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INTRODUCTION -2

The problems

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

e Lack of the ISR/FSR or Up/Down interferences
(except BHWIDE, but difficult to upgrade...)

e Simplified treatment of spin, neglected transverse polarization

(except KORALB, but no exponentiation...)

e Approximate matrix element for 2 and 3 hard large p1 photons.

(Multiphotons are important for searches.)

The CEEX solution

New Coherent Exclusive Exponentiation CEEX solves many (all?):

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

(The BHWIDE approach gets cumbersome beyond first order)

e 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).

e Exact matrix element for 2 and 3 and more photons using

Kleiss-Stirling (KS) spinor technique.
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TERMINOLOGY -3

Why COHERENT?

Because: Friendly to Quantum coherence;

Coherence among Feynman diagrams:

v @ Z exchanges, t@® schannels, ISRPFSR real emissions, etc.
2

Complete | >~ DM;|” rather then often incomplete > M; M
diagr. 1,9

Why EXCLUSIVE?

Because: Phase-Space X Zspin ‘M‘Z

Contrary to Parton-Showers, Leading-Logs, Structure-Functions

which are all inherently inclusive.

Why EXPONENTIATION?

Infrared (IR) contributions summed to O(a™)
Going beyond Yennie-Frautschi-Suura (EEX):

Real IR singularities isolated/reorganized at the spin amplitude
level, while IR cancellations occur for probabilities (integrated

x-sections). Paradox???

Differences with older EEX/YFS? See next slide

EEX= Exclusive EXponentiation = variant of YFS expon.
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EEX < CEEX -4

e (p1, A1) + et (p2, A2) — fq1, \)) + flqa, Ny) +v(k1,01) + ... +v(kn,00n)

EEX/YES very schematically

00
0 — Z f dq)n-l—? €Y<m7)Dn(Q17 q2, kla =t kn)
n=0 m,

O(a!) Example:

Do = B0

D1(k1) = BoS(k1)

Do(k1, k) = BoS(k1)S(ka) + B1(k1)S(ks) + Bi1(k2)S (k1)
Real soft factors:

S(k) =3 |80 (K)[* = |5+ |* (k) + |s— (k)|
IR-finite building blocks:

Bo = >, |Mx|%, A = fermion helicities

Bl (k) _ ; ’M%\;PHOT 2 z ‘50(]43)‘2 Z)\: ’Jvt];orn|2

Everything in terms of Y _ |[...|? 111!

Spn
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EEX < CEEX -5

CEEX schematically

A0, S [ePUINDY (ke B

n,01,...,
)\,01,...,0n

O(a') Example:
M) = 3}, A=fermion helicities,
M3, (k1) = B350, (k1) + 07, (k1)
M3 o) o (ks k2) = B0y (k1)505 (k2) + B2 o) (E1)Sey (k2) + B2 0 (k2)50, (1)

IR-finite building blocks:
% — Born—+Virt.
By = (emPogom i )‘O(OA)’

Bf\,a(k) — M{\,a(k) o Baﬁo(k)

Everything in terms of M-spin-amplitudes !!!
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MC Implementation of CEEX -6

General structure of KJC MC (flowchart)

Phase Space

h.Sp. Low level
Monte Carlo

CEEX:0O(al)
CEEX:0(a9)
EEX:O(al)
EEX:0(a?)
EEX:0(a3)

Model dependent
Matrix element

Exit

e Universal Phase-space Monte Carlo simulator
e Library of several types of SM/QED matrix elements

e Tau decays and hadronization come after
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MC Implementation of CEEX

Comparison of /JCK MC with its predecessors

Feature

KORALB

KORALZ

ICKC 4.13

JCIC 2000+7?

QED type

O(w)

EEX

CEEX, EEX

CEEX, EEX

CEEX(ISR+FSR)

none

none

{o, o L; a212, a2L1}

{...a?Lt;a2L3}

EEX(ISR*FSR)

none

{o, oL, a2L2}

{a, L, a?L2, o¢3L3}

{...a?L?, a3L3}

ISR-FSR int.

O ()

O(w)

{a, oL} cppx

{a, L} cppx

Exact bremss.

17

1, 2coll. ~y

1, 2, 3coll. ~y

up to 3 7y

Electroweak

No Z-res.

DIZET 6.x

DIZET 6.x

New version?

Beam polar.

long+trans.

longit.

long+trans.

long+trans.

T polar.

long+trans.

longit.

long+trans.

long+trans.

Hadronization

JETSET

JETSET

PYTHIA

7 decay

TAUOLA

TAUOLA

TAUOLA

TAUOLA

Inclusive mode

No

Yes

Yes

Beamstrahlung

No

Yes

Yes

Beam spread

No

Yes

Yes

v v channel

No

Yes

ee channel

No

No

Yes

tt channel

No

No

yes?

W W channel

No

No

yes?
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Open Problems -8

Which problems CEEX does not solve?

CEEX provides better environment for
virtual correction, but we still need a real
breakthrough in the numerical treatment
of the virtual corrections comparable to
one which we made for real emissions.

Great progress done in the phase space
Integration and constructing real
photon emission amplitudes by

exploiting ~ 10° progress in the CPU
power over decade 1990/2000
(numerical outsorcing). Another 10° in
CPU will come. Let us put it to work for
the virtual corrections! But how?

Future:

1980-87 ph-space n = 1, 2, ...co photons (MonteCarlo)
1985-99 amplits. n = 2, 3, ...00 real phot. (WeylSpinors)
2000-15 amplits. n = 2, 3, ...00 loops!!! (??7?)
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Bhabha Problem -9

‘Notorious Bhabha’: Problems & Requirements

e Going beyond O(a') mandatory, precision < 0.5%.

Hence, up to four particles in the final state, and two loop virtual corrections.
e Monte Carlo is mandatory: Why?

1. 4-body final states,

2. nontrivial experimental cuts,

3. calorimetric measurements of electrons and photons.

e Exponentiation is mandatory: Why?

1. To have realistic MC multi-photons, as in experiment.

2. To avoid | negative x-sections |. In O((xl) the minimum real photon

energy kg cannot be small enough because MC weight (diff. xsect.)
becomes negative, (events with O-real and 1-virtual photon). Moreover
keeping ko > 0.005 causes technical error ~ 0.5%. Going to O((XQ)
without expon. does not help. Weights < O (diff. xsect. < 0) still there,
now for events with 1-real and 1-virtual photon. (Surprise to some people
during 1990 LEP workshop).

. Construction of complete (9(042) MC will take time, it is desirable to split

itinto| stages | If exponentiation adopted then one deals with the

IR-finite building-blocks, it is therefore possible to have an intermediate
working solution with the incomplete O(on), for example without
sub-sub-leading terms, or without difficult virtual corrections, before
available.

