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The problem

De ciencies of YFS Exclusive Exponentiation (EEX) technique, as
implemented in KORALZ/YFS3, BHLUMI, BHWIDE, KORALW:

Lack of the ISR/FSR or Up/Down interferences

(except BHWIDE, but dif cult to upgrade...)

Simpli ed treatment of spin, neglected transverse polarization

(except KORALB, but no exponentiation...)

Approximate matrix element for 2 and 3 hard large Pt photons.

(Important for searches.)

The CEEX solution

ISR/FSR interferences are included in a natural way.
Spin amplitudes for ISR and FSR summed squared numerically.

(The BHWIDE approach gets cumbersome beyond rst order)

Exact treatment of fermion spin polarizations (transv.& longitudinal).
Numerical Wigner rotations of spin density matrices available.

(Necessary for interfacing with decay M.C. simulating fermion decays).

Exact matrix element for 2 and 3 and more photons using

Kleiss-Stirling (KS) spinor technique.
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INTRODUCTION

Comparison with our older MC's

Feature

KORALB

KORALZ

KK now

KK 2000

QED type

Oo()

EEX

CEEX, EEX

CEEX, EEX

CEEX(ISR+FSR)

none

none

f. L ; 202, 2L1g

fio 2L1; SL3g

EEX(ISR*FSR)

none

fi; L 2ng

f L: 2L2; 3L3g

f 2L2; 3L?’g

ISR-FSR int.

Oo( )

Oo()

fi L 9cegex

fi L 9ceex

Exact bremss.

1

1, 2coll.

1, 2, 3coll.

up to 3

El-Weak

No Z-res.

DIZET 6.x

DIZET 6.x

YES

Beam polar.

long+trans.

longit.

long+trans.

long+trans.

polar.

long+trans.

longit.

long+trans.

long+trans.

Hadronization

JETSET

JETSET

PYTHIA

decay

AUOLA

TAUOLA

TAUOLA

TAUOLA

Inclusiv e mo de

No

Yes

Yes

Beamstrahlung

No

Yes

Yes

beam spread

No

Yes

Yes

channel

Yes

No

Yes

ee channel

No

No

Yes

tt channel

No

No

yes?

W W channel

I
T
I
I
I
|
I
|
I

No

No

yes?
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KS-GPS Technique II-:

Kleiss-Stirling spinor s

Any MASSLESS spinor s is transf ormed out of two
2 —

u (p) = o

basic constant spinors U ( ), o

where |[Us () =6u (); 2= 1,( )=0
6u()=0!u()=u()ul)u()=6";
u (M =0! u(P=u (P;u (Pu (p) =p! ;and! = A+ 5).

Spinor s for the MASSIVE hal spin fermion with 4-momentum p(p2 = m2) and

spin projection = 2 are de ned in terms of massless spinor s:

u(p; )=u (p)+ p5=u ()jand|v(p; )=u (p) r5=u();

where pi P P M2 pi).

We exploit Ixery often the standar d completeE)ess relations:

@+ m= u(p; Ju(p; );  m= v(p; Iv(p; )
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KS-GPS Technique Il-:

Toolbo x for Kleiss-Stirling spinor s

The inner product of the two massless spinor s is de ned as follows:

S+ (P1;P2) U+ (P)u (P2); S (P1;pP2) U (P)u+ (P2) =  (S+ (P1;P2))

In any reference frame it can be evaluated using the Kleiss-Stirling expression:

ss(Pr)=22p) **(g) P Xa) (p)ag) i pq]l

For example , if in LAB fr%me = (1;1;0;0)and = (0;0;1;0), then in this frame:
st (pya) = (F+ig®) (p° pYH=(q® gb)+(PP+ip®) (o ab)=(p° pY):

The inner product of the two massive spinor s is:

u(pz; 1)u(pz; 2) = S(p1;M1; 1;p2;M2; 2);

u(pz; 1)v(pPz; 2) = S(p1;M1; 1;P2; M2;  2);
V(p1; 1)u(pz; 2) = S(p1; M1, 1;p2;M2; 2);
V(pr; 1)V(P2; 2) = S(p1; mMa;  1;p2; M2 2);

where

2
S(p1imy; 1;P2iM2; 2) = 4; oS 4 (P1 P2 )+ g, M1 52

andpi B P mi=(2 pi)
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KS-GPS Technique 1I-:

Why do we need GPS?

GOODIES of the Wigner -Jacob-Wic k spinology we know and love:

Elegant de nition of spin state and scattering matrix element

jp;n>= T(L(p)jp;n > Mnpm =< fjSji >=< gq;mjSjp;n >

Simple transf ormation under rotation using Wigner D °-matrices

. P -
T(R)jpsn>= " ojp;n”> Do, (R)

Well de ned_ (so called) Wigner -Wick rotation
l—J
Mpm = mo;noMnOmOD?]On(RiW)DS;;Om(R}N)

where RW is rotation re ecting directl y the chang e of the quantization axes (in rest
frame of the massive particle) or is “g enerated” by the general Lorentz transf ormation,
as in the paper of Wick (Ann. Phys. 18 (1962) 65) for the Jacob-Wic k helicity states.

