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Motivation

m Corrections due to initial state radiation (ISR) can be
large, especially due to large logarithmic corrections

L =In(s/m2) ~ 10.

a These corrections are important e.g.
a for the prediction of the Z-boson peak
a for t production
m associated Higgs production through et e~ — Z* H°

at future e™ e~ colliders.

= We extend the known O(a?) ISR corrections up to
O(a8L®), including the first three subleading logarithmic
corrections at lower orders.

@ We extend the ISR corrections for the forward-backward
asymmetry at leading logarithmic order to O(a®L®).

Motivation The Method of Massive Operator Matrix Elements Results for the Total Cross-Section
e0 00000000 [e]e]e}

Kay Schonwald — Analytic Initial State Radiation Calculation

Cross-section (pb)

-
s
n

Z

all _ ]

10 \ ¢'e"—hadrons
\
103 \
102
o 1
gé:}l)(_{il TRISTAN SLC

°F L 1 Il I\Aﬁ)ll 1 Il Illlqu I‘ll E

L
0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

Results for the Forward-Backward Asymmetry Conclusions
000000 o]

July 15, 2021 3/22



Previous Calculations AT

e of Technoloay

= 1988: First calculation to O(a?) for the LEP analysis, through expansion of the phase space
integrals.
[Berends, Burgers, van Neerven (Nucl. Phys. B297 (1988))]

= 2012: New calculation up to O(a?) using the method of massive operator matrix elements.
[Blimlein, De Freitas, van Neerven (Nucl Phys. B855 (2012))]

= Calculations do not agree at O(a2L°)!

m Errors in one of the calculations?
m Breakdown of factorization?
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Previous Calculations

= 1988: First calculation to O(a?) for the LEP analysis, through expansion of the phase space

integrals.
[Berends, Burgers, van Neerven (Nucl. Phys. B297 (1988))]

= 2012: New calculation up to O(a?) using the method of massive operator matrix elements.

[Blimlein, De Freitas, van Neerven (Nucl Phys. B855 (2012))]

= Calculations do not agree at O(a2L°)!

m Errors in one of the calculations?
m Breakdown of factorization?

a We revisited the original calculation, doing the expansion in m, at the latest stage
[Blimlein, De Freitas, Raab, KS (Nucl. Phys. B956 (2020))]
and found agreement with [Blimlein, De Freitas, van Neerven (Nucl Phys. B855 (2012))] .
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The Method of Massive Operator Matrix Elements

The initial state radiation factorizes from the born cross section:

doj U(o s) s’ I m2 a0(s")
= mn () e (s ,e)®fkf(w)+0(f)=7w

e

f(z) ® 9(z de1 dezf(X1)9(X2) (z = xix), £(N)
with z = s’/s, u the factorization scale, into:

/
a massless (Drell-Yan) cross sections 7 (z, %)

[Hamberg, van Neerven, Matsuura (Nucl. Phys. B 359 (1991))]
[Harlander, Kilgore (Phys. Rev. Lett. 88 (2002))]
[Duhr, Dulat, Mistelberger (Phys. Rev. Lett. 125 (2020))]

2
m massive operator matrix elements I'; <z., fn—2> which carry all mass dependence
e
[Blimlein, De Freitas, van Neerven (Nucl Phys. B855 (2012))]
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The Method of Massive Operator Matrix Elements

The initial state radiation factorizes from the born cross section:

dUij 0(0)(3/) Mz B g ﬂ2 m? O_(O)(SI)
= s XM ) (Mg ) Te (N ) HO (3 ) == (M

1,k e

with z = s’/s, u the factorization scale, into:

/
a massless (Drell-Yan) cross sections 7 (z, %)

[Hamberg, van Neerven, Matsuura (Nucl. Phys. B 359 (1991))]
[Harlander, Kilgore (Phys. Rev. Lett. 88 (2002))]
[Duhr, Dulat, Mistelberger (Phys. Rev. Lett. 125 (2020))]

2
m massive operator matrix elements I'; <z., fn—2> which carry all mass dependence
e
[Blimlein, De Freitas, van Neerven (Nucl Phys. B855 (2012))]
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The Method of Massive Operator Matrix Elements A\‘(IT

Massless cross sections and massive operator matrix elements obey renormalization group equations:
m massless cross sections G

0 0
Ka)\ - ma)&a) O1r0jm + %%I(N)éjm + ;VIm(N)CSk’] Gy(N) =0

a massive operator matrix elements I';

(57 + 8@y ) -+ )| ru() =0

with A = In(s'/p2), A = In(u2/m?), the QED f-function 3(a) and a = «/4
m Here the usual anomalous dimensions, i.e. Mellin transforms of the splitting functions, contribute:

