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LEP1-LEP2 Yellow Reports on generators
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From LEP1 YR (1989)

• Electroweak vs QCD
• “EW software can be required to give relatively unambiguous

answers, with high implied accuracy”
• “QCD software is still descriptive rather than predictive”

• given the available computational power: seminalytical vs MC
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From LEP1 YR

• interesting final states
• target exp precision expected at the % level
• e.g. 20 MeV at best on MZ , 0.0012 on sin2 θW

F. Piccinini (INFN) ECFA Topical Meeting on Generators June 22, 2023 4 / 32



Basic ingredients

• O(α) weak corrections
• QED corrections exponentiated

• with YFS (pioneering implementation in KORALZ and BHLUMI)
• with Structure Functions (LL PDF’s)

• Recognized, already at that time, the importance of
comparisons of different predictions

MC speed, msec/generated event (CRAY units)
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Comparisons

cross section
AFB
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Requirements for the “Ultimate Event Generator” (as of 1989)

• invariant mass cut
• Forward-Backward asymmetry
• Higher-Order QED effects
• Multiphoton kinematics
• Interference between initial- and final-state radiation, and box

diagrams
• Implementation of weak effects
• Generation of fermion momenta
• Beam Polarization
• Implementation of quark and τ production
• Bhabha scattering mode
• Implementation of τ decay
• Support
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Update on precision at the Z peak
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In 1994 the experimental accuracy reached a level much higher than
originally expected: ∼ 0.1 % at the Z-peak

=⇒ necessary a new update on the precision of th. predictions

• Electroweak physics

• QCD at Z-resonance

• Small Angle Bhabha Scattering
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Emphasis on theoretical uncertainties at Z-peak

• parametric and intrinsic
• different seminalytical codes (BHM, WOH, TOPAZ0, ZFITTER)
• introduction of “options” for the estimate of the th. uncertainty

within each code
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• still missing a common effort among different generator groups on
Small Angle Bhabha
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From LEP1 to LEP2: 1995

Emphasis on Monte Carlo EG

• Event generators for WW physics

• QCD event generators

• Gamma-Gamma event generators

• Event generators for Bhabha scattering
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The new event generators for WW and ZZ thresholds

• With
√
s at WW and ZZ thresholds, the new kind of process

under study is e+e− → 4 fermions
• challenging even if the precision requirement is one order of

magnitude less than LEP1

• many more diagrams, the frontier was the calculation of complete
tree-level matrix elements
• helicity methods to calulate matrix elements

• first automated methods to generate amplitudes and MC code:
CompHEP and grc4f

• one new numerical method: the ALPHA algorithm (few years later
extended to hadronic collisions→ ALPGEN), able to calculate
numerically the matrix element for aritrary number of external legs

• peaking structure in phase space more complicated, making the
semianalytic approach not viable
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Requirements for the “Ultimate Monte Carlo” (I)

• treat all possible four-fermion final states with all Feynman
diagrams
• produce gauge-invariant results

• e.g. restricting to double-resonant diagrams close to threshold
breaks g.i.

• correct treatment of bosonic widths
• dramatic effects in e+e− → eνW (→ ff̄ ′)
• → fermion loop scheme and later the complex mass scheme =⇒

(later) RACOONWW and YFSWW

• fermion masses taken into account
• explicit p⊥-carrying photons
• higher-order photonic radiation taken into account properly
• good control of non-QED radiative corrections, preferably in the

form of complete O(α) corrections and resummed higher-order
effects where necessary
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Requirements for the “Ultimate Monte Carlo” (II)

• have a good interface to hadronization packages

• have Higgs production and decay implemented

• have the possibility of anomalous couplings

• incorporate QCD effects, both in W self-energy and in the gluonic
corrections to quark final states
• also, interference between EW and QCD production channels in 4f

final states
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Detailed extensive comparisons among codes

• Tuned comparisons for selected processes (to check the technical
precision)
• for inclusive event selection
• with ADLO/TH (Aleph, Delphi L3, Opal) canonical event selection

• “best you can do”, to have an idea of the extent to which the
predictions depend on the various physical ingredients

• “all you can do” comparisons an all four-fermion processes
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Codes involved in the comparisons

Program Type Diagrams ISR FSR NQCD Coul. AC mf Hadr.