How to combine the above with Weyl spinor techniques? ! GPS rules.

WHY BOTHER? For unstable fermions like  production and decay spin amplitudes are calculated using completely
different methods and with different quantization axes. We need to know very precisely the spin quantization axes for

KS spinors in the M.C. event generation, especially for unstable fermions.
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KS-GPS Technique 1l--

GPS — preliminaria

The necessar y condition for validity of the usual Wigner -Jacob-Wic k
technology (including standar d Clebsc h-Gordan coef cients etc.) is the
textbook phase relation:

(Jx  Jy)im>=[(s m)(s m+ 1'% m>

(National Bureau of Standards 1951)

equiv alent to a condition with the prosaic rotation by + around Y-axis

exp( %i Jy)]+ >=] >,linour s= 1=2case.

Take Weyl representation. Let us de ne Primary Reference Frame PRF where
= (1;0;0; 1)and = (0;1;0;0), (in general PRFE LAB). If the massive
fermion is at rest in the PRF then for KS spinor s u(p; ) and v(p; ) the
above phase relation is ful lled, i.e., spin is quantiz ed using Z-axis; the X and
Y axes are correctl y positioned!
In the general case of the fermion in ight the GPS rule will tell us where the
quantization Z-axis is, and also the X and Y axes relevant for the relative
phases of | >. See next slide .
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KS-GPS Technique II-:

GPS stands for Global Positioning of Spin

The rules for determining all three spin quantization axes for u(p; ) and v(p; )

de®ned with KS method for Weyl representation are the following:
In the rest frame of the fermion, take the Z-axis along

Place the X-axis in the plane de ned by the Z-axis from the previous point

and the vector —, in the same half-plane as —~.
With the Y-axis, complete the right-handed system of coor dinates.

We call the above rules the GPS rules, and we shall call the Spin Quantization

Reference Frame (SQRF) determined by the above GPS rules the GPS frame of the
fermion.

The formal proofs of the above rules is in CERN-TH-98-235. It amounts to showing that
in GPS fermion rest frame the two constant basic spinors U ( ), up to areal constant,

are the same (have the same components) as in PRF.
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KS-GPS Technique II-¢

GPS at work: polarized decay

Suppose, that for (p) ! X decay, using Feynman rules and classic “Dirac alchemy”,

including u(p;s) u(p;s) = %(1 + 56) (@ + m); we obtain (def. polarimeter vector h):
PO (8)=d " (quiign) 1+ s h(qiitn) ;|whereh p= 0.

class:

On the other hand, using KS spinors, we calculate spin amplitudes N  for decay process.

Remembering the textbook de nition of spin density matrix we can write:

po' s (s) = - 1m0 N N d gec: |where isthe spin density matrix.

HOW TO RELATEN ANDh IN THE TWO CALCULATION METHODS?

Seems easy: from textbook relation = izo “& where § = (1;S) we get:

d Pol(s) =& @ NN d ge: = 42fi,d U"P 9" and therefore we IDENTIEY:

p p
Ra = (@;N(0uign)) = “*N N = N N |where 2 are Pauli

matrices. All the above was in the rest frame. WHICH FRAME?
ONLY in the GPS rest frame! Why? In other frame we would be forced to replace Pauli matrices with something

else; i.e. with non-standar d analog of Clebsc h-Gordan coef®cients, because the phase relation (Jyx + iJ y)] > = j+ > holds for our spin

. ... _ P3 k ok . _ 1=2 1=2
states only in the GPS frame (note that Pauli 'sin = k =0 8™ are here just Clebsch-Gordan coef®cients for D D ).
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KS-GPS Technique

GPS at work: Wigner/Wic k rotation

For the production and decay process

e (p1; 1)+ e (p2; 2)! (; 1)+ (% 2),
following the same lines, we may write the spin amplitudes:
M N ,N°,

1 2 121 2
and the pglarized differential cross-section:

° M1212M

1 2 2 1 2 1 2

d poa: N ;N .,d N N°d °

pro d:

unp ol:

fc d f%d ©

unp ol :

I_)
d = 4 8®RYd

P
a b
ch: P00 11D22M
a f

unp ol - where

M C d
1 2 1 2 1 2 1 2 1 1 2 2

M

JZ
i 12 1 2

The above Wigner-Jacob-Wick spin technology is used in KORALB MC.

In terms of beam polarizations § and decay polarimeter vectors fi we have:

If the production amplitudes M | , | , are calculated using KS spinors then we may

continue to use the above “spinology” only if we apply it in the GPS rest frames of all four

fermions!

S. Jadach

Consequently, we need Wigner/Wick rotations. Why? See next slide.

January 3, 200(



KS-GPS Technique 1I-¢

GPS at work: Wigner/Wic k rotation

For € beams we know polarization vectors § in certain well de®ned rest frames

BRF ofthe € (from the machine people). In other words, we know precisely the

Lorentz transformations | L BRF - BRF I LAB |. On the other hand, from GPS

rules, we know transformations | L®PS: GPS(@ ) | LAB | If we use KS spinors

for the scattering spin amplitudes, then we have to apply the Wigner/Wick rotation

RW = LCGPS(LBRF) 1] e rotates fromBRF toGPS(€ ). (In practice

this is a rotation around the beam axis).