1

() = / dz ' Py(2)

0
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The Method of Massive Operator Matrix Elements ﬂ("‘

O )
oo _ o)y (1) =2 S)ZZach,k

/
dS & i=0 k=0
The radiators:
Ci = —”/r(e(e))a
Ci0 = 5209 + 2r(e?9)>
1 1
G = 3997 + 200 + 199,
= 2 —2rPl - S;%é??r&%l AT A9 5?50
- A/é(')) rEOez&(eg) - 2r(e%)",’£,oe)&(eg,) (e ) r<,oe’\/ ~) ) E + ﬂ |: 2ree (Tee

o) 2r§°§&é§?] -7 [r ‘6‘332 +2or0) 4 or@s0 4 50 4 rg9g5g9,>] ,
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For the first three logarithmic orders we need the following ingredients:

a splitting functions +; up to three-loop order
[E.G. Floratos, D.A. Ross, C.T. Sachrajda (Nucl. Phys. B129 (1977))]
[A. Gonzalez-Arroyo, C. Lopez, F.J. Yndurain (Nucl. Phys. B153 (1979))]

[S. Moch, J. Vermaseren, A. Vogt (Nucl.Phys.B 688/691 (2004))]

a massless (Drell-Yan) cross sections ; up to two-loop order
[Hamberg, van Neerven, Matsuura (Nucl. Phys. B 359 (1991))]
[Harlander, Kilgore (Phys. Rev. Lett. 88 (2002))]

= massive operator matrix elements ['; up to two-loop order’
[Blimlein, De Freitas, van Neerven (Nucl. Phys. B855 (2012))]

= [, was only considered up to one-loop order

"In the case of massless external states massive operator matrix elements have been considered in the context of DIS.
[Buza, Matiounine, Smith, Migneron, van Neerven (Nucl. Phys. B472 (1996)),
Bierenbaum, Blumlein, Klein (Nucl. Phys. B820 (2009)), ...]
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The Missing Operator Matrix Element ',

AT

Karlsruhe Institute of Technology

p K ks
! 2 p.v,b D, [, a
I %(A P)" 2[00 (B.P) — (Bupy + Bup)AP+PPA,LA,]
! AL Ak Y (A )N
MAp)Mt
NS,S
[gter = Mo— 7:<e\0 ’ \e)
ere e~ e F ’ NS,S N—1 -
- - 102 OFir oy =1 'S [V Dyy - . . Dyuyrp] — traces,
ety = le—y = VIUFI7) 5 N—2 o
B B S OVipron = 20" °S [FuyaDyy - .. Duy_, Foy ] — traces
Met =T, =(e|Oyle),
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The Missing Operator Matrix Element ',

Karlsruhe Institute of Technology

p
p,v,b D 1y a
L (A g (B — (Db + a0
] A SN (A Y (A )N
AAp)Nt i

S,S

Meter =g = <e‘ O? ' ‘e>7
NS,S N—1 n
S OFir oy =1 'S [V Dyy - . . Dyuyrp] — traces,

re*‘y = re*'y = <fY| Or |7> 5

S N—2 Q
S OVipron = 20" °S [FuyaDyy - .. Duy_, Foy ] — traces
Met =T, =(e|Oyle),

m The technique has been used to derive deep-inelastic scattering (DIS) structure functions in the
asymptotic limit Q° >> m? up to O(a?).

= In the context of DIS proven to work at a2 in the

m non-singlet process
[Buza, Matiounine, Smith, van Neerven (Nucl.Phys. B485 (1997))

Blumlein, Falcioni, De Freitas (Nucl.Phys. B910 (2016))]
m pure-singlet process

[Blimlein, De Freitas, Raab, Schénwald (Nucl.Phys. B945 (2019))]

Motivation The Method of Massive Operator Matrix Elements Results for the Total Cross-Section

Results for the Forward-Backward Asymmetry Conclusions
oo O000e000 [e]e]e}

000000 o]

Kay Schonwald — Analytic Initial State Radiation Calculation July 15, 2021 9/22



The Missing Operator Matrix Element I, [ ¢

Karlsruhe Institute of Technology
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The Missing Operator Matrix Element ', AT

Karlsruhe Institute of Technology

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
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The Missing Operator Matrix Element ', %\‘("

e of Technoloay

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0
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The Missing Operator Matrix Element ', %\‘("

e of Technoloay

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0

a The calculation can now follow standard techniques:
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The Missing Operator Matrix Element ', %\‘("

e of Technoloay

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0

a The calculation can now follow standard techniques:
= Integration-By-Parts reduction to master integrals.
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The Missing Operator Matrix Element ', %\‘("

e of Technoloay

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0

a The calculation can now follow standard techniