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�
Why to investigate and � Pair
production?

� To measure the Standard Model parameters,

e.g. � � �����
�

Before LEP2 (1995): 	 � � 
 ���� MeV,

while: 	 � � 
 � MeV

� To test the Standard Model, e.g. Triple-Gauge Couplings

(TGC): � � � and � � �

Note: For the first time at the Born level in ������� collisions

� To get better constraints on the Higgs mass
�

Indirectly from other SM parameters

� To search for “new physics”, e.g. anomalous TGCs, etc.

� � � and � � processes – important background for

Higgs boson searches.
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LEP Integrated Luminosity

LEP2: �
�����

pb ���
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W-Boson Mass  [GeV]

mW  [GeV]

χ2/DoF: 0.0 / 1

80 80.2 80.4 80.6

pp
−
-colliders 80.454 ± 0.060

LEP2 80.450 ± 0.039

Average 80.451 ± 0.033

NuTeV/CCFR 80.25 ± 0.11

LEP1/SLD/νN/APV 80.363 ± 0.032

LEP1/SLD/νN/APV/mt 80.373 ± 0.023
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MW[GeV]

LEP working group
χ2/dof = 32.5 / 39

ALEPH [1996-2000] 80.471±0.049

DELPHI [1996-2000] 80.401±0.066

L3 [1996-2000] 80.398±0.069

OPAL [1996-1999] 80.490±0.065

LEP 80.450±0.039

 Summer 2001 - LEP Preliminary
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Semi-leptonic

00.10.20.30.40.50.60.70.80.91

8080.180.280.380.480.580.680.780.880.98180.0 81.0

MW[GeV] (non-4q)

LEP working group
correl. with 4q = 0.28

ALEPH [1996-2000] 80.456±0.060

DELPHI [1996-2000] 80.414 ±0.089

L3 [1996-2000] 80.314±0.087

OPAL [1996-1999] 80.516±0.073

LEP 80.448±0.043

 Summer 2001 - LEP Preliminary

Hadronic

00.10.20.30.40.50.60.70.80.91

8080.180.280.380.480.580.680.780.880.98180.0 81.0

MW[GeV] (4q)

LEP working group
correl. with non-4q = 0.28

ALEPH [1996-2000] 80.507±0.070

DELPHI [1996-2000] 80.384±0.084

L3 [1996-2000] 80.478±0.093

OPAL [1996-1999] 80.408±0.120

LEP 80.457±0.062

 Summer 2001 - LEP Preliminary
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MW   [GeV]

M
H
   

[G
eV

]
Mass of the W Boson

Mt = 174.3±5.1 GeV

linearly added to

  0.02761±0.00036

∆α(5)∆αhad=

Experiment MW   [GeV]

ALEPH 80.471 ± 0.049

DELPHI 80.401 ± 0.066

L3 80.398 ± 0.069

OPAL 80.490 ± 0.065

χ2 / dof  =  32.5 / 39

LEP 80.450 ± 0.039
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LEP Preliminary
08/07/2001

no ZWW vertex (Gentle 2.1)
only νe exchange (Gentle 2.1)

RacoonWW / YFSWW 1.14

YFSWW: S. Jadach, W.P., M. Skrzypek, B.F.L. Ward, Z. W �as

W. Płaczek Jagiellonian University



Physics with YFSWW/KoralW 9

People:
S. JADACH, W. PŁACZEK, M. SKRZYPEK, B.F.L. WARD, Z. W �AS

MC Programs Papers

KoralW: Comput. Phys. Commun. 94 (1996) 215

Phys. Lett. B372 (1996) 289;

Comput. Phys. Commun. 119 (1999) 272

Comput. Phys. Commun. 125 (2000) 8

Comput. Phys. Commun. 140 (2001) 475

YFSWW3: Phys. Rev. D54 (1996) 5434

Phys. Lett. B417 (1998) 326

Phys. Rev. D61 (2000) 113010

Comput. Phys. Commun. 140 (2001) 432

CERN-TH/2000-337, hep-ph/0007012
�

submitted to Phys. Rev. D

YFSZZ: Phys. Rev. D56 (1997) 6939
�

Programs available at:

http://cern.ch/placzek
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LEP2 Needs
� ��� �

Corrections!
� ���
	��

Genuine EW Corr.  � – ��� at LEP2 Energies

√s


   [GeV]

 σ
(e

+ e− →
W

+ W
− (γ

))
   

[p
b]

LEP

only νe exchange

no ZWW vertex

GENTLE

YFSWW3

RACOONWW

Data

√s


 ≥ 189 GeV: preliminary
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GENTLE: No
� ��� 	 �

EW Corrections (D. Bardin et al.)