For we avoid explicit Wigner/Wick rotation, if the decays of polarized 's are
done (simulated in MC) precisely in GPS( ) frames.
We may need Wigner/Wick rotation if we want to compare spin amplitudes from KS

method and some other method. Next slide shows such a comparison for the spin

correlation tensor Rgg from two methods: (1) KS spinors, (2) with Jacob-Wick (JW)
helicity states (Jadach Was 1984, Tsai 1971); in fact the variant of JW called JW2.
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Numerical test of GPS
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, with the numbering

1 2 1 20 from KS spinors. Then, we show the ROO’ c;d= 0::3,

S. Jadach

correlation matrix as calculated in the GPS frame, and after a (doub le) Wigner -Wick

rotation to JW2 rest frames. The result marked “anal ytical” is obtained
analyticall y (Jadach Was 1984) also in the JW2 frames. The diff erence of the two, in

the JW2 frame, is zero.
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KS-GPS Technique 11-1(

Appendix A: Wigner -Wick rotations, collection of formulae

STATES in Hilbert space transform under rotation as follolé/)vs:

A _ c . 0 1=2 : Co = 1=2y . 0.
Py >g= 0Py "> D(R); <pi g = oDTO(R)< P
Consequently, SPFI)N AMPLITUDES transform under four different Wigner rotations:

[ 1 2 1 2
Final an initial state spin DENSITY MATRICES transform by Wigner rotation in the same way:

( e =" o0oD™2YR) o0D'Z(R)

The above transformation induces through sk = Tr( k) the ordinary rotation

ML, .=, Mg g gD (RD'F (RDDMZY(R)DZY(RY);

transformation of the spin POLARIZATION VECTOR (as it should!) e.g. S transforms as a

contravariant vector:

_ 3 0,
(s = o, R¥¢os*;

On the other hand the ha POLARIMETER VECTOR (also related to spin amplitudes with

Pauli matri(I:Des) transforms with transposed rotation matrix, e.g. as a covariant vector:
_ 3 0
(ha)R — — haORa a

a0=1
Finally the full spin CORRELATION TENSOR transforms as follows:

.10
>op0c00-1 Ra (R L (RYP (R0 (RY) o Easy?!
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KS-GPS Technique I1-1:

GPS Appendix B: Born Spin Amplitudes, de®nition

e (pa) f (Pc)

" (Po) f (pa)

B (IO;X): B PaPoPcPd.y —

X V(Pp; b) Ge5 U(Pa; a) U(pc; ) Gf;BV(pd; d)
X2 Mg?+i gX22Mgp
. | X 1 |
507 G'P = S+ 5)d 7

= 2ie?
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KS-GPS Technique I1-1:

GPS Appendix C: Born Spin Amplitudes in terms of KS spinor s

e (Pa) f (Pc)

f (Pa)

papopePy .y = g2 . V(Pbi b) G u(Pa; a) U(Pei o) G'* v(pa;

a b ocod’ o X2 Mg2+i gX2=Mpg

0 e;B fB 0
=2ie2x ; Cade-l_gaga chad.
ae X2 Mg?+i gX2=Mg

U(pe; c)U(Pa; a) = S(pc;Mme; ¢;Pa;0; a);

0 v(pp, b)V(pa; d) = S(P6;0;  biPd; Ma;  a);

d
o= u(Pe; c)V(Pos  b) = S(Pe;Me; ¢;Pp;0; b);
o = U(pa;  a)V(pd; d) = S(Pa;0;  a;pd; Ma;  d):

c
b

T
T
UO
U

Cc
a
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KS-GPS Technique I1-1:

Conclusions for Part Il

Our primar y aim is to use KS spinor s for multiple

bremsstrahlung spin amplitudes, for massive fermions.

Additional impor tant aims is to handle (Wigner rotations)
ef®cientl y and without any approximations, the full spin
polarization vector s (= dens. matr.) for any fermion

— very impor tant for interfacing MC simulation of production

and decay of unstab le fermions like and top quark.

With the GPS upgrade of the KS technique we are fully armed

to implement completel y the above ambitious scenario!
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CEEX Amplitudes -

Outline of Part Il

Preliminaria: Photon polarization vector,

Building blocks for bremsstrahlung amplitudes: U and V matrices.

1-photon real using KS, isolate IR and non-IR parts, notation,

and 1-photon virtual, collect old results.

Warm up: CEEX, zero order O( %), .

Full scale:, O( ")eeey - F = 1,2

Spin structure , connection to decays of nal fermion.

IR cancellations, IR-cut for real photons, etc.

CPU time considerations and photon spin randomization.

Appendix on r st and second order 's.
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CEEX Amplitudes -

Photon polarization vector

For a circularly polarized photon with four-momentum K and helicity = 1we
adopt the choice of Kleiss-Stirling and/or Beijing group:

Uk u()

(ki) =p pr 1),

0 u () L) TR T en (O

where is an arbitrary light-like four-vector 2 = O (axial gauge).