ALPHA MC all BME � � � � + �
CompHEP EG all SF � � � � + �
ERATO MC CC11/CC20 SF � + � + � +

EXCALIBUR MC all SF � + + + � �
GENTLE SA CC11/NC32 SF/FF � + + � � �
grc4f EG all SF/PS PS + + + + +

HIGGSPV EG NNC SF(pT ) � + � � �
KORALW EG CC11 YFS PH + + + � +

LEPWW EG CC03 REMT PH + � + � +

LPWW02 EG CC03 SF PH + + � � +

PYTHIA EG CC03 SF+PS PS + + � � +

WOPPER EG CC03 PS � + + � � +

WPHACT MC all SF � + + + + �
WTO Int. NCC SF � + + � � �
WWF EG CC11 SF+ME ME + + + + +

WWGENPV EG CC11/CC20 SF(pT ) SF(pT ) + + � � +

Table 4: Overview of the participating programs.

3 Comparisons of CC Processes

We now come to a detailed comparison of the Monte Carlo Event Generators and semianalytical

programs available for the study of four-fermion processes at LEP2. The next subsection

contains our most comprehensive study of CC10 processes. Much shorter studies of CC11 and

NC processes are presented in the following subsection and the next section. Finally, the cross

sections for all four-fermion processes are presented.

3.1 CC10 processes

In a set of tuned comparisons of CC processes we have tested the implementation of the CC10

family for a prescribed set of approximations. Because the CC03 set (cf. �g. 1) is available in

all programs, one of the tuned comparison has been restricted to this subset of all contributing

diagrams.

It was then extended to the process e+e� ! �����u �d, where from the CC11 set of diagrams

only 10 contribute, because the photon does not couple to the neutrino (cf. �g. 2).

59
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Example of tuned comparisons

0.124 0.125

�1% 0%

�CC=pb

161 GeV, 5 fb�1

0.475 0.48

�1% 0%

�CC=pb

175 GeV, 5 fb�1

ERATO

GRC4F

EXCALIBUR

KORALW

WPHACT

WTO

WWFT

WWGENPV

LEPWW

LPWW02

PYTHIA

WOPPER

ERATO

GRC4F

EXCALIBUR

KORALW

WPHACT

WTO

WWFT

WWGENPV

0.588 0.59 0.592 0.594

�0.5% 0%

�CC=pb

190 GeV, 5 fb�1

0.615 0.62

�0.5% 0%

�CC=pb

205 GeV, 5 fb�1

Figure 6: Tuned predictions for the total cross section for e+e� ! �����u �d after canonical

(ADLO/TH) cuts.

These cuts do not address the issue of � -identi�cation. For the purpose of theoretical studies,

� 's can be treated like the light charged leptons e and �. It is understood that the programs

considered here will have to be interfaced to external � -decay packages. These acceptance cuts

are supplemented by the following set of separation cuts:

� light charged leptons (e, �) must be separated by at least 5 degrees from jets. Jets will

again be identi�ed with quarks.

� the invariant mass of two jets that are resolved as two separate jets must be greater than

5 GeV

� photons must be separated by at least 5 degrees from light charged leptons (e, �) and

jets

� 's will again be treated like the light charged leptons e and �. If any of the charged particles

of our �nal state fails any of these cuts, the event will be discarded.

Programs using the strict collinear limit for photons will count all photons as lost and assign

them to initial-state radiation. If a program generates photons with a �nite pT , a more detailed

treatment is necessary. Photons failing the separation cuts from charged �nal-state particles

will not simply be discarded. Instead, their four momentum is added to the closest charged

particle. Photons missing the acceptance cut around the beam pipe will be counted as lost

67
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Example of unleashed comparisons
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Figure 7: Unleashed predictions for the total cross section for e+e� ! �����u �d without cuts.

The transparent, framed error bars are theoretical errors (cf. page 72).

and will be assigned to initial-state radiation. The question if this procedure is appropriate for

dealing with �nal-state radiation will be discussed below in section 3.1.15. There the size of

the separation cut will be discussed in more detail.