YFSWW3 and RACOONWW: Include
� ����	��

EW Corrections
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EXPERIMENTALLY:

W-pairs observed through 4f final states + radiative photons

� GENERAL PROCESS:

� � � � � � � � 	 � ���� � ��� � ��
	 � � � � � � � � � � ���� ��
THEORETICALLY: also LOOP corrections necessary!

� Exclusive Yennie-Frautschi-Suura Exponentiation:��� ������ 	��� �� ���  "!$# �# �� �% ���  "!'& %& �% ()+*-,/.10324,5#6072/& %98;: < � & �%= > � ?A@
BDC"E �GF . � � .IH

�
�� ��� # % � �� ��� & % J5K EMLON6PRQSL/TGPVUXW F

B Y1Z[ E]\ F� *-,/.1032V,^#"0 8 � �% ��� Z[ E]\ F� *-,/.�0724,^#"072/& % 8()+*-,/.�0724,^#"072/& % 8 � _R_`_ba 2
wherecd �fe'gih � e�jkh �6l � — Soft-Photon Radiation Factorm �Ve'gnh � e�jkhko"p � — YFS FormFactor�q *Mr 8� � �� � —

� ��� r �
YFS Residuals for n Real Photons

EW Loop Corrections enter through �q -functions.
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Theoretical Predictions needed in terms of

Monte Carlo Event Generator !
�

PROBLEMS:

� CC03 set of Feynman diagrams Not Gauge-Invariant;

At least CC11 needed for Gauge Invariance
�

In practice, full � � ��� � ��� process to be considered

�  	 � different 
 � channels

� Complicated Peaking behaviour in 	 � � � dim. Phase

Space

� Large number of Feyman diagrams

# of Feynman graphs/channel ( � � -type, �  � � )

BORN 9 — 56

1-LOOP 3,579 — 15,948

� Problem of including Finite � boson Width in 
 �
processes in Gauge-Invariant way�

Practical solution – Complex-Mass Scheme:
� �� ���

�� �� � � �� � � � �����

����� � �"!
�#� ����� � ��$! � � �

�� �!
�� �%

W. Płaczek Jagiellonian University
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Problems:
� Also Space-like propagators aquire Width

(Non-Physical)
� CP structure of process may be Changed (Complex

Couplings)

�
Computing Problems – a few examples:

� BORN: e.g. KoralW ( �  �� � )

Source code:  0.5M Lines
�  20MB

Exec. code:  10MB

Compilation time:  0.5h on fast PC

� 1-LOOP: Rough estimate – mupltiply by 100

Source code:  50M Lines
�  2GB

Exec. code:  1GB

Compilation time:  50h on fast PC
�

Very Slow event generation!  100 � Born

EFFICIENT APPROXIMATIONS NEEDED !

W. Płaczek Jagiellonian University
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�
OUR SOLUTION:

TWO MC EVENT GENERATORS� �

YFSWW3 KoralW
Simplified Process Full Process

(Double- � Resonant) (All 
 � Channels)

As Much Rad. Corr. Simplified Rad. Corr.

As Possible (Needed) (ISR, Coulomb, ...)
��� �

� � ���
��� �

� � ���
��� 	
 
 -Process

����

��� *�� 8 NL EW Corr. � YFS � *��k! 8 LL ISR
� Non-WW 4f Contrib.

��� Radiation from � � � Coulomb Correction � YFS � *��k! 8 LL ISR

(in YFS Expon. Scheme) � “Naive” QCD Corr.
� Full CKM Matrix
� � BRs with Rad Corr.
� Anomalous TGCs
� FSR by PHOTOS
��� Decays by TAUOLA
� Hadronization by JETSET
� Semi-An. Code: KorWan

W. Płaczek Jagiellonian University
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�
TWO POSSIBILITIES:

1. � � � � � � � � � �� �
When �	��
� � � � 	 

2. � � � � � � � � � � 	
 
 �
When � 	  � �	��
� �

�
NEW:

Concurrent relalization of  � � � : CMC KoralW&YFSWW3

Based on Unix FIFO special file (named pipe) mechanism

YFSWW3

Total MC weight

KoralW

calculate δ NL

Event generation

Hadronization

FIFO

FIFO

disk or
user program

wait

wait

re
je

ct

wait

w

final MC event

time

�
Works effectively as a single MC event generator!

W. Płaczek Jagiellonian University
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�
Physics with KoralW

� Two independent, efficient MC Presamplers for general


 � Phase Space
�

Multibranch MC Algorithms (  � � Main Branches)

� Two dedicated MC Presamplers for � -Pair and � -Pair

Production and Decay

� YFS MC Algorithm for Arbitrary number of ISR Photons

(wiht Non-Zero
g��

)

� Fully-Massive 
 � Born Matrix Element generated with

GRACE System, MINAMI-TATEYA Collaboration,

J .Fujimoto et al.

(
�

It can be easily replaced by any other M.E. – due to

modularity of KoralW)

W. Płaczek Jagiellonian University



Physics with YFSWW/KoralW 17

Physics with YFSWW

Double-Resonant Graphs (CC03) – Non Gauge-Invariant!

�
POSSIBLE SOLUTION:

Leading-Pole Approximation (LPA):

� !� ! � ���� is Important Expansion Parameter!

� Matrix Element (For Gauge-Invariant set of Feynman graps)

can be decomposed:� �
� � � �� � g�� ���� � g & ���� � � � � �� � g��	�^g & ���� �


�� �
Spinor and Lorentz-Tensor Structure of M.E.

(External Wave-Functions, etc.)
 � �

Lorentz-Scalar Functions

(e.g. describe finite-range � -propagation)

W. Płaczek Jagiellonian University
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�
TWO APPROACHES:

a) R. G. Stuart, Nucl. Phys. B498 (1997) 28 and Refs. therein �
Expanded about Complex Poles (Laurent series)

corresponding to Unstable Particles (here: � s)

��

Untouched by Laurent expansion!
�

LPA: Only Leading-Pole terms kept!

IMPLEMENTED IN YFSWW: LPA �
�

RECOMMENDED

b) Yellow Report CERN 96-01, Vol. 1, p. 79 and Refs. thereina

The Whole Matrix Element expanded about poles!

(Connection to On-Shell � � Production and Decay)
�

LPA: Only Leading-Pole terms kept!

IMPLEMENTED IN YFSWW: LPA �
�

for tests

� NUMERICAL DIFFERENCES :

Level LPA � /LPA � � 1

Born Several per cent

��� )�� A few per mille

�	� 
� � � �  � ��
Born: LPA � Very close to CC11

(Min. Gauge-Invariant set

of Feynman diagrams)

aSee also: W. Beenakker, F.A. Berends and A.P. Chapovsky, Nucl. Phys. B548 (1999) 3

W. Płaczek Jagiellonian University
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� Photon Radiation Off Internal � s�
Decomposition of � Propagator: E���� � � ��� F�

�
H
���

H �
� �
H
���

H � �H
�	� ��
 �

H �
� �
H
���

H � �
�
H
���

H �H
�	� ���

H�
Gauge-Invariant decomposition of Radiative Corr. into

Factorizable (separately in Production and Decays) and

Non-Factorizable (Interferences between different stages)

� Non-Fatorizable Corrections Approximated with Screened

Coulomb Ansatz: A.P. Chapovsky and V.A. Khoze, Eur. Phys.

J. C9 (1999) 449.
�

Sufficient for LEP2

� Radiation in � Decays generated by PHOTOS (Z. W �as et

al.)
�

up to two photons

� Radiative Correction at � � Production stage:

� Full YFS FormFactor for � � � � � � � � �
� YFS MC Algorithm for Photon Radiation from

� � -state (WSR)

� Interferences between ISR and WSR properly included

� � ��� �
NL Electroweak Correcions based on:

J. Fleischer, F. Jegerlehner and M. Zrałek, Z. Phys. C42 (1989) 409,

K. Kołodziej and M. Zrałek, Phys. Rev. D43 (1991) 3619,

(For On-Shell � � Production)

W. Płaczek Jagiellonian University
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YFSWW3
�

KoralW
(CC09/CC10/CC11 channels)