. Solutions based on the leading-logs (LL) combined with O(ozl) are

plagued with the problem of the | LL-scale | Within LL there is no way to

say whether one use s or t-scale in the LL QED correction. In reality
transition from s to ¢ scale occur smoothly when going from sto ¢
angles. LL ignores this fact. Another problem: the LL scale is not defined

for v — Z interference where Z is s-channel | resonance |and gamma

is t-channel exchange.
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Bhabha Problem -10

CEEX looks like the “Light in the tunnel™!

Why? The phase space integration of 2 and more photons, done
routinely since long, without any approximation as in BHLUMI
and KORALZ and KKMC. The only problem is with matrix
element, and here an important progress: CEEX has many

features needed to solve the O(a*) Bhabha problem:
1. No problem with 2-photon 4-body phase space.
2. No problem with negative cross sections.

3. No problems with the LL scale. Controlled automatically by
the constructive/destructive interferences. Smooth

transition between s to t-scales, when going to small angles.

. No problem with Z resonance and its interference with the

rest, [' /M cancellations under control.

. No problem with dividing development of the project into
stages. All virtual corrections enter as IR-free objects, can
be added one by one as soon as they are available.

(Penta-boxes etc., 2-loop boxes etc.)

. Exact 2y emission amplitudes using spinor methods.

. Electroweak O(a’) corrs. enter consistently/naturally.

. Beam polarizations implemented trivially.
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Bhabha Problem -11

Various past efforts:

BABAMC: True O (') Monte Carlo event generator. (Double
tag. All angles.) Authors were doing enormous effort (see paper)

to fight the so called ky problem (lack of exponentiation).

ALIBABA: MC integrator, no event simulation. O(a') combined
with LL. (Double tag. All angles.) Problem with LL scale. Certain
heuristic choice was done to deal with it, but it was never fully

satisfactory nor justified.

BHLUMI: True MC event simulation. Itis full O(a') + O(a®)LL,
O(a?)1L, Restricted to small , therefore no problem with LL

scale. Extension to large angles practically impossible.

BHWIDE: True MC event simulation. Full O(a') with YFS
exponentiation. Exponentiation method strongly limited to

O(at).

BHAGEN of Bologna: Hybrid MC event generator, By now
complete O(ozl) + LL, problems with technical precision.
Upgrade to full second order declared impossible. In particular

problems with 2-photon phase space.

SABSPV of Pavia: Hybrid MC event generator, It relies too
strongly on LL Structure functions Probably will be never able to
include true second order NLL. Problem with LL scale. Problems

with 2-photon phase space.
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KS-GPS Technique II-1

Kleiss-Stirling spinors

Any MASSLESS spinors is transformed out of two

basic constant spinors 14 (¢), (% = 0: |uy(p) = \/21]?—( pu_x(Q) |

where | 14 (¢) =yfu—(¢), n° = —1, (n¢) = 0.
qux(C) = 0,wrux(C) = ux(¢ ) AMO)UA(C) =dwa,
pux(p) = 0,wrux(p) = ux(p), ur(p)ia(p) =pln, and wy = 5(1 + \ys).

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

spin projection )\/2 are defined in terms of massless spinors:
u(p, A) = ux(pe) + gzu-a(C) |and| v(p, A) = u_x(p¢) — 7z
where p;c = p; = p; — ¢ m; /(2(p;).

We exploit very often the standard completeness relations:

154— m = ZA u(p, )\)’L_L(p, )‘)7 ]5 —m = ZA fU(p, )‘>@(p7 )‘)
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KS-GPS Technique 1I-2

Toolbox for Kleiss-Stirling spinors

The inner product of the two massless spinors is defined as follows:

5+(p1,p2) = Ut (p1)u—(p2), s-—(p1,p2) = u—(p1)us(p2) = —(5+(p1,p2))".

In any reference frame it can be evaluated using the Kleiss-Stirling expression:
s+(pyq) =2 (2p0) 2 (2¢0) ™2 [($)(gn) — (pn)(4€) — i€uwpoCHn” pPq7]
For example, if in LAB frame ( = (1 ,0,0)andn = (0,0, 1, 0), then in this frame:
s+(p,q) = —(¢°+ig®)/(0° — p1) /(¢° — ¢ +(0° +ip®)/(¢° — ¢V)/(p° — pY).

The inner product of the two massive spinors is:
ﬂ(pl >\1 (p27>\2) :S(plamh)‘17p27m27>\2)a

) =S
)=1S
) =

(p17 may, >‘17p27 —msz2, _>‘2)7
where
(p17 —ma, _)\1,]92, ma, >\2)7

D2, A2

S(p17 —ma, _>\17p27 —ma, _>\2)7

S(p1,m1, A1, P2, M2, A2) = Oxy,—xgSx; (P1¢sP2¢) + a2y (ml

and p;¢c = pi =pi —( m%/(QCPi)
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KS-GPS Technique 11-3

Why do we need GPS?

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

Elegant definition of spin state and scattering matrix element

p,n >=T(L({P))|p,n >, Mpm =< f|S|i >=< ¢, m|S|p,n >

Simple transformation under rotation using Wigner ‘D ®-matrices

T(R) |p,n>=3, |p,n' > D%, (R)

Well defined (so called) Wigner-Wick rotation

Mnm = Zm’,n/ Mn’m’DZ/n(RF/)j)S:m’m(R?/)

where R is rotation reflecting directly the change of the quantization axes (in rest
frame of the massive particle) or is “generated” by the general Lorentz transformation,
as in the paper of Wick (Ann. Phys. 18 (1962) 65) for the Jacob-Wick helicity states.

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

WHY BOTHER? For unstable fermions like 7 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 1I-4

GPS — preliminaria

The necessary condition for validity of the usual Wigner-Jacob-Wick
technology (including standard Clebsch-Gordan coefficients etc.) is the
textbook phase relation:

(Jo £idy)|m >=[(s Fm)(s £m+ 1)]Y2| £m >

(National Bureau of Standards 1951)

equivalent to a condition with the prosaic rotation by +7 around y-axis

exp(—3 im Jy)|+ >=|— >, |inour s = 1/2 case.

Take Weyl representation. Let us define Primary Reference Frame PRF where
¢ =(1,0,0,—1)and n = (0,1,0,0), (in general PRF£LAB). If the massive
fermion is at rest in the PRF then for KS spinors u(p, +) and v(p, £) the
above phase relation is fulfilled, i.e., spin is quantized using z-axis; the x and
Yy axes are correctly positioned!

In the general case of the fermion in flight the GPS rule will tell us where the
guantization 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 1I-5

GPS stands for Global Positioning of Spin

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

defined with KS method for Weyl representation are the following:

—

e In the rest frame of the fermion, take the z-axis along —(.

e Place the x-axis in the plane defined by the z-axis from the previous point

and the vector 17, in the same half-plane as 1.
e With the y-axis, complete the right-handed system of coordinates.