These cuts serve two purposes. Firstly they are important for testing programs under more

realistic conditions. Secondly, they are required to give well-de�ned predictions without the

need for internal technical cuts cutting out singular regions in phase space. However, for �nal

states involving photons and for programs using massless fermions, some care must be taken

in interpreting the results. Indeed, the canonical cuts when applied to a �nal-state l+l� allow

for a minimum invariant l+l�- mass of 87:2 MeV which is below 2m�.

Comparing �gures 5 and 6, we observe that the e�ect of the canonical cuts are rather small.

This shows that the e�ect of the internal technical cuts are very similar for all programs under

consideration.

3.1.7 \Unleashed" Comparisons

Some numerically important corrections to the total cross section have been left out in the

tuned comparisons. They have been studied in separate set of comparisons. In these unleashed

comparisons, all program authors have been asked to provide the \Best Prediction They Can

Make". It is of course clear that this is a moving target and the data presented in this report

must be viewed as a snapshot of the situation at the end of 1995. This is di�erent from the

tuned comparisons, which implement a �xed set of approximations and input parameters. These

predictions should not change in time, unless bugs are found in some codes.

The Coulomb correction (see [71] for a detailed formula) is well established and can be

implemented easily as a factor multiplying the part of the cross section emanating from the

68

• and similar ones for exclusive observables

F. Piccinini (INFN) ECFA Topical Meeting on Generators June 22, 2023 18 / 32



Example of unleashed comparisons

�nal state ALPHA EXCALIB GE/4fan grc4f HIGGSPV WPHACT WTO

Born, without gluon exchange diagrams

�+���+�� 10.06(9) 10.08(0) 10.07(0) 10.07(0) 10.07(0) 10.07(0) 10.14(7)

�� ����
+�� 9.894(10) 9.872(3) 9.871(0) 9.875(4) 9.872(3) 9.873(3) 9.884(10)

������� ��� 8.245(4) 8.242(3) 8.241(0) 8.240(4) 8.237(6) 8.241(1) 8.241(1)

�+��u�u 23.99(2) 24.04(1) 24.03(0) 24.04(2) 24.03(1) 24.04(1) |

�+��d �d 23.46(2) 23.45(1) 23.45(0) 23.46(2) 23.45(1) 23.46(1) |

�����u�u 21.59(2) 21.59(1) 21.59(0) 21.58(1) 21.58(1) 21.59(1) 21.63(3)

�����d �d 20.00(2) 19.99(1) 19.99(0) 20.00(1) 20.00(1) 19.99(1) 20.00(1)

u�uc�c 54.80(5) 54.75(2) 54.74(0) 54.73(4) 54.69(4) 54.74(2) |

u�us�s 51.83(5) 51.86(1) 51.86(0) 51.85(2) 51.85(5) 51.87(2) |

d �ds�s 48.30(5) 48.33(2) 48.33(0) 48.34(1) 48.27(6) 48.34(1) |

With ISR, with gluon exchange diagrams

�+���+�� | 10.29(0) 10.30(0) 10.29(1) 10.30(0) 10.30(0) |

�� ����
+�� | 9.279(3) 9.284(1) 9.278(7) 9.283(3) 9.284(4) |

������� ��� | 6.379(3) 6.376(1) 6.373(4) 6.377(5) 6.377(1) 6.379(2)

�+��u�u | 23.74(1) 23.76(0) 23.77(2) 23.75(1) 23.75(1) |

�+��d �d | 22.31(1) 22.34(0) 22.33(1) 22.33(1) 22.34(1) |

�����u�u | 18.83(1) 18.84(0) 18.84(1) 18.85(1) 18.84(1) |

�����d �d | 16.00(1) 15.99(0) 15.99(1) 16.00(1) 15.99(0) |

u�uc�c | 272.6(9) 272.3(0) 271.4(9) 272.1(1) 272.2(1) |

u�us�s | 267.0(10) 266.8(0) 266.5(6) 266.8(1) 266.8(1) |

d �ds�s | 240.7(11) 240.8(0) 240.5(6) 240.6(4) 240.8(1) |

Table 24: NC32, NC24, NC10, NC06 family. Cross sections in fb.

demonstrates a substantial progress in our understanding of the general e+e� ! 4f cross

section.