The second choice with U (K; ) seem to be ours (not exploited by KS).
Using the Chisholm identity:

uk u() =2u()uk+2u (Ku ()

u(k) u() =2u()uk) 2u (ku ()

we get useful equivalent expressions:

P3O mru mu ()
¢ (U () |

(6 (k; ))

CPamu u mu ()
P :

(6 (k; ))
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CEEX Amplitudes

Building blocks for bremsstrahlung amplitudes:

U and V matrices.

Basic building blocks in our calculation of the bremsstrahlung

amplitudes are:

(k)

1 2

u(p1) - -

U P1kpz _—

u(p2)

v(p1)

1
-

(k)

2

-<+— V(p2)

1 2 U 1; 2(k;p1;m1;p2;m2) - u(pl; 1) 69(k) U(pzi 2);

\V p1kpz —

P2 = v (ks pe My p2sm2) = V(P 1) 67 (K) v(p2; 2):

The four-momentum conservation Is not assumed in the above
vertex-like objects.

S. Jadach
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CEEX Amplitudes 11l--

U and V transition matrices, programmab le form ulas

In the case of (K; ) the transition matrices are rather simple:
2

2P2
s s+(k5») 0

2p1 2 P2. 2 p1 .
h m2 2 P2 p11 . 2 k S+ (k’ m)
|

J(Kpiimy;paimz) = U™ (K pasmaspymy)

U* (K; p1;my; pa;my) = o

S(Kipymaypesmz) = U o (Kipr; Mg;p2; mp):
The above expressions is optimized for fast numerical evaluation.

The following general case, with  (K; ), looks a little bit more complicated:

P>

2
2 p1
2

s (P1; )s+ (Kip2) + mamy m

S+ (k;pP2) + mo

NB. They are not M -matrices of KS, but rather products of them.
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CEEX Amplitudes [E:

Diagonality property of U and V

For p; = P2 = pthe matrices U and V become diagonal:

UuP e =v Pk =bkp 12

1 2 1

PRu 0L () Py 20

k:
¢ (KU () 2k P

b (k;p) =

In a more general case of (K; ) diagonality also holds:
P 5 2

2 m
s (K ) s (;P)s (Bk)+ 2P (2 ) (2 k)

Thanks to the above diagonality we easily obtain/explore the soft limit
of the multi-photon amplitudes.

b (k;p) =
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CEEX Amplitudes l1I-¢

ISR First order real 1-photon

M ISR pa pbkl
a b 1

€ ?
0 V(Po: b) 67, (k1) (6pp+ m+ &1) My u(pa; a)

Separate parts containing ® M and &1, (IR and ®nite)
Apply completeness relation for M and &4,

Express bispinor components in terms of U and V matrices.

Use diagonality property.
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CEEX Amplitudes Il

ISR in terms of U and V matrices; separation of IR

Pb Pa Pc Pd
b a ¢ d

MISR papbpapdk1 MIlSR Pkq
c b 1 1

Using compact notation

e eQ. X
Qe B pl;pa [Cd]U pakl Pa Qe V Pb k1 Pb B Py Pa

~ 2kipa L 2Kepp b 1 . [cd]

X X
eQe B pbkl U kikiPa 4 eQe V Pb k1 k1 B k1 Pa

2K1Ps : o " o . lcd]

Now we may exploit diagonality of U and V in IR parts, see next slide !
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Real 1- ISR summary

IR and non-IR clearly separated:

Pk =
M "R =

b

[1]

>
rflg pk]i —

fl fl
S ’ 1g(kl)

[]

d

(3) 4 (b,

(a) — b (kipa) .
eQe 2k1paa

eQe
2k1pa
eQe
2K 1 pp 1 b 1 1 1 a

[1] [1] °
(b) — b (k;pp) .
» Sy = €Qe Ty,
pp k kikqp
oB 2 %1) [cd]U %1) i 2

k1 k k
V Pp K1 1 B Opa (cd]

Introduce super-compact notation:

(if ) = 2ki ps

f = a;b;c;d,

p Ppbpa pPcPd
b a ¢ d

PbPa pc Pd
b oa lcdl  [bal oo

and summation understood over primed (spin) indices.

An get super-compact expression:

rflg Pk, —

1

68 Z) B t10)cd)Upio1a) + ((alQ_b(;V[bllo]B [10a][cd]

This notation will be useful for 2 and more photons.

S. Jadach
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Real 1- FSR summary

IR and non-IR clearly separated:

fOop p fog Pk
Pk — — g 1
MV L= 1 5[1] B + r !

Using super-compact notation:

f Og f Og (c) (d).
S S (K)o sy F oSy

(C) — eQ b (k;pc) . b (k;pg) .

Sy 2k1pe ! - f "2kipg

_ €Q vl
r'%9 P = e Uierno B pajnoa) + —qay B tbalrer Visoi
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CEEX Amplitudes 11I-1(

First order, one virtual photon

a c a C a C a C
+
1 Z Z
b d b d b d b d
ME PiX =B PiX 1+ Q¥Fa(sim )+ QFFi(sim ) + Moox *;X

1 is the electric formfactor regularized with m , keep exact ®nal fermion mass.