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 14 ((), up to a real constant,

are the same (have the same components) as in PRF.
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KS-GPS Technique 11-6

GPS at work: polarized 7 decay

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

including u(p, s) @(p, s) = 5(1 + s #) (¥ + m), we obtain (def. polarimeter vector h):
dIP°" (s) = dIUP (gy...q) (14 s-h(g1...qn)), |where b - p = 0.

class.

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

Remembering the textbook definition of spin density matrix we can write:

AT (s) = > pp=t1/2 PuaNuNid®Pacc. |where pis the spin density matrix.

HOW TO RELATE NM AND hu IN THE TWO CALCULATION METHODS?

Seems easy: from textbook relation p = "> _ " 5" where § = (1, 5) we get:

APl (s) — g0 [JZQNMNE] AB gee. = §had™™P°" and therefore we IDENTIFY:

hae = (1, 1(q1..00)) = 3 Ua‘NpN;/(Zp NpN;) where o are Pauli

pp PP

matrices. All the above was in the 7 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-standard analog of Clebsch-Gordan coeffi cients, because the phase relation (Jm + in) | - >= |—|— > holds for our spin

states only in the GPS frame (note that Pauli o’s in p = Zi_o O'k .§k are here just Clebsch-Gordan coeffi cients for Dl/2 X Dl/2 ).
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KS-GPS Technique 11-7

GPS at work: Wigner/Wick rotation

For the 7 production and decay process
e (p1, A1) + €T (p2, A2) = 7 (1, ) + 7T (g2, p2), T — X
following the same lines, we may write the spin amplitudes:

M>\1 Ao — ZMMQ MM A2 1 p2 Nul N:LQ

and the polarized differential cross-section:

o o * / /% /
do = Z _p>\1>\1:0>\25\2M>\1>\2M1M2 X1X2g1g2d®pr0d- NulNﬁldq)TNugNﬂg dd’
Foi g Ag Ag

In terms of beam polarizations S and decay polarimeter vectors h we have:

do =3, .58 RS doP™° h.dl

unpol. unpol.

h!, dT” where

unpol.

* o oa

A Aofiqjtg  H1H1 ~ H2H2
_ 2

Zuiﬁi,\ixi My Ao g |

_ a b
Rcd . Zuiﬁﬁ\i)\i U>\1>\10>\2/\2M>\1>\2M1H2M
ab —

The above Wigner-Jacob-Wick spin technology is used in KORALB MC.
If the production amplitudes M, x, .., -, 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! Consequently, we need Wigner/Wick rotations. Why? See next slide.
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KS-GPS Technique 11-8

GPS at work: Wigner/Wick rotation

For e* beams we know polarization vectors 5+ in certain well defined rest frames

BRF 1 of the e+t (from the machine people). In other words, we know precisely the

Lorentz transformations LERF: BRF+ — LAB | On the other hand, from GPS

rules, we know transformations L;}PS: GPS(ei) —— LAB |. If we use KS spinors

for the scattering spin amplitudes, then we have to apply the Wigner/Wick rotation
RY = LGPS(LBRY)~1 | ie. rotate 54 from BRF. to GPS(eT). (In practice

this is a rotation around the beam axis).
+

For 7= we avoid explicit Wigner/Wick rotation, if the decays of polarized 7’s are
done (simulated in MC) precisely in GPS(Ti) 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 Rg‘g 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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KS-GPS Technique 11-9

Numerical test of GPS

L T s
£1111% £11-11% £11 1-1%
1% £ 1-1-1 1% £ 1-1 1-13
1% i-1 1-1 1% £-1 1 1-13
1% i-1-1-1 1% £-1-1 1-13
L00000] . LO00000 +000000] C
—-,d454758] 0 —,696227  —,001005] C
L0000 4547581 [ -,280666 0010051 [ —,696227 ,001005] L0000 —,454753]
LO00Q00 0000007 [ L0000 0000007 [ L0000 0000007 [ LO00000 0000001
QO0A0A00A0A0A0AGAGAOOACANACIGANAA0ACA0AOACONA0ACA0AGAO0ACAOACACAGAOOACANAGIOANAAOACA0AOM0

spin amplitudes +++++++tttrttttttrttttrttbbbttt

13
3
3
3

1 1-
-1-1-
1-1-
-1-1-

£1-11

i-111

-1-11
L0000
L0000

000000
—.280666

LO000007 [
=.0010057 [

00000
00000

0000007
4547531

BEEEER SRR R R R R Ronabrix GPS From SRS sn i e s e e e R
C 1.,000000 0000007 O 000000 0000001 O 000000 0000001 [ 000000, 000000]
C 000000 0000007 [ -,023328 0000001 O ,000855 0000001 [ 001871 ,000000]
C 000000 0000007 O -,000855 0000001 O ,823254 0000001 [ -,386811  ,000000]
C 000000 0000007 C 001871 0000001 O ,386811 0000001 [ —,153408 0000001
S S R S R R
LI000001 [ 020000 0000007
L000001 [ -,375031 0000007
L000001 [ 000000 0000007
LO000001 [ -,824406 0000007

HEHHSHAHAFH AR H A SR AR R RS Bmatrix Jackick
1.000000 0000007 [ L000000 0000007 [ L0000
L000000 0000007 L L9901z 0000007 000000
L000000 0000007 L L000000 0000007 L L023418
L0000, 0000007 ¢ LEFO031 0000007 [ L0000

R analytical

1, 000000000000 ]
00000000000 ]
L0000A0D0000]
L0000A0D0000]

L00000000000]
L00000000000]
L00000000000]
000000000 ]

costthetal.sin{thetal=
1., 777000000000

anfin-zgrtizi=

LO00000000000 ]
L1990122283574]
LO00Q00000000]
L375031393933]

LO000000O00O000 ]
LO000000O00000 ]
0234183535871
LO000000000G0 ]

R Difference
LQ00DAG0O00A00]
LQ00DAG0O00A00]
LQ00DAG0O00A00]
LO00DAG0O00A00]
—.88468027 11459

LO000000O00O000 ]
LO000000O00O000 ]
LO000000O00O000 ]
LO000000O00000 ]

.466193260229
4, 000200000000

L0000Q000000]
- 3780313939351
L20000A000000]
-.824406125213]

L0000C000000]
L0000C000000]
L0000C000000]
L0000A0A0000]

Numerical illustration of Wigner-Wick rotation for one 7-pair production event at

Vs =4GeV, m, = 1.777 GeV, cos 0 = —0.884680271149. In the upper

prod

S. Jadach

part we print the complex spin amplitudes M with the numbering

AL AQpq p2]
style {\1 A2 1 o } from KS spinors. Then, we show the ROO, c,d =0...3,
correlation matrix as calculated in the GPS frame, and after a (double) Wigner-Wick
rotation to JW2 7 rest frames. The result marked “analytical” is obtained
analytically (Jadach Was 1984) also in the JW2 frames. The difference of the two, in

the JW2 frame, is zero.