However, this comparison revealed also some problems, e.g.: some numbers still disagree

within declared errors; during the collection of these tables, some codes exhibited 
uctuations

much larger than the statistical errors; we didn't attempt a comparison of CPU times, needed

by di�erent codes to reach a given accuracy. All these items deserve a more thorough study in

the future.
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Update on 4f physics (and generators) in 1999
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Standard interface and public accessible codes (1995)

“in order to avoid confusion among experimentalists required to run a
moltitude of different codes”

• Interfaces to electroweak generators
“it would therefore be advantageous if the event generator authors
involved could agree on a common approach: EW authors provide
the four-fermion configuration in a standards format and QCD
authors provide a standard interface that converts this to a set of
final hadrons... In this section we propose such a standard...”

• The World Wide Web offers new opportunities to make programs
accessible
• A common practice of having a “home page” for each generator will

allow the construction of useful generator directories
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SABS event selections: CALO1
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Figure 12: Geometry and acceptance of the calorimetric ES CALO1. This ES restricts polar angles �i in
the forward/backward hemispheres and requires a certain minimum energy to be detected simultaneously in
both hemispheres. The entire \�ducial" �-range, i.e. wide (W) range, is (�Wmin; �

W
max) = (0:024; 0:058) rad

and the narrow (N) range is (�Nmin; �
N
max); where �

N
min = �Wmin + �� , �

N
max = �Wmax � �� and �� = (�Wmax �

�Wmin)=16. This ES can be symmetric Wide-Wide (WW) or Narrow-Narrow (NN), or asymmetric Narrow-
Wide (NW), see the description in the �gure. The energy cut involves the de�nition of the cluster: the

cluster center (�cli ; �
cl
i ), i = 1; 2, is identical to the angular position of the positron in the forward and

the electron in the backward hemisphere. The angular \cone" of radius � = 0:010 rad around e� is called
cluster. The cone/cluster in the �; � plane is an elongated ellipsis, due to smallness of theta. The total

energy registered in the cluster is denoted by Ecl
i . (Note that �1 = �2 for back-to-back con�guration.)

have essential common features. The most important is the \double tag". It means that e+

and e� are both detected with a certain minimum energy and minimum scattering angle in the

forward and backward direction, close to the beams. The other important feature of the typical

experimental ES is that (except for rare cases) the photons and e� cannot be distinguished {

only the combined energy and angle is registered. It is said that the typical experimental ES

is calorimetric. On the other hand, for comparing theoretical calculations it is useful to deal

with simpli�ed ES's, in which only e� are measured and the accompanying bremsstrahlung

photons (e� pairs) are ignored. The \double tag" is done on \bare e�". Actually, in order

to compare e�ciently numerical results from the various programs, we employed the family

of four ES's connecting in an almost continuous way the experimentally unrealistic (but use-

ful for theorists) examples of ES's to experimentally realistic (but di�cult for some class of

theoretical calculations) ones. In order to compare theoretical results for SABH, we use one

simple non-calorimetric ES called BARE1, see Figs. (11), and three calorimetric ES's called

CALO1, CALO2 and SICAL2, with increasing degrees of sophistication. They are de�ned in

Figs. (12,13) and Fig. (14). The last one, SICAL2 of Fig. (14), corresponds very closely to the

ES of the real silicon detector of OPAL or ALEPH.

26

• fiducial θ range: θfmin = 0.024 rad, θfmax = 0.058 rad,
θWmin = θf + δθ, θWmax = θf − δθ
• δθ = (θfmax − θfmin)/16
• θNmin = θf + 2δθ, θNmax = θf − 2δθ
• cone with a radius of 0.010 rad
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The case of Small Angle Bhabha Scattering

• The previously estimated 0.16% precision at Z-peak in SABS was
becoming a limiting factor (notably on σ0had and Nν)

• new round of detailed comparisons performed during
1994/1995 among different codes in order to quantify the physical
precision
• four independent codes

• BHAGEN95: MC integrator with O(α) and O(α2L2) and
resummation with LL structure functions