We omit F 2, this is justi®ed for light ®nal fermions. To be restored later on.

Spin amplitudes for - and -Z boxes are:

P. —
I\/IBox ,X -
eB _f:B 0 eB _f:B 0
P 959 aTcade-'-gagaUCbUaOI _ :
X 2 MBZ+i BXZZMB as b C» d

B= Z
2. C e 2. . .
_Qle a, CfBDP (MB1m ,S,t,U) a, CfBDP (MB1m 1S1u1t) 1
Wherel\/IZ2 = I\/IZ2 M~z -, M 2 = m?. and function f gpp is de®ned in Brown, Decker and Paschos

(1984); Mandelstam variables S; t and U de®ned as usual.
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CEEX Amplitudes 1II-1:

Warm up example: resonant CEEX, zero-th order O O)CEEX

(r) pkiks ...kn 2
M) Phakz . okn

0) pkiky ...kn ' @ flig
Mn et o= i:1:3[”

Notation: P pzpzp‘ép‘; , Sed = (pc + pd)z, d , Lorentz inv. phase space.

The coherent sum is taken over set of 2" partitions: P = f (0;0;0; :

(1;0;0:::::0),(0:1:0;::::0), (1; 1;0:::::0), - o

7}n). }i = 1,0for ISR, FSR
sothat X1 = Pa+ Pp : 1 } k the 4-mom. in resonance propagator.

]E,l] by g(Ki) . |are IR-div. real-photon soft-factors with ISR/FSR

currents: j; 4 (ki) = eQZe klioga i » Jtog(ki) = eQze k?%c

are our KS/Beijing photon polarization vectors (axial gauge).

i
B/ (Pa;:::; Pa) is IR virtual form-factor with the resonance part, see next slide.
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CEEX Amplitudes 1II-1.

Virtual Formfactor

Factorization of virtual IR by Yennie-Frautsc hi-Suura (1961):

C

RO g4 | 2
where B4(Pa; i pd) = k2 m2+i 2 )3 Ji(k)  Je(k) ;

2p; + Kk
k242 kps + i

3= eQe Ja(k)  Ju(k) ; I = eQr Fo(k) Ju(k) ; i (K)

Modi cation for Z resonance by Greco, Pancheri and Srivastava (1975,1980):

B4 ' BZ : [Notation: M 2 = MZ2 iM ]

3 IRt 3K+ I (K2 2<(di (k) I (K)) LRat M

PatpPp K)2+MZ2"

Only diagrams with Z propagator are concerned:
" a C a C
- 0
e B4 >?< (1+ n:)+e B4 H (1+ n:)
b d b d
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CEEX Amplitudes 11I-1.

Limit (1): no resonances at all
P @ f Og + flg .

'g—) e BiB PP Sl
- [I ._ [i] [i]
=1 i=1
P @ f}lig @ f Og flg .
because S[I] S[I] + S[I] . [P = pa t+ pb,fOI’ example .]
} 2P i=1 =1
Nevertheless it is good to keep sum over partition even for the non-resonant case! (Better LL summations).

e Bi (X})X} B P- X

CEEX for non-resonant is also very valuable! (The only hope for Bhabha!)

Limit (2): very narrow resonance

P P 2 ?
M@ j2 = e BI0X))g (BI04 0) B Py B Pix,, Q L}].g@ L}]g

} 2P } O2p i= j=1
2@ . 2
S{i}]'g :

=) g2 <B2(paipp)g2 <B2(pciPd) P B p;x}
} 2P i=1
Neglect of ISR*FSR interf erences implies that terms } & } “drop out.

This approximation as used in KORALZ/YFS3 for LEP1.

At LEP2 it cannot be justied any more.
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CEEX Amplitudes 11I-1-

Full Scale CEEX O( ") master formula

Polariz ed total x-section:
Z

m_ X1

n!
n=0

| h

j (r) pkika ...
ab a a LR ] Mn 12---

\ 0 _
P @ i, (1) P i )X
p. }idg j
_ S[i] 0 1X} +, : fYjd
} 2P i=1 j=1

S..
[i]
_ P @ Sf}ig
. [i]
} 2P i=1
(1) pKj .
TR
Sf}jg
[j ]

j=1

For details see next slides.
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CEEX Amplitudes 11I-1!

SPIN STRUCTURE

n (r) pkik
ry p
M () phakz

a b g,

Ktork = 1:2: 3 are Pauli matricesand ° = . is unit matrix.

s "‘B; a; b= 1;2; 3 are the components of the conventional spin polarization

vectors of the beam € and "‘io line restframe[™ pi = Mel

ﬁ%ﬁﬂ are polarimeter vectors of outgoing fermions. They carry spin information

to nal fermion decay processes [Notation: ﬁi pi = Mg ].