February 16-th, 2000



KS-GPS Technique 1I-10

Appendix A: Wigner-Wick rotations, collection of formulae

STATES in Hilbert space transform under rotation as follows:
o o 1/2 o 1 2 T o
P >p= 3 P > DUA(R), <pouly =3, DR <p |
Consequently, SPIN AMPLITUDES transform under four dlfferent ngner rotations:
_ 1/2 1/2 1/2T ANPL/21/ pf
Mxixopipe = ZMM’ M)\/ M1M’2® (RZ )D (R2)® (R )DMQMIQ <R2)7
Final an initial state spin DENSITY MATRICES transform by Wigner rotatlon in the same way:
o 1/2 1 1/2
(p.U'IU')R - Z/,L/,ﬂ,/ D'u'u,’ (R) p,u' :u'/ D_’_(R)

The above transformation induces through s = Tr(pak) the ordinary rotation

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

contravariant vector:

k 3 ko Kk
(S )R:Zklle k'S
On the other hand the h, POLARIMETER VECTOR (also related to spin amplitudes with

Pauli matrices) transforms with transposed rotation matrix, e.g. as a covariant vector:

(hG)R — 23/21 ha’Ra a

a

Finally the full spin CORRELATION TENSOR transforms as follows:
3 . / . /
(Ret)r = Soryerarms Rty (RD™, (R5)", (R])°. (R))?,
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KS-GPS Technique II-11

GPS Appendix B: Born Spin Amplitudes, definition

e (Pa) f(pe)

e (pv) f(pa)

B (05 X) =
/I_J(pba Ab)’yMGe,Bu(paa >\a) a(pca AC)VMGf,BU(pda )\d)
X2 - Mp*+il'pX2/Mp

1 . 1
S(LFAs)gR " G =) S+ As)er”,

Y

2 2

A==
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KS-GPS Technique 1I-12

GPS Appendix C: Born Spin Amplitudes in terms of KS spinors

e” (Pa) f(pe)

et (pv) f(pa)

Pa Pb PcPd. X): i€2 Z ,l_)(plh )\b)fque,Bu(pa, )\a) /L_L(pc, )\c)/ylqu’B'U(pd, )\d)

AaXbreAa’ X2 - Mp?+iT'pX2/Mp
B=~,Z

B _f,B ,B _f,B
2 : 5>\a7_kb |: gia g{)\a T>\c>\a T>/‘b>\d —|_ gia g;\ca Ué\cAb U>\a>\di|

X2—MBQ—|—iFBX2/MB ’
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Conclusions for Part Il

e Our primary aim is to use KS spinors for multiple

bremsstrahlung spin amplitudes, for massive fermions.

e Additional important aims is to handle (Wigner rotations)
efficiently and without any approximations, the full spin

polarization vectors (= dens. matr.) for any fermion

— very important for interfacing MC simulation of production

and decay of unstable fermions like 7 and top quark.

e With the GPS upgrade of the KS technique we are fully armed
to implement completely the above ambitious scenario!
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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(a)

CEEX"

Full scale:, O(@") cgex, 7 = 1, 2.

Spin structure, connection to decays of final fermion.

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

CPU time considerations and photon spin randomization.

Appendix on first and second order (3’s.
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Photon polarization vector

For a circularly polarized photon with four-momentum & and helicity c = +1 we

adopt the choice of Kleiss-Stirling and/or Beijing group:

10 (7" 0s(B) iy e
Fa ey G00)

U (k) v s ()
V2 iy (k)us(¢)

(e5(k, 0))" =

where (3 is an arbitrary light-like four-vector 52 = 0 (axial gauge).

The second choice with 11, (k, () seem to be ours (not exploited by KS).
Using the Chisholm identity:

tio ()t (B) 77 = 20, (8) i () + 2u_ (k) i
tio ()t (€) 7% = 20 (€) 11 () — 2u_ (k)

we get useful equivalent expressions:
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Building blocks for bremsstrahlung amplitudes: U and V matrices.

Basic building blocks in our calculation of the bremsstrahlung
amplitudes are:

e(k) e(k)

U [1;1152;\22} = U3, (kyp1,m1, pa,ma) = t(p1, A1) ¢, (k) u(pa, A2),
4 [];1151))\2} = Vfl,AQ(kapl,mpr,mQ) = 0(p1, A1) &= (k) v(p2, \2).

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

S. Jadach
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U and V transition matrices, programmable formulas

In the case of ¢, (k, ) the transition matrices are rather simple:

2
/ 2C§pk2 Sy (k, Pl)

U (k p17”1/17p27m2
/2 /2 /2
mo QEP; mi 2<:pi 2%1;{1 S_|_ ]C pQ

Us,a ,(kyp1,ma, p2, ma) = [U;\; (K, p27m2,p1,m1)} :

Vx\l,Ag(kvplvmlvp2am2) — U—Al,—AQ(kapla —mzi, p2, —m2)-
The above expressions is optimized for fast numerical evaluation.

The following general case, with €, (k, 3), looks a little bit more complicated:

\/5 X
s—(k, B)

A~ ~ k A~ A~
3+(p17 k))S (Bap2) + mlm2\/ 22<Cp61 224Cp2 1\/ QQCCpﬁl S—I—(kap2) + m2\/ %S—I—(pla k)]

ml\/ 2 S (B p2> +m2\/ S (pl /8) S_(ﬁ1,5)8+(k,ﬁ2) + mimsa 22CCp61 22<Cpk2

NB. They are not M -matrices of KS, but rather products of them.

U+(k7p17m17p2>m2> —
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Diagonality property of U and V

For p1 = py = p the matrices U and V' become diagonal:

U [];\1?;\2} =V [];\1?)9\2} — bg(k7p) 5>\1>\27

_ g (k) P 1us(C) 2Cp .
bokop) = V2 0~ V2 \ ek )

In a more general case of €(k, ) diagonality also holds:

V2
s_o(k, )

m2

2Cp

by (k. ) — 250) <2<k>)

(Sa(ﬁ,ﬁ)sa(ﬁ, k) +

Thanks to the above diagonality we easily obtain/explore the soft limit
of the multi-photon amplitudes.
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ISR First order real 1-photon

ISR (Pa Py kq
Ml ()\a ApO1

e Separate parts containing » = m and /1, (IR and finite)
e Apply completeness relation for » + m and k1,
e Express bispinor components in terms of U and V' matrices.

e Use diagonality property.