• BHLUMI (with OLDBIS and LUMLOG): MC event generator with O(α)
and O(α2L2) matrix elements plus YFS exclusive exponentiation

• NLLBHA: fixed order O(α2) +O(α3L3) seminalytical code
• SABSPV: MC integrator with O(α) for t-channel matrix elements

matched, in factorized form, to LL resummation with structure
functions

• Comparisons according to different event selections, with
increasing complexity in order to match the real event selections of
the experiments (QED corr. critically dependent on ev. selection)
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• NLLBHA: fixed order O(α2) +O(α3L3) seminalytical code
• SABSPV: MC integrator with O(α) for t-channel matrix elements

matched, in factorized form, to LL resummation with structure
functions

• Comparisons according to different event selections, with
increasing complexity in order to match the real event selections of
the experiments (QED corr. critically dependent on ev. selection)
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SABS event selections: BARE1

2.7 Comparisons of event generators for small-angle Bhabha scat-

tering

In contrast to the previous section, where we have seen results from many variants of ES's

with varying cut parameters but for only three types of QED calculations, here we shall limit

ourselves to \only" four ES's (two of which very close to realistic experimental situations),

but we shall discuss all the available theoretical calculations. The outline of this section is

the following: the actual comparisons will be presented �rst at the O(�1) level, in order to

determine the basic technical precision, and later for more advanced QED matrix elements

beyond O(�1), in order to explore physical precision. These comparisons will be done �rst for

LEP1 energy and later will be also extended to LEP2 energies.
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Figure 11: Geometry and acceptance of the simple (non-calorimetric) ES BARE1. This ES restricts polar
angles �i in the forward/backward hemispheres and requires a certain minimum energy to be detected
simultaneously in both hemispheres. Photon momentum is not constrained at all. The entire \�ducial"
�-range, i.e. wide (W) range, is (�Wmin; �

W
max) = (0:024; 0:058) rad and the narrow (N) range is (�Nmin; �

N
max);

where �Nmin = �Wmin + �� , �
N
max = �Wmax � �� and �� = (�Wmax � �Wmin)=16. This ES can be symmetric Wide-

Wide (WW) or Narrow-Narrow (NN), or asymmetric Narrow-Wide (NW), see the description in the �gure.
The energy cut s0 > umins involves momenta of outgoing e� (s0 = (q+ + q�)2) only.

2.7.1 Event selections

One cannot talk about the cross section for the small-angle Bhabha (SABH) process without

de�ning precisely all cuts, or, in other terms, without specifying the ES. The most interesting

ES is that of the actual experiment. LEP1 and LEP2 experiments employ in the measurement

of the small-angle Bhabha scattering cross section a rich family of ES's. They do, however,

25

• fiducial θ range: θWmin = 0.024 rad, θWmax = 0.058 rad,
θWmin < θ < θWmax

• δθ = (θWmax − θWmin)/16

• θNmin = θWmin + δθ, θNmax = θWmax − δθ
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SABS event selections: CALO1
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Figure 12: Geometry and acceptance of the calorimetric ES CALO1. This ES restricts polar angles �i in
the forward/backward hemispheres and requires a certain minimum energy to be detected simultaneously in
both hemispheres. The entire \�ducial" �-range, i.e. wide (W) range, is (�Wmin; �

W
max) = (0:024; 0:058) rad

and the narrow (N) range is (�Nmin; �
N
max); where �

N
min = �Wmin + �� , �

N
max = �Wmax � �� and �� = (�Wmax �

�Wmin)=16. This ES can be symmetric Wide-Wide (WW) or Narrow-Narrow (NN), or asymmetric Narrow-
Wide (NW), see the description in the �gure. The energy cut involves the de�nition of the cluster: the

cluster center (�cli ; �
cl
i ), i = 1; 2, is identical to the angular position of the positron in the forward and

the electron in the backward hemisphere. The angular \cone" of radius � = 0:010 rad around e� is called
cluster. The cone/cluster in the �; � plane is an elongated ellipsis, due to smallness of theta. The total

energy registered in the cluster is denoted by Ecl
i . (Note that �1 = �2 for back-to-back con�guration.)