� ��� �����
	��� ������������� ����� ��!"� �$#&%��� ��!"�')(+*-,$.�/�01,20�3 46587:9:5�,$; <=7:5�* >�?A@ <=7B58* >�?A@
CD'6?FEGE�H IKJBLAMNL�OBPRQSITLVU IKW:WFMYXBH�WZQ[P:XVU \ \ ]^I:M�_`IaQb_�U

c�de�fhg dikj l 7:5�,$.mE IKJBLAMNL:PAIaQ[W2_�U IKW:WFMYXBH:LRQnI:I2U PAMYWBo P�MpWBJ \
Q C ] l U�q C P�MYP$_rQ[W�U ! PAMNP:PRQnIKU ! \ \ \

� ��� s-t�tu	��� ������������� ���v�a��!"� � #&%��� �w!^�')(+*-,$.�/�01,20�3 46587:9:5�,$; <=7:5�* >�?A@ <=7B58* >v?x@
CD'6?FEGE�H W�IToAMYOBo:HRQSITLVU WBP$_xMyIko:XRQ[P:oVU \ \ ]�I:MNo�WZQz_FU

ikj f|{-} g diT~ l 7:5�,$.mE W�IToAMYOBL:LRQ[WBLVU WBP$_xMyITOBXRQ�W�I2U P�MYP2_`I PAMNP$_:_ \
Q C ] l U�q C P�MYPAIaQSI2U ! PAMNPAIaQnIKU ! \ \ \
CD'6?FEGE�H L�JBoAMNL:oRQ[J�U L:H:J�MNXAIaQ[HVU \ \ ]�I:MNo:oRQz_FU

c de�f g di j l 7:5�,$.mE L�JBoAMYJBoRQ�XVU L:H:J�MNL:oRQ�O�U P�MYP:OBH PAMNP�OBH \
Q C ] l U�q C P�MYP�WZQSI2U ! PAMNP�WZQnIKU ! \ \ \
CD'6?FEGE�H ITo�OBXAMNH�OZQSI�_�U ITo�O$XAMNP:PRQ[P:oVU \ \ ]rW�MNP:LRQz_FU

c deA� d� l 7:5�,$.mE ITo�O:O�MNX:oRQ[W:J�U ITo�OBO�MNL$_rQ�W�I2U P�MYPBL:P PAMNP:LAI \
Q C ] l U�q C P�MYP�WZQSI2U ! PAMNP�WZQnIKU ! \ \ \

� ��� �-t�tu	��� ������������� ����� ��!^� �2#h%�^� ��!"�')(+*-,$.�/�01,20�3 46587:9:5�,$; <=7:5�* >�?A@ <=7:5�* >v?x@
CD'6?FEGE�H WBLAI:MNH:L:XRQ[WBHVU WBo�WFMYP:WBoRQnITXVU \ \ ]Z_`MYo:JZQz_�U

c de�f g di j l 7:5�,$.mE WBLAI:MNH$_VXRQSIKO�U WBoAIBMYo:OBoRQnIToVU ]�PAMYJ�I ]�PAMYJ�I \
Q C ] l U�q C P�MYPAIaQSI2U ! PAMNP�WZQnIKU ! \ \ \

��� �� � much bigger than
�����

!
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YFSWW3
�

KoralW

� ����� � � � � � � � � � ���� � ����

���
	 � ���	  ���
	 � ���
	 �	 �
���	 �
� ��	 �
� ���	 �
����	 �

� � � � � � � � � � � � � � �
� � � �

� �
� �
� �
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� �
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\^]�_a`bdcfehg�ijilknmpoqgsrtvu ]�_xw�y ijmpozgsr

{d|�} ~ {K~s} � ~.} ~ ~.}M� |�} ~
{K~s} ~��
{K~s} ~��
~s} ~�~
~s} ~��

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � �
� � � � � � � � � � � � � � �

� � � �
� � � �

� � � � � � � � � � � �
� � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �Y�Y�Y�5�Y�Y�Y� � � � � � � � � � � � � �

���q�s��� � { �� ��� ���j���s�^������f�� �����x��� ���s��� �

¡
¢¤£=¥¤¦$§
��¨ª©« � , ¬ª¯®±° « � @ ² ³ ´ ��� GeV
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YFSWW3
�

KoralW

� ����� � � � � � � � � � ���� � ����
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YFSWW3
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RACOONWW A. Denner, S. Dittmaier,

M. Roth, D. Wackeroth
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Versus LEP2 Data
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Leading Corrections Only