S. Jadach February 16-th, 2000
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ISR in terms of U and V matrices; separation of IR

Using compact notation [§] = [§2 8288 | = [fb8e |

MISR (pa Pb PaPd k1> MISR (p kl) —

Aag AbAcA\pO1

6@6 Z% Pbpa ed [’pa/ﬂpa o 6@6 ZV pblﬁpb

— lepa Abp P o1 lepb >\b01,0

iy Z%f;z';u U + g Y VIS
1Pa P

AO1

2k1pyp

Now we may exploit diagonality of U and V in IR parts, see next slide —

S. Jadach February 16-th, 2000
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Real 1-y ISR summary

IR and non-IR clearly separated:

AO1

MGs) = b o =B+ ()
b 1

S =y = (@) ()
Spy = Soy (k1) =81 + 57,

(a) _ bo (k,pa) (b) bo (k,py)
5[] = eQe -—Qkﬁ;a = eQe 2k1;? ’

) = i oy B el B

2k1pb

e 5, VRIS

>\bo-10'1 0'1

Introduce super-compact notation:

(if) =2k; -ps, f =a,b,c,d,

[I;J = [pbpapcpd] — [pbpa

= — pcpd
ApAaAergd = Abxa}kd]——[hﬂ[xcxd] [bacd]

and summation understood over primed (spin) indices.

An get super-compact expression:

1 k e
rt(58) = <85 Bwea)Unra) + 555 Vie111B 117 alea) }

This notation will be useful for 2 and more photons.
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Real 1-y FSR summary

IR and non-IR clearly separated:

Using super-compact notation:

5[0} = 410} NEIRe

Spy =1 (k1) =87 + 87,
by (k,pe bo (K,

<>_6Q ballune) (D) _ o) ballion

2k1pc —2k1pg ’

0 k eQ ¢ eQ ¢
r (861) = T Uier1nBpalnra) + —rra; Bivajer] Vivria §
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First order, one virtual photon

a C a & a
Y ¥
v, Z v, 4
b d b d b

MY (5 X) = B3 X)[1+ QZFi(s,ms) + QFFi(s,my)] + Muox (§; X),

d

F is the electric formfactor regularized with ™m~, keep exact final fermion mass.

We omit F5, this is justified for light final fermions. To be restored later on.

Spin amplitudes for ~y-y and ~y-Z boxes are:
MBOX (];\7 X) -

e,B faB / e,B f,B /
_ X2 _Mp2+iTgX2/Mp Aas=ApYAe,—Ag

B=~,2Z
« 2 2
X ;Qle [5>\a,>\c fBDp(MB, M~, S, t, u) — Ox,,— Ao fBDp(MB, M~, S, U, t)} ,
where ]Vf% = ]Vf% —tMzI' 2, N[g = mi and function fgpp is defined in Brown, Decker and Paschos

(1984); Mandelstam variables s, t and u defined as usual.
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Warm up example: resonant CEEX, zero-th order O(Ozo

)CEEX

(0)_ L [ drat2(pe, pa, k1, - kn) 30 |M$Z~)(pk1kz kn)‘2

AO102 On
n= 0 >\O'J

M(O)(ﬁﬁiﬁg f;;;)_ aBj (pa,---Pd) Z p %(Av ) ﬁ [{jp
pEP i=1

Notation: (§) = (];Z R ii), Sca = (Pe + pa)®, dryn = Lorentz inv. phase space.
e The coherent sum is taken over set of 2" partitions: P = { (0,0,0,...,0),
(1,0,0,...,0),(0,1,0,...,0),(1,1,0,...,0),... (1,1,1,...,1)}.
e In single partition © = (©1,.. ., Pis-- -, Pn), i = 1,0 for ISR, FSR
so that X@ = Dg + Pb — Z?Zl ©;k; = the 4-mom. in resonance propagator.

5[{;]‘)} = j{w}(ki) - €, |are IR-div. real-photon soft-factors with ISR/FSR

. eQe 5 elde g
currents: 5, (ki) = — e (Ba_ _ Zpb) 3ty (ki) = Qe (P

i1Pa i1Pc

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

o B} (pa, ...,pd) iIs IR virtual form-factor with the resonance part, see next slide.

S. Jadach February 16-th, 2000



CEEX Amplitudes

Virtual Formfactor

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

C

4 ; 2
where B4(pa, ..., pd) = | k2_cin§—|—ie 2n)3 }JI(]C) — Jp(k)| :

2p’ +kH

Jr = eQe(Ja(k) — Jo(k)), Jr = eQy(Jo(k) — Ja(k)), JH(k) = W o T

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

B4 — BZ : [Notation: M2 = M% — 1M1

2 2
Jr — Jr|* = |Jr(k)|? + |Tr (k)2 — 2R(J1 (k) - Jp(k)) - Latee) M

(Pa+pp—k)2+M?2"

Only diagrams with Z propagator are concerned:

11-12
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CEEX Amplitudes 1I-13

Limit (1): no resonances at all

3 PO B3 ) T sl = e P8 P) T (6 + o))

pEP Sed =1

n

1

because Z H 5{@1 = . { }) . [P = pq + pp.for example]
pEP 1= =1

Nevertheless it is good to keep sum over partition even for the non-resonant case! (Better LL summations).

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

Limit (2): very narrow resonance

PP =T T e i B (] X ) B (R:X)’
pEPp'cP .

:>€2a§RBg(pa,pb) 2aRBo(pe,pg) Z ‘%( ) H |5{@z
peP

Neglect of ISR*FSR interferences implies that terms p ;é @ drop out.

This approximation as used in KORALZ/YFS3 for LEP1.

At LEP2 it cannot be justified any more.
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11-14

Full Scale CEEX O(a”

) master formula

Polarized total x-section:

(7“) _Z o /d'rn(pa—l—pb,pc,pd,kl,...

r ki1 k
o) [ (3hik2

2R By Z Z

0'7/,>\ >\ 27J7l7m 0

kn\ 17 1 m _ plpm
XA Txgagbelle

o

CEEX amplitudes:

m) Rk {

gﬁ(Q) (p k1

Ao-looo

(§3X@)+Z

j=1

(2)
2{@] @l}
5{@_]} {@l}
[ T

2.

1<j<I<n

For details see next slides.

S. Jadach
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SPIN STRUCTURE

(T)_Z /drn(paerb,pc,pd,kl,--- 2%342 Z

O-Z’>\ A Z)Jal)m 0

*
Al AJ _ ‘ (r) (pk1ks (7’) P k1 ko kn l m 2

e 0" fork = 1,2, 3 are Pauli matrices and 09\ by = 0, IS unit matrix.

o 29,25 a,b=1,2,3 are the components of the conventional spin polarization

+ +

vectors of the beam e— and ég = 1 in e™ rest frame [€; - pi = Mme].

° hghj‘f are polarimeter vectors of outgoing fermions. They carry spin information

to final fermion decay processes [Notation: BZ- - pi = my].

e £ and ﬁ? are defined in the so called GPS frames of the

corresponding fermions. (Important for the use of Pauli matrices!)
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peEP 1=

(1) (pk {pi} (1)
M (5 k)= 5 ITslf { g

o (3 %) = B X) (L +6y),,) + Riox (§; X)
Biy (i X) = r (o35 X)

811y (15 X) = ' (22.6) + (EE2EE - 1) (K

(pe+pg)?

The most important: 3’s are IR-finite!

Formal definition (omitting inessential arguments/indices) Of B'S are :

P = ) g,

1 1 1 w
g{)w} (U ) - g{)w} (0' ) (()) i{j]}

Complications due to Z resonance see next slide.
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Complication due to resonance

a

Z
In amplitude part proportional to resonant propagator 4 we replace:

By = B} = Br(pa,pb) + Br(pe, pv) + Bl (Day Dby Pes Dby X )

Xo—k)2+M2"

Jd'k | Jr = Jr? = [dk [J1(B)|? + |Jr(k)|? — 2R(J1 (k) - Jr (k)7
[Notation: M? = M3z — iMT]

Consequently:

= (i)

, . , r, .
‘O(al) induces additional subtraction of order In M, N RBox.

The overall virtual formfactor in the master formula gains partition dependence in the

S. Jadach February 16-th, 2000
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}H( O(0”) Betfvs
PP PP PO R
HOOOODL e

O @)= (3:P), 1=0,1,2,

iy (RE P — k) =miT) (Re P —ka) = 87 Rs P — k) s8P (k) 1= 0,1,
oy (RediP) = o (Refs P) = 57 Qi P)sol ko), 1= 0.1,

52 (pkl kQ-Xw> PG (p’fl’fz-xw)

2{wy,wa} \Ao1o2’ 2{wqi,wo} \No1092’

(1) k1. w (1) ko | w ) /p. .
_Bl{wl} (igi,XUJ) 5322}<k2)_61{w2} (I;Ug’Xw) 5311}(1{:1)_ 0 (i’Xw)ﬁill}(kl)
(1)

{WQ}(kQ

g2
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O(a?) Shopping list

CEEX

RO=9=N
2420
KR XK.

d

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.
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Traditional real photon regulator.

Optionally, the traditional IR-cut KO > 8\/5/2 on real 7’s can be introduced.

Phase space integral m- < K° < 8? done analiticaly (rigorously) = e2abBa factor,

where: Bi(pa, ..., pa) = Q2 B2(pa, py) + Q7 B2(pe, pa)
+ QeQ¢B2(pa,pe) + QeQ s B2(pv, pa) — QeQfB2(pa,pa) — QeQ s Ba(py, pe),

2

~ o 3 _1

B2 (p, q) = J dkok (87r2) (k%a - k:iq> '
kO <ey/s5/2

New Master Formula:

~ 3

n=0 AN 6d,1,m=0
k?>a\/_/2 o

*
Al AJ (r) (pkik2 (r) (pk1k2 kn L
EE TN T, T (R85 k) [ (ks k) | ke

The resonant part (if present) is multiplied by 620‘53 (Pa,Pb,Pespd; X )
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IR-cancellations

e |R-cancellations in case of traditional energy-cut regulator is manifest.

e In original master formula with 1., regulator one may check IR-finiteness with

by analytical partial differentiation with respect to the photon mass:
80(7“)/8777,7 — (. (G. Burgers (1989) unpublished).

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

transform.

NB. Version with 1., regulator is perfectly implementable in the M.C.

S. Jadach February 16-th, 2000



CEEX Amplitudes 111-22

CPU considerations: photon spin randomization

g

The single spin amplitude 91;, * contains already 2" (n + 1) terms

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

274444 = 2716 termsil Altogether we expectup to | N ~ n227 116 | operations

in the CPU time expensive complex (16bytes) arithmetics. Typically in
e~et — T the average photon multiplicity with £° > 1M eV is about 3,

corresponding to N ~ 107 terms. In a sample of 10* MC events there will be a

a

couple events with n = 10 and N = 10' terms. Partial solutions: £ 0%

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 0;,7 = 1, ..., n we generate randomly one spin sequence of (01, s Un)
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), ht t p: / / wwcn. cer n/ ~j adach.
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APPENDIX A: More on O(at),,,.. virtual's

CEEX

The IR-finite 6%)% reads explicitly:

5%/'17;)7’15(5) — QgFl (s,my) + Q?”Fl (8,my) — anBQ(Sa My) — Q?QBQ(& Moy ).

The Rpox is effectively obtained from M pox by:
fBDP(Mén M-, S, ta U) - fBDP(M%7 M-, S, t? U’) - fIR(m’ya tv ’U,), where

fir(may,t,u) = 2B (moy, ) — 2By (moy,u) = In (L) In (22) + 1 1n (L),

Viu

u
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R

5 éklkz NC) pilkz gL (ph1) {1}2 <1>b ) {1} 5<o>(% {1} {1}
2{11} >\0102 2{11} >\0102 1{1} >\01 1{1} >\02 0 2]

_ (cO.) { wa'1[cd]Ula’1277] — sB[bl/][cd] U[1/12//] — B p2/][cd] U[2/12//] _U[Q/’Qa]

° —(1a) — (2a) + (12) —(2a)
V[b11”] _‘/[1”2b’]%[b/a][cd] + ‘/[1/’21’]53[1/a][cd] + ‘/[1//22/]%[2’a][cd]
—(1b) —(1b) — (2b) + (12)

Vip111 B —Ula/24] (1o 2)}
15
—(1b) [1 2 ][Cd] (2 )
—Bp1eaiUnn’1a] = B2/ eaiVi2/1a] (a) . _(6) V221 B2 al[cd] T Vib21/1B 17 4] cd]
S +s5
—(1a) — (2a) + (12) I —(1a) — (2a) + (12)
U / Viei17

b 2" 2a bll

B P .0 BT CLEG
—(2a) —(1d)

+€Qe{

% [C(l] (a) —|— (1 — 2)}

+(5<a> (a) (12) 55l —(12) >% v,

*12 (Ta) + (2a) — (i2) 21 (1) + (20) + (12)

boq (KisPa o1 (Ki, a
NOTATION :5?5?) = —eQ. 1( p ) (b) — te QeM, {1} — 5(. ) + 5(5)
g 2kipq 2kipy 7]

(ta) = k; - pa, (ib) = ki - pp- ImpI|C|t sums over primed indices!
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Conclusions for Part lll

e First and second order CEEX is explicitly formulated

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

e Full treatment of spin, for beams and decaying final fermions
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CEEX Numerical Results V-1

Outline of Part IV

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

2. Basic test of physical precision

ISRQFSR interf. in 04, and App
. How big is ISR®QFSR interference in ost, App?

. Do we know ISR®FSR at O(al)?

. Do we know ISR®FSR beyond O(at)?

. How sensitive ISRXFSR is to cut-off changes?

. Answers from /C/C MC.

e Absolute predictions for o, Arp
1. Comparisons with KORALZ, K Csem and Zfitter

2. More tests of precision

® Summary

THE PROBLEM: SM predictions for o¢,; and Aprp for

e et — ff are needed at the end of LEP2 with the
precision 0.2 — 0.5%. CAN WE DELIVER?