have essential common features. The most important is the \double tag". It means that e+

and e� are both detected with a certain minimum energy and minimum scattering angle in the

forward and backward direction, close to the beams. The other important feature of the typical

experimental ES is that (except for rare cases) the photons and e� cannot be distinguished {

only the combined energy and angle is registered. It is said that the typical experimental ES

is calorimetric. On the other hand, for comparing theoretical calculations it is useful to deal

with simpli�ed ES's, in which only e� are measured and the accompanying bremsstrahlung

photons (e� pairs) are ignored. The \double tag" is done on \bare e�". Actually, in order

to compare e�ciently numerical results from the various programs, we employed the family

of four ES's connecting in an almost continuous way the experimentally unrealistic (but use-

ful for theorists) examples of ES's to experimentally realistic (but di�cult for some class of

theoretical calculations) ones. In order to compare theoretical results for SABH, we use one

simple non-calorimetric ES called BARE1, see Figs. (11), and three calorimetric ES's called

CALO1, CALO2 and SICAL2, with increasing degrees of sophistication. They are de�ned in

Figs. (12,13) and Fig. (14). The last one, SICAL2 of Fig. (14), corresponds very closely to the

ES of the real silicon detector of OPAL or ALEPH.

26

• fiducial θ range: θfmin = 0.024 rad, θfmax = 0.058 rad,
θWmin = θf + δθ, θWmax = θf − δθ
• δθ = (θfmax − θfmin)/16
• θNmin = θf + 2δθ, θNmax = θf − 2δθ
• cone with a radius of 0.010 rad
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SABS event selections: CALO2
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Figure 13: Geometry and acceptance of the calorimetric ES CALO2. This ES restricts polar angles �i in
the forward/backward hemispheres and requires a certain minimum energy to be detected simultaneously

in both hemispheres. The entire \�ducial" �-range, (�fmin; �
f
max) = (0:024; 0:058) rad, includes the wide

(W) range (�Wmin; �
W
max) and the narrow (N) range (�Nmin; �

N
max); where �

W
min = �

f
min+ �� , �

W
max = �fmax� �� ,

�� = (�fmax� �
f
min)=16, and �

N
min = �

f
min+ 2��, �

N
max = �fmax� 4��. This ES can be symmetric Wide-Wide

(WW) or Narrow-Narrow (NN), or asymmetric Narrow-Wide (NW), see the description in the �gure. The

energy cut involves the de�nition of the cluster: the cluster center (�cli ; �
cl
i ), i = 1; 2, is identical to the

angular position of the positron in the forward and electron in the backward hemisphere. The angular
\plaquette" (�cli + 1:5��; �

cl
i � 1:5��)� (�cli + 1:5��; �

cl
i � 1:5��), where �� = 2�=32, around e� is called

cluster. The total energy registered in the cluster is denoted by Ecl
i . (Note that �1 = �2 for back-to-back

con�guration.)

2.7.2 First order - technical precision

We start the numerical comparisons of the various theoretical calculations with the calibration

exercise in which we limit ourselves to strict O(�1) with Z exchange, up-down interference

and vacuum polarization switched o�, i.e. we examine pure photonic corrections without up-

down interferences. We calculate the corresponding total cross section for all our four ES's

at the LEP1 energy,
p
s = 92:3 GeV. The purpose of this exercise is to eliminate possible

trivial normalization problems in the core MC programs and in the testing programs which

implement our ES's. Since O(�1) is unique and common, the di�erence of the results will

be entirely due to numerical/technical problems and, following ref. [11] where the analogous

exercise of this type was done for the �rst time, we call it the \technical precision" of the

involved calculations/programs. The results are shown in Tab. 13. Since tables are hard to

read, we always include a �gure which contains exactly the same result in the pictorial way.

In the �gure, one of the cross sections is used as a reference cross section and is subtracted

from the other ones. It is plotted however on the horizontal line with its true statistical error.