08/07/2001

183 GeV 1.005 ± 0.023

189 GeV 0.961 ± 0.013

192 GeV 0.986 ± 0.028

196 GeV 1.010 ± 0.018

200 GeV 0.964 ± 0.018

202 GeV 0.983 ± 0.024

205 GeV 0.949 ± 0.018

207 GeV 0.984 ± 0.014

LEP combined 0.973 ± 0.009

0.9 1. 1.1

  Measured σWW / Gentle

LEP WW Working Group Summer 2001

PRELIMINARY
08/07/2001

183 GeV 1.011 ± 0.023

189 GeV 0.967 ± 0.013

192 GeV 0.991 ± 0.028

196 GeV 1.015 ± 0.018

200 GeV 0.970 ± 0.018

202 GeV 0.989 ± 0.024

205 GeV 0.955 ± 0.018

207 GeV 0.989 ± 0.014

LEP combined 0.979 ± 0.009

0.9 1. 1.1

  Measured σWW / KoralW

LEP WW Working Group Summer 2001

PRELIMINARY

Including � ����� NL EW Corrections

08/07/2001

183 GeV 1.028 ± 0.023

189 GeV 0.985 ± 0.013

192 GeV 1.012 ± 0.029

196 GeV 1.037 ± 0.019

200 GeV 0.992 ± 0.018

202 GeV 1.012 ± 0.025

205 GeV 0.978 ± 0.018

207 GeV 1.014 ± 0.015

LEP combined 1.000 ± 0.009

0.9 1. 1.1

  Measured σWW / RacoonWW

LEP WW Working Group Summer 2001

PRELIMINARY
08/07/2001

183 GeV 1.028 ± 0.023

189 GeV 0.984 ± 0.013

192 GeV 1.009 ± 0.029

196 GeV 1.035 ± 0.019

200 GeV 0.990 ± 0.018

202 GeV 1.009 ± 0.025

205 GeV 0.976 ± 0.018

207 GeV 1.011 ± 0.015

LEP combined 0.998 ± 0.009

0.9 1. 1.1

  Measured σWW / YFSWW

LEP WW Working Group Summer 2001

PRELIMINARY

W. Płaczek Jagiellonian University
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YFSWW3: Total Cross Section
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YFSWW3: “ Line-Shape”
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Production and Decay
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Non-SM diagrams with Anomalous TGCs

�
Two MC Event Generators:

� YFSZZ for Signal � � Process – including Anomalous

Triple-Gauge Couplings: � ��� and � � �
� KoralW for Standard Model ��� Background

Both include ISR Corrections in YFS Scheme (with Mulptiple

Photons)

�
TH Precision for 	�
�
 at LEP2 Energies � � �

W. Płaczek Jagiellonian University
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Total Cross Section
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±2.0% uncertainty
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YFSZZ: S. Jadach, W.P., B.F.L. Ward
ZZTO: G. Passarino (semi-analytical program)
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CONCLUSIONS – :
� Our Solution for � � Physics:

Two MC Event Generators

YFSWW3 KoralW

	 	 Signal ��� Background

� Works from � � Threshold to LC Energies

� Combination on Event-by-Event basis possible:
� by Reweighting generated events
� through Unix FIFO Pipes:� Concurrent MC KoralW&YFSWW3

� Good Agreement with RACOONWW ( � �����	� )

and LEP2 Data

& OUTLOOK – :
� � ����� YFS Exponentiation in � Decays (in progress)

� Non-Factorizable Corrections

� Coherent Exclusive Exponentiation (CEEX) for 
 -Pair

Production and Decay (Expon. on Spin-Amplitude level)

� Higer-order EW Corrections for LC (Sudakov logs, etc.)

� Beamstrahlung, Beam Polarization, ...

W. Płaczek Jagiellonian University
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CONCLUSIONS –
� �

:

� Our solution for � � Physics:

Two MC Event Generators

YFSZZ KoralW

� � Signal ��� Background

� Good Agreement with ZZTO ( � � � ) and LEP2 Data

& OUTLOOK –
� �

:

� Combination on Event-by-Event basis:� Concurrent MC KoralW&YFSZZ

� � ����� NL EW Corrections

� � ����� YFS Exponentiation in � Decays

� Coherent Exclusive Exponentiation (CEEX) for � -Pair

Production and Decay (Expon. on Spin-Amplitude level)

� Higer-order EW Corrections for LC (Sudakov logs, etc.)

� Beamstrahlung, Beam Polarization, ...

W. Płaczek Jagiellonian University