For example the ISR®FSR interference is already ~ 2%.
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General structure of IC/C MC

Phase Space

h.Sp. Low level
Monte Carlo

CEEX:0O(al)
CEEX:0O(a9)
EEX:O(al)
EEX:O(a?)
EEX:O(a3)

Model dependent
Matrix element

Exit

e The program fore e — ff is divided into two

distinct parts/levels

e The tau decays and hadronization come after
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Technical precision V-3

Baseline test of the Low level MC

Matrix Element|? = Born x Product of soft factors
005 ¢

em

EEX0 — Sem.An.Best

—.005 ¢

.00 7D

1—s’ . /s
OSem. = PR dv of s(1 —u)(1 —w e
som. = [ orn 51 = )1 =) £

a 2 _ 201 _
ei’Ye—FF(%—FT) ,Ye,U’Ye—l 1 — Ye 11’1(1 U) . gll’l (1 U) _|_0 ')’3
4 s 2
o 2 _
ed Vf—27f ln(l—u)+;(%+T)7fu7f—1|:1 _f ln(i u)i|

e Cf

C(1+vy)

1 1

Techn.Error=|[MC—Sem.Anl.| < 2-10~*

S. Jadach February 16-th, 2000



Physical Precision V-4

PP = neglected higher orders and subleadings

Our basic estimate: PP = %{O(&Z)CEEX —(’)(Ozl)CEEX }

IKCIC MC results forete™ — utpu~ at 189GeV
Photon Energy Cut: v = 1 — 5’ /s < Upax; 8 =m

Angular Cut: |cosf| < 1

—— IFION | : AY —— mrron
—— IFIOFF | : —— IFI OFF

A
%

r VUmax 1 [
eStrong(}utl]l\JOCut_} _0.0040’.(:.5Fr9.r1.g.qu.t ........ I

0.25 0.50 0.75 1.00 . 0.50

The above result imply for Physical Precision:
9. <0.2%,  §App < 0.1%,
even including radiative-return on-shell Z.

This is confirmed by more tests, see later.
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Physical Precision at 500GeV

JCIKC MC results for ete™ — ptu™ at 500GeV
Photon Energy Cut: v = 1 — 8’ /s < Upax; 8 =m
Angular Cut: |cosf| < 1

2_
ff

4 Ag}B) -~ IFION |
' —— IFIOFF -

_

FB

[ — Strong Cﬂut '1 "t [ « Strong Qut Un}ax No Cut — ]

.25 5 . . .25 .00 75 1.00

The above result imply for Physical Precision at
LC energies:
0. <0.4%, 6Arp < 0.2%,

including radiative-return on-shell Z.
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Initial ®Final State Interference v-6

O(a') ISRQFSR from KORALZ

KORALZ is the best reference and
starting point for the ISRXFSR

Angular distributions from KORALZ, pure O(al) (without
exponentiation), were verified very precisely ~ 0.01%
using special analytical calculation,

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

O(at) KORALZ §'/s > 0.9

do
dcosf

- O(a') KORALZ 5'/s > 0.9
E ISR*FSR ON
- —— ISR*FSR OFF

Results above are foreTe™ — pT ™ at /5=189GeV.
The energy cutis on s’ /s, where s" = m?cf.

The angular cutis | cos 0| < cos O ax.

Scattering angle is 6 = 0°,

defined in Phys. Rev. D41, 1425 (1990)
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Initial ®Final State Interference v-7

Cut-off Dependence

JCKC MC results for eTe™ — p ™ at 189GeV
Photon Energy Cutis on s’ = m?f

Angular Cut is | cos 0| < coS 0 pax

Angle & = 6® defined in Phys.Rev.D41,1425 (1990)

i T T T T T T L N LA A S o 0 N A
[ KK MC 1999, S.Jadach, Z. Weas, B.F.L. Ward 03 KK MC 1999, S Jadach, Z. Weas, BF.L. Ward

J1nt

O(at)cpex, §'/s > 0.1
ISR*FSR ON
ISR*FSR OFF

cosf

(L A B H A) v v v
[ KK MC 1999, S.Jadach, Z. Weas, BF.L Ward .3 KCK MC 1999, 8 Jadach, Z. Weas, B.F.L Ward |

- O(Y)cgmx, §'/s > 0.9
[ ISR*FSR ON
- —— ISR*FSR OFF
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Initial ®Final State Interference vs

s’-cut dependence of d Arp. No f-cut

At 189GeV the interference corr. A g is 2%-5%:
0.100

" int
L AFB

oo KORALZ 1-st ord.
* % ZFITTER 6.x

: @
0.025 -

0.50 0.75

At \/s = M the effect is suppressed 0 Arp < 0.1%:

Aint
FB
oo KORALZ 1-st ord.
*x x ZFITTER 6.x
*
¢

Rk ke kK K
G E )

/
i l—s . /s ]
[« Strong Clut IHHH/ No Cut — ]

.25 .50 75 1.00

The effect increases strongly with the photon energy cut.
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Initial ®Final State Interference v-9

s’-cut dependence of do, No O-cut

At 189GeV mterference eff. 0o is 1%-3%, no cos O-cut:
0.100

oo KORALZ 1-st ord.
* % % ZFITTER 6.x

0.50

At /s = MZ the effect is suppressed (50 < 0.02%:

010 s |

Ulnt

O-tOt. oo KORALZ 1-st ord.
*x *x % ZFITTER 6.x

.000 F

—.010t

The effect increases strongly with the photon energy cut.
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Initial ®Final State Interference v-10

Back on Z peak

JICIC MC agrees with KORALZ and
semi-analytical programs
and provides hint about higher orders.

|
Oint | q CEEX KK x10

Ttot |

I & KORALZ 1-st ord.
005 | X wu ZFITTER/TOPAZ0
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Initial X Final State Interference IV-11

JCIC Monte Carlo and KORALZ answers on ISRRFSR Interference

e For typical exp. energy cut 0.3 ISRXFSR int. is about 1.5% in
Otor and AFB-

e For energy cut 0.1 it is twice bigger.

e The cut | cos f < 0.9 makes it 25% smaller.

e The O(a') ISR®FSR int. is under total control using
KORALZ and JCK Monte Carlo for arbitrary cuts.

e Effects beyond O(a') are negligible, (<20% of O(a')),
except when energy cut is stronger than 0.1.

e ISRXFSR int. at Z radiative return is very small, as expected.

e Change from s’ to Qz-propagator In energy cut has no effect.
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Absolute prediction for o and Arp

Process: e“et — ff, f =, at 189GeV.

Energy cut: v < Upax, Wherev =1 —s'/s,s" = MJ%J;.

Scattering angle for Apg is @ = 6°. No cut in 6. E-W corr. in /C according
to DIZET 6.x. O(a?)1,1, EEX3 matrix element in XK MC (No ISR®FSR interf.)

/C/Csem S semianalytical part of ICIC (Angle 0 ® is from Phys. Rev. D41, 1425 (1990).)