27

• fiducial θ range: θfmin = 0.024 rad, θfmax = 0.058 rad,
θWmin = θf + δθ, θWmax = θf − δθ
• δθ = (θfmax − θfmin)/16

• θNmin = θf + 2δθ, θNmax = θf − 2δθ
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SABS event selections: SICAL2
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Figure 14: Geometry and acceptance of the calorimetric ES SICAL2. This ES restricts polar angles �i in
the forward/backward hemispheres and requires a certain minimum energy to be detected simultaneously
in both hemispheres. No restrictions on azimuthal angles �i are there. The entire \�ducial" �-range,

(�
f
min; �

f
max) = (0:024; 0:058) rad, includes the wide (W) range (�Wmin; �

W
max) and the narrow (N) range

(�Nmin; �
N
max) exactly as depicted in the �gure. This ES can be symmetric Wide-Wide (WW) or Narrow-

Narrow (NN), or asymmetric Narrow-Wide (NW). The energy cut and �-cuts involve the de�nition of the
cluster. Eeach side detector consists of 16�32 equal plaquetes. A single plaquete registers the total energy
of electrons and photons. The plaquete with the maximum energy, together with its 3�3 neighborhood, is
called cluster. The total energy registered in the cluster is Ecl

i and its angular position is (�cli ; �
cl
i ), i = 1; 2.

More precisely the angular position of a cluster is the average position of the centers of all 3�3 plaquetes,
weighted by their energies (the de�nitions of �'s are adjusted in such a way that �1 = �2 for back-to-back
con�guration). The plaquetes of the cluster which spill over the angular range (outside thick lines) are also
used to determine the total energy and the average position of the cluster (see backward hemisphere).

Here Tab. 13 is visualized in Fig. 15. In this �gure, the cross sections from the Monte Carlo

OLDBIS (an improved version of the MC program written originally by Berends and Kleiss in

PETRA times, now part of BHLUMI) is used as a reference. As we see, all calculations agree

well within 3 � 10�4 relative deviation. The apparent discrepancy of the O(�1) SABSPV for

the SICAL2 ES is not statistically signi�cant. The cross section from the non-Monte-Carlo

type of calculation NLLBHA is available only for the simplest BARE1. As we have already

discussed, the photonic radiative corrections for the SABH process scale smoothly with energy,

so we regard this test to be valid for LEP2 energies within a factor two, i.e. within 6 � 10�4.

2.7.3 Beyond �rst order - physical precision

Having found good agreement of the various calculations at the �rst order level, we now reinstall

the photonic corrections beyond �rst order. More precisely we keep again Z exchange, up-down

28
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Results for Wide-Wide ES’s with NLO matr. el.
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Figure 15: Monte Carlo results for the symmetric Wide-Wide ES's BARE1, CALO1, CALO2 and SICAL2,

for the O(�1) matrix element. Z exchange, up-down interference and vacuum polarization are switched

o�. The center of mass energy is
p
s = 92:3 GeV. In the plot, the cross section from the program OLDBIS

(part from BHLUMI 4.02.a, originally written by Berends and Kleiss) is used as a reference cross section.

in the last years was routinely used (see Refs. [6,58]) in order to estimate missing higher order

and subleading corrections. Remarkably, the OLDBIS+LUMLOG results coincide extremely
well with BHAGEN95. Let us note that the OLDBIS+LUMLOG matrix element does not ex-

30
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Results for Wide-Wide ES’s with complete matr. el.
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Figure 16: Monte Carlo results for the symmetric Wide-Wide ES's BARE1, CALO1, CALO2 and SICAL2,

for matrix elements beyond �rst order. Z exchange, up-down interference and vacuum polarization are

switched o�. The center of mass energy is
p
s = 92:3 GeV. In the plot, the O(�2)Y FSexp cross section �

BHL

from BHLUMI 4.02.a is used as a reference cross section.

section for LEP1/LEP2 energies.

Finally, we present similar numerical comparisons of the calculations beyond O(�1) at one

LEP2 energy
p
s = 176 GeV. As before, since the tables are hard to read, we accompany
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Final results with complete matr. el.
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Figure 17: Monte Carlo results for various symmetric/asymmetric versions of the CALO2 ES, for matrix

elements beyond �rst order. Z exchange, up-down interference and vacuum polarization are switched ON.

The center of mass energy is
p
s = 92:3 GeV. Not available x-sections are set to zero. In the plot, the

O(�2)Y FSexp cross section �
BHL

from BHLUMI 4.x is used as a reference cross section.