A and hi2 are de®ned in the so called GPS frames of the

corresponding fermions. (Important for the use of Pauli matrices!)
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CEEX Amplitudes 11I-1¢

O( )., Beta's

[

P . P
? s’ o TiXy +
} 2P i=1 =1

PeX 1+ UL+ Reox PiX

K.
= r'19 P X
— rng p Kj X + (PctpPg+ j)

p.
i (Pc+ pg)? 1B %X

The most impor tant: 's are IR- nite!

Formal de®nition (omitting inessential arguments/indices) of 'sare:

1 _ B (1)
1) i _ @ Kj Q) f!g
1irg ;- Mg 0 5[]

Complications due to Z resonance see next slide.
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CEEX Amplitudes INI-1

Complication due to resonance

a

Z
In amplitude part propor tional to resonant propagator o d we replace:

Bs) BJ =B (pa;pp) + Br (Pe;pb) + Bk (Pa; Po; Pe; Po; X3 )

X})2+M2 .
(X3 k)2+m2°

d*kjJy Jrj7 ) dk I (K7 + I (K)JT 0 2< (31 (k) Jg (K))

[Notation: M 2 = I\/IZ2 IM ]

Consequentl vy:

1) _ 2 B2 aa @
o = € "4“Mg

. .. . Z .
o( 1) induces additional subtraction of order In Mg N RBox-

The overall virtual formfactor in the master formula gains partition dependence in the
resonance part: €2 B, = @ Bu(PaiPbiPciPa)*2 B, (PaiPbiPciPaiX) )
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S. Jadach

CEEX Amplitudes

O( ?)

Beta's

CEEX

A
Dt o e o I

mtatatatais

O s
balaPale

[11-1¢
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CEEX Amplitudes

O( ?) Shopping list

CEEX

11-1¢

d

d

XA
2420
N XK.

Never ever combine with real emission! (Keep photon mass and publish.)

Never ever square and spin sum! In the M.C. real emission is added anyway.

S. Jadach
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CEEX Amplitudes 11I-2(

Traditional real photon regulator .

Optionall y, the traditional IR-cut kO > S=2on real 's can be introduced.

P35 g . 2 B
—- done analiticaly (rigorously) ) €“ "4 factor,

Phase space integralm < kY <

where: B4 (pa; i Pd) = Q2B 2(Pa;Pb) + Q2B 2(pc; Pd)

+ QeQr B2(Pa;Pc) + QeQr B2(Pu; Pd) QeQf B2(Pa;Pd) QeQf B2(Pu; Pe);
2

R 3
. d°k (1)
B2(p; q) 0 § 2 % kq_q
kKO« Pz

New Master Formula:
Z

m_ X1

n!

h() kqik k
r) pkikz ...kn
M P

The resonant part (if present) is multiplied by @2 Ba(PapbiPciPd;X})
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CEEX Amplitudes 11I-2:

IR-cancellations

IR-cancellations in case of traditional energy-cut regulator is manifest.

In original master formula with M regulator one may check IR-®niteness with

by analytical partial differentiation with respect to the photon mass:
@ (N=@n = 0. (G. Burgers (1989) unpublished).

The classical method of YFS (1961) relies on the techniques of the Melin

transform.

NB. Version with m regulator is perfectly implementable in the M.C.
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CEEX Amplitudes 11I-2:

CPU considerations: photon spin randomization

The single spin amplitude M %1) contains already 2" (n + 1) terms

(2" due to ISR/FSR partitions). The grand sum over spins counts

2N 4%4% = 2"*16 termsil Altogether we expectupto | N n22"*16 | gperations
in the CPU time expensive complex (16bytes) arithmetics. Typically in

e e | * the average photon multiplicity with k® > 1M eV is about 3,

correspondingto N 107 terms. In a sample of 10* MC events thei:r)e will be a

na a

couple events with n = 10and N = 10 terms. Partial solutions: "}

and the S-factors evaluated only once, stored and reused (save 28).

The trick of photon spin randomization speeds up substantially the numerical
calculation in the Monte Carlo program: Instead of evaluating the sum over photon
spins ;1 = 1;::;; N we generate randomly one spin sequence of ( 1} n)
per MC event and the MC weight is calculated only for this particular spin sequence!
We save one hefty 2" factor in the CPU time!

The formal proof of the correctness of this method can be found in Sect. 4 of “Guide to practical Monte Carlo

methods” , (1998), http://wwwcn.cern/ jadach .
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CEEX Amplitudes 11I-2:

virtual' s

APPENDIX A: More on O( 1)

CEEX

The IR-®nite \(/li)r ¢ reads explicitly:

B (s)= QZFi(s;m )+ Q?F1(s;m ) Q2B o(s;m ) QB 5(s;m ):

The Rpoy is effectively obtained from M gox by:
fegop (ME;m ;s;t;u)) fepp (ME;m ;s;t;u)  fir(m ;t u); where
fir(Mm ;tu)= 2By(m ;t) 2Bo(m ;u) = In
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Appendix B: Double bremss. ISR 11I-2:

e~

@ Pk o y@ el B bk 102 0Ppikp 10 © % (19471
2f 11g 1 2 2f 11g 1 2 1f 1g 1 [2] 1f 1g 2 T[] [1] (2]

