of the di�eren
es between 
orre
ted PHOTOSand full-matrix-element 
al
ulation, rather than e.g. some te
hni
al prob-lems related to its Monte Carlo algorithm.With the 
orre
ting weight (8) in
luded, the 
omparisons of PHOTOS withthe �matrix-elements� type 
al
ulations improved signi�
antly. The di�er-en
es were not only largely removed, but also explained as being due to part
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ν -µ → -WFig. 5. Comparisons (ratios) of the 
omplete SANC and 
orre
ted PHOTOS predi
tionsfor the W de
ay. Observables C and D: ratios of the photon angle with respe
t to�� (left-hand side) and ���� a
ollinearity (right-hand side) distributions from thetwo programs. The dominant 
ontribution is of infrared non-leading-log nature forthe left-hand side plot, and non-infrared non-leading-log nature for the right-handside one. In the lower part of the plots similar 
omparisons for the 
omplete SANCand trun
ated�
orre
ted with Æ SANC predi
tions are given.of the W�W�
 intera
tion expli
itly missing in older versions of PHOTOS.This indi
ates that, in future, algorithms of this type 
an be improved evenfurther, e.g. using exponentiation te
hniques. On the other hand, di�er-en
es between lower and upper plots of Fig. 4 point toward the limits of themethod.At LEP2, the produ
tion and de
ay of W pairs is now being 
ombinedfor all four LEP2 experiments, and un
ertainties due to bremsstrahlung inW de
ay are important. PHOTOS is part of the main programs (see e.g.YFSWW3 [9℄) used in the LEP2 analysis of the W -pair data. The presentpaper provides a means of estimating the size of the un
ertainties fromPHOTOS. The 
orre
tion weight 
an be swit
hed on and o� for that purpose.We hope that, for LEP2 experiments, the updated version of PHOTOS willturn out to be su�
ient. However, for higher pre
ision, more sophisti
atedsolutions, e.g. as those des
ribed in Ref. [10℄, will have to be used. Finally,let us mention that the W 
hannel is of importan
e for some studies of theLHC Higgs-dis
overy potential as well [7, 8℄.



How to Use SANC to Improve the PHOTOS Monte Carlo Simulation . . . 45695. SummaryWe have su

essfully tested SANC versus PHOTOS in the 
ase of the Wde
ay. We have �rst 
he
ked that on
e non-leading 
ontributions of SANCrelated to the W 
harge are dropped, SANC tends to agree with the resultsprovided by the old version of PHOTOS Monte Carlo. These 
omparisons
onvin
ed us that the de�
ien
ies of PHOTOS are indeed due to missing non-leading terms. The missing terms were then studied analyti
ally within SANCand an approximating 
orre
ting weight, for leptoni
 W de
ays, was found.On
e the weight was installed to the new version of PHOTOS, agreementwith respe
t to 
omplete results of SANC was found. With new 
orre
tingweight, the PHOTOS predi
tions are within 5% (instead of 7% without 
or-re
ting weight) for the end parts of the spe
tra a�e
ted by the leading-log
orre
tions, but within 5% (instead of 20%) for the angular part of the distri-butions, where the infrared-indu
ed logarithms dominate. The agreement isnow also at the 10% level in the phase�spa
e regions where only non-leading
orre
tions 
ontribute to the matrix elements. This is a signi�
ant improve-ment with respe
t to old version of PHOTOS, without 
orre
ting weight, wheredi�eren
es were up to 40%.The authors would like to thank D. Bardin, F. Cossutti, S. Jada
h andB.F.L. Ward for useful dis
ussions.REFERENCES[1℄ D. Bardin et al., hep-ph/0209297, to be published in ICHEP2002 Pro
eedings;D. Bardin et al., hep-ph/0202004; D. Bardin, P. Christova, L. Kalinovskaya,Nu
l. Phys. B (Pro
. Suppl.) 116, 48 (2003).[2℄ A. Andonov, S. Jada
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hni
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