2.8 The total theoretical error for small-angle Bhabha scattering

In this section we present some supplementary numerical material concerning higher order

corrections from MC and non-MC programs, and we summarize on the total theoretical error
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Summary of th uncertainty on SABS (as of 1995)

LEP1 LEP2

Type of correction/error Ref. [6] Present Present

(a) Missing photonic O(�2L) 0.15% 0.10% 0.20%

(a) Missing photonic O(�3L3) 0.008% 0.015% 0.03%
(c) Vacuum polarization 0.05% 0.04% 0.10%
(d) Light pairs 0.04% 0.03% 0.05%
(e) Z-exchange 0.03% 0.015% 0.0%

Total 0.16% 0.11% 0.25%

Table 20: Summary of the total (physical+technical) theoretical uncertainty for a typical calorimetric

detector. For LEP1, the above estimate is valid for the angular range within 1��3�, and for LEP2 it covers

energies up to 176 GeV, and angular range within 1�� 3� and 3�� 6� (see the text for further comments).

ble/�gure 19, we address this question showing once again some results from Tab. 14/Fig. 16,

and adding some new numerical results from the BHLUMI event generator and the semianalyt-
ical program NLLBHA for the unrealistic ES BARE1 and the realistic ES SICAL2, symmetric
WW variants. First, let us recall that in Tab. 14/Fig. 16 the O(�3L3) e�ects were included
through exponentiation in all calculations, but in most cases they were incomplete. In the case
of BHLUMI, the recent version of LUMLOG6 is able to answer the question: how big is the

missing O(�3L3) in BHLUMI 4.02a. In table/�gure 19 we see (black dots) that it is below
0.01% for both BARE1 and SICAL2 ES's. According to our \scaling rules", we conclude that
it is below 0.02% at LEP2. Hence, from the practical point of view, O(�3L3) in BHLUMI
4.02a is complete. In table/�gure 19 we also include, for the unrealistic BARE1 ES, numerical
results from NLLBHA (stars), which includes complete O(�2L) and O(�3L3)LL corrections.
The di�erence between BHLUMI (crosses) and NLLBHA (stars) should be, in principle, due to

O(�2L) (and technical precision), because O(�3L3) should cancel completely. As we see, the
above di�erence is within the \one per mil box", but for stronger cuts, zmin = 0:9, it grows
slightly beyond 0.1%. Luckily enough, we may push the above exercise in the interesting direc-
tion { we have also in table/�gure 19 the results from BHLUMI (circles) and NLLBHA (boxes),
in which exponentiation and O(�3L3)LL was removed completely. As we see, these results agree

better, even for strong energy cut (zmin = 0:9). Actually, this result (di�erence between boxes
and circles) represents an interesting quantity: missing O(�2L) in BHLUMI. The above result
suggests that it is rather small, below 0.03%. One has to keep in mind that, if the above is
true, then the former di�erence, with O(�3L3)LL (crosses and stars), is a puzzle and needs to
be examined further. In any case, the fact that all the four above results from BHLUMI and

NLLBHA are within the \one per mil box" is interesting, encouraging and reinforcing our �nal
conclusion that photonic corrections are under control within 0.1%. For the present time the
above interesting comparison is limited to BARE1 ES. For SICAL2 and BARE1 ES's, we see
that the di�erence between BHLUMI with and without exponentiation is quite sizeable, 0.08%,
and from that we conclude that the inclusive Yennie-Frautschi-Suura exponentiation in BH-

6The new LUMLOG includes �nal state radiation (in addition to the initial) up to O(�3L3)LL. It was

discussed in the Bhabha Working Group and will be included in the next release of BHLUMI.
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see talk by M. Skrzypek of yesterday for the present status

• Bhabha scattering is the example where the theoretical
uncertainty has been a large source of systematics in the LEP
physics analysis
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SUMMARY

• it is never underestimated the importance of having predictions
from different event generators, necessary for a robust
assessment of the th. uncertanty

• even if several years ahead, it is never too early to start working
on the next step in precision (see e.g. the case of SABS)

• see next talk by Alan!
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