IV-12

Umax

KKsem Refer. ‘

0(043)EEX3

‘ G(QQ)CEEX intOFF ‘ O(QQ)CEEX

| KORALZ

| KORALZ Interf.

0 (Umax) [pb], KK M.C. and KORALZ 1-st order

0.01

1.6712 £ 0.0000

1.6687 £ 0.0020

1.6669 £ 0.0020

1.7657 £+ 0.0024

0.9639 £ 0.0009

0.0912 £ 0.0005

0.10
0.30
0.50
0.70
0.90

2.5198 £ 0.0000
3.0616 £ 0.0000
3.3747 £ 0.0000
3.7225 £ 0.0000
7.1434 £0.0000

2.5164 £ 0.0023
3.0565 £ 0.0024
3.3682 £ 0.0025
3.7131 £ 0.0025
7.0904 £ 0.0024

2.5147 £ 0.0023
3.0578 £ 0.0024
3.3740 £ 0.0025
3.7257 £0.0025
7.1538 £0.0024

2.5943 £ 0.0027
3.1183 £ 0.0029
3.4219 £ 0.0029
3.7629 £ 0.0030
7.1795 £ 0.0029

2.1919 £ 0.0010
2.7690 = 0.0010
3.0565 £ 0.0010
3.3649 £ 0.0010
6.3558 £ 0.0010

0.0339 £ 0.0004
0.0175 £ 0.0003
0.0113 £ 0.0003
0.0065 £ 0.0003
0.0029 £ 0.0001

0.99

7.6145 £ 0.0000

7.9511 £ 0.0024

7.6642 £ 0.0024

7.6888 + 0.0029

6.7004 £ 0.0010

0.0028 £ 0.0001

Ap

max); KK M.C. and KORALZ 1-st o

rder

0.01

0.5654 £ 0.0000

0.5650 £ 0.0014

0.5650 £ 0.0014

0.6111 £ 0.0016

0.5765 £ 0.0013

0.1201 £ 0.0013

0.10
0.30
0.50
0.70
0.90

0.5664 + 0.0000
0.5692 + 0.0000
0.5744 £ 0.0000
0.5864 £ 0.0000
0.3105 £ 0.0000

0.5660 = 0.0011
0.5687 £ 0.0009
0.5738 £ 0.0009
0.5852 £ 0.0008
0.3115 £ 0.0004

0.5660 £ 0.0011
0.5686 £ 0.0009
0.5737 £ 0.0009
0.5853 £ 0.0008
0.3108 £ 0.0004

0.5922 £ 0.0012
0.5855 £ 0.0011
0.5862 £ 0.0010
0.5944 £ 0.0009
0.3177 £ 0.0005

0.5784 £ 0.0006
0.5818 £ 0.0005
0.5868 £ 0.0005
0.5972 £ 0.0004
0.3260 £ 0.0002

0.0324 £ 0.0006
0.0164 £ 0.0005
0.0112 £ 0.0005
0.0078 £ 0.0004
0.0037 £ 0.0002

0.99

0.2851 £ 0.0000

0.2867 £ 0.0004

0.2844 £ 0.0004

0.2903 £ 0.0004

0.3039 £ 0.0002

0.0024 £ 0.0002
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Absolute prediction for o IV-13

Process: e~ e™ — u~ i, at 189GeV.

/

Energy cut: s' > sl ., No cutin 6.

where s’ = M]%

J(_‘.
KORALZ/YFS3 version 4.03, O(a?)1,1,, ISRQFSR off.
ISRX®FSR interf. on and off, wherever possible.
Reference o,f is from semi-analytical JCICSEM,

ISR®QFSR off, up to O(a?)1,1,, JISW exponenent.

oocco  CEEXZ2, Int.ON
——— CEEX2, Int.OFF
EEX3, NO Int.
x EEX2 of KORALZ 4.03
* ZFITTER 6.x Int.ON
o ZFITTER 6.x Int.OFF
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Absolute prediction for Arp IV-14

Process: e~ e™ — u~ i, at 189GeV.

/

Energy cut: s' > sl ., No cutin 6.

where s’ = M]%

J(_‘.
KORALZ/YFS3 version 4.03, O(a?)1,1,, ISRQFSR off.
ISRX®FSR interf. on and off, wherever possible.
Reference AL is from semi-analytical KCICSEM,

ISR®QFSR off, up to O(a?)1,1,, JISW exponenent.

occco  CEEXZ2, Int.ON
——— CEEX2, Int.OFF
EEX3, NO Int.
x EEX2, KORALZ 4.03
* ZFITTER 6.x Int.ON
o ZFITTER 6.x Int.OFF
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CEEX Numerical Results IV-15

Summary of Part IV

e Technical Precision 22 <2.107¢

o

e Physical Precision:
%T S 02% and 5AFB S 01%

® ISRXFSR interf. under control at
LEP2 energies
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Comparison with our older MC’s

Feature

KORALB

KORALZ

K 4.13

JCIC 2000+7?

QED type

O(a)

EEX

CEEX, EEX

CEEX, EEX

CEEX(ISR+FSR)

none

none

{a, o L; a212, 042L1}

{...a?Lt;a2L>}

EEX(ISR*FSR)

none

{a, L, a2L2}

{«, L, a?L2, a3L3}

{...a2L?,a3L3}

ISR-FSR int.

O ()

O ()

{, O‘L}CEEX

{1, L} cpgpx

Exact bremss.

17

1, 2coll. ~y

1, 2, 3coll. ~y

up to 3 7y

Electroweak

No Z-res.

DIZET 6.x

DIZET 6.x

New version?

Beam polar.

long+trans.

longit.

long+trans.

long+trans.

T polar.

long+trans.

longit.

long+trans.

long+trans.

Hadronization

JETSET

JETSET

PYTHIA

7 decay

TAUOLA

TAUOLA

TAUOLA

TAUOLA

Inclusive mode

No

Yes

Yes

Beamstrahlung

No

Yes

Yes

Beam spread

No

Yes

Yes

v v channel

No

Yes

ee channel

No

No

Yes

tt channel

No

No

yes?

W W channel

No

No

yes?
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Conclusions

CEEX offers clear upgrade path for the precision calculations of the h.o.
radiative corrections in the SM/QED, with the Monte Carlo implementation.
It goes beyond (extends) the classical Yennie-Frautschi-Suura scheme.
The main profits are:

e Interferences ISRXFSR included and under firm control
e All kind of coherence effects, including narrow resonances.

e Complete treatment of spin (also transverse) for beams and final
(unstable) fermions.

e Exact M.E. for 2 high hard photons (3 photons pending).
e Future extension to all-angle second order Bhabha is possible.

First official version 4.13 of KJC MC available. It works for fermion pair

production at LEP, LC’s, 7 and b factories, p-colliders.

Check http://home.cern.ch/jadach for slides, programs.
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