_ (eQe) B [ba 0][cd]U[a012 Wy B [blO][cd]U[l 012 00; B [b20][cd]U[2 012 00 U[z 002a]
(la) (2a)+ (12) (2a)
N V[bll 00 V[1 002b0]B [bOajcd] T V[1 0021 O]B [10ajfcd] T V[1 0022 O]B 20a][cd]
(1b) (1b) (2b) + (12)

+ (1% 2

N Vip11 0y B 0.0 U2 0241
B [blo][cd]U[lola] B [b20][cd]U[201a] (a)

"eRe (la) (2a)+ (12) 2" (l1a) (2a)+ (12)

+ g(b) V[bzz O]B 20ajcd] T V[b210]B [10a][cd]

Uy,o Vih110
b [2VY2a] [b11 Y] (a)
Sy, B [b20][cd]—(28) + (1b) B 10ajcdiSpy + (1§ 2)
12 12
(2) 5(2) (12) RNCNG ( ) 5 P .
[ 7 (1a) + (2a) (12) [ 721 (1b) + (2b) + (12)
b . (ki: b . (ki:
NOT ATION :s(?) = 1 (ki pa) stP) = +eQe 1 (K IOb);sf-lg
[l 2Ki pa 11 2Ki pp [
(ia) ki pa; (ib) i Pob: ImpI|C|t sums over primed indices!

(a) 4 (P

SIi [i]
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CEEX Amplitudes 11I-2!

Conclusions for Part Il

First and second order CEEX is explicitl y form ulated

For resonance the coherent treatment of ISR and FSR
Exact matrix elements up to 2 photons (spinor techniques)

Full treatment of spin, for beams and decaying ®nal fermions

S. Jadach January 3, 200(



Outline of Part IV

General structure of the MC and its precision
1. Basic test of technical precision

2. Basic test of physical precision

ISR FSRinterf.in ot and Agg

1. How big is ISR FSR interf erence in ot , AEB ?
Do we know ISR FSRat O( 1)?
Do we know ISR FSR beyond O( 1)?

2.
3.
4. How sensitive ISR FSRis to cut-off changes?
5.

Answers from KK MC.

Absolute predictions for ot Agp
1. Comparisons with KORALZ, KKsem and Z tter

2. More tests of precision

Summary

THE PROBLEM: SM predictions for ot and Agpg for
e e | ff are needed at the end of LEP2 with the
precision 0:2 0:5%. CAN WE DELIVER?

For example the ISR FSR interf erence is already 2%.
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General structure of KK MC

Entry

Phase Space
Low level
Mon te Carlo

CEEX:

CEEX: Mo del dependent

Matrix element

The program fore €' | ff is divided into two

distinct parts/le vels

The tau decays and hadronization come after
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Baseline test of the Low level MC

j Matrix Elementj? =Born  Product of soft factor s

:005;

EEXO Sem.An.Best

S f
dV Born

(s(1
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PP = neglected higher orders and subleadings

n o
Our basic estimate: PP:% O( 2)CEEX O ( l)CEEX

KK MCresults forete | *  at 189GeV
Photon Energy Cut: V=1 S%S< Vpyay: S°= mfzf
Angular Cut: jcos | < 1

The above result imply for Physical Precision:
— 0:2% Arg 0:1%

even including radiative-return on-shell Z.

This is con®rmed by more tests, see later.
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O( 1) ISR FSR from KORALZ

KORALZ is the best reference and
starting point for the ISR FSR

Angular distrib utions from KORALZ, pure O( 1) (without
exponentiation), were veried very precisely 0:01%
using special analytical calculation,

S.Jadach Z.Was, Phys. Rev. D41, 1425 (1990).

“““““ I B L LN S N B

- O( ) KORALZs%s> 0:9

d - 040"

int
a - fot:
- O( ') KORALZ s=s> 0:9

2 ISR*FSRON
- — ISR*FSROFF

P _
Results abovearefore’e | % at S=189GeV.
The energy cut is on s%=s, where s° = mfzf :
The angular cut is ] COS | < COS max -

Scattering angleis = :
de®ned in Phys. Rev. D41, 1425 (1990)
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Cut-off Dependence

KK MCresults fore"e ! % at 189GeV
Photon Energy Cut is on sV= mfzf

Angular Cut is ] COS | < COS max

Angle = de®ned in Phys.Rev.D41,1425 (1990)

KK MC 1999,S.Jadat, Z. Weas,B.FL Ward " "°F Kk MC 1999,5 Jadatr, 2. Weas, B.F.L. Ward

r d ] : . ;
- dcos | :030- 22 0

- O( Yegex; sEs> 01
- ISR*FSRON
ISR*FSROFF

COS

1000 st
100 50 00 :50

F T kM 1000 © 1adat 7 Wene R E1 \Ward ] A D e
[ KK MC 1999,S.Jadat, Z. Weas, B.F.L. Ward F KK MC 1999,S.Jadah, Z. Wcas, B.F.L. Ward
d [ ]
dcos

5 int int
[ - oo AFB [ —
O( Yeeex; s=s> 09
I — ISR*FSRON
- —— ISR*FSROFF
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s%cut dependence of Apg. No -cut

At 189GeV the interf erence corr. Agpg is 2%-5%:

wwwwwwwww | L B B B B

P

S = M3 the effect is suppressed Agpp < 0:1%

Alnt
FB
oo KORALZ 1-stord.
?? ZFITTER 6.x

?

The effect increases strongly with the photon energy cut.

S. Jadach January 3, 2000



scut dependence of ,No -cut

At 189GeV interf eren

ce eff.

Is 1%-3%, no COS -cut:

D

P

At S= My the effect is suppressed < 0:02%

:010¢

oo KORALZ 1-stord.
?7?7? ZFITTER 6.

Strong Cut
10100 m b

sU. =g
min-" Nocut:

25

:50 75 1:.00

The effect increases strongly with the photon energy cut.

S. Jadach
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Back on Z peak

KK MC agrees with KORALZ and
semi-anal ytical programs
and provides hint about higher orders.

KORALZ 1-st ord.
ZFITTER/TOP AZO
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Initlal Final State Interf erence IV-1(

KK Monte Carlo and KORALZ answers on ISR FSR Interf erence

For typical exp. energy cut 0.3ISR FSRint. is about 1.5% in
tot and Arg.

For energy cut 0.1 it is twice bigger.
The cut | COS < 0:9 makes it 25% smaller .

The O( 1) ISR FSRint. is under total contr ol using
KORALZ and KK Monte Carlo for arbitrar y cuts.

Effects beyond O( 1) are negligib le, (<20% of O( 1)),

except when energy cut is stronger than 0.1.

ISR FSR int. at Z radiative return is very small, as expected.

Change from s%to Qz—propagator In energy cut has no effect.
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Absolute prediction for and Agpg IV-1.

Process: e € | ff f = | at189GeV.

Energy cut: V < Viax,where V=1 s%s:s0= I\/Ifzf :

Scattering angle for Agg is = . Nocutin . E-W corr. in KK accor ding
to DIZET 6.x. O( 3)_ . EEX3 matrix element in KK MC (No ISR FSR interf .)

KKsem is semianal ytical part of KK. @nge s from phys. Rev. paz, 1425 1900),
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Process: € €' | , at 189GeV.
Energy cut: s> S%in :
KORALZ/YFS3 version 4.03, O( 2)..,ISR FSR off.

ISR FSR interf. on and off, where ver possib le.

where S0 = I\/Ifzf . No cut in

Reference (ef is from semi-anal ytical KK SEM,
ISR FSRoff, up to O( 3).L, ISW exponenent.

@
R TR T R R KRR

Horteiien,

Y
®00cec0ve
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Process: € €' | , at 189GeV.
Energy cut: s> S%in :
KORALZ/YFS3 version 4.03, O( 2)..,ISR FSR off.

ISR FSR interf. on and off, where ver possib le.

where S0 = I\/Ifzf . No cut in

Reference A,r:eé is from semi-anal ytical KK SEM,
ISR FSRoff, up to O( 3).L, ISW exponenent.
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Summary of Part IV

Technical Precision — 2 10 4

Physical Precision:
— 0:2%and Agg 0:1%

ISR FSR interf . under contr ol at
LEP2 energies
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CEEX Numerical

Results

Comparison with our older MC's

Feature

KORALB

KORALZ

KK now

KK 2000

QED type

Oo()

EEX

CEEX, EEX

CEEX, EEX

CEEX(ISR+FSR)

none

none

f. L ; 202, 2L1g

fio 2L1; SL3g

EEX(ISR*FSR)

none

fi; L 2ng

f L: 2L2; 3L3g

f 2L2; 3L?’g

ISR-FSR int.

Oo( )

Oo()

fi L 9cegex

fi L 9ceex

Exact bremss.

1

1, 2coll.

1, 2, 3coll.

up to 3

El-Weak

No Z-res.

DIZET 6.x

DIZET 6.x

YES

Beam polar.

long+trans.

longit.

long+trans.

long+trans.

polar.

long+trans.

longit.

long+trans.

long+trans.

Hadronization

JETSET

JETSET

PYTHIA

decay

AUOLA

TAUOLA

TAUOLA

TAUOLA

Inclusiv e mo de

No

Yes

Yes

Beamstrahlung

No

Yes

Yes

beam spread

No

Yes

Yes

channel

Yes

No

Yes

ee channel

No

No

Yes

tt channel

No

No

yes?

W W channel

I
T
I
I
I
|
I
|
I

No

No

yes?
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CEEX Numerical Results V-;

Conclusions

CEEX offers clear upgrade path for the exclusive exponentiation in the QED,
with the Monte Carlo implementation. Itis rml y based on spin amplitudes.

The main prots are:
Interf erences ISR FSR included and under rm contr ol
All kind of coherence effects, including narrow resonances.

Complete treatment of spin (also transver se) for beams and nal

(unstab le) fermions.
Exact M.E. for 2 high hard photons (3 photon pending).
Future extension to all-angle second order Bhabha is possib le.

First real Monte Carlo implementation is KK event generator for fermion pair

production at LEP, LC's, -collider s, and bfactories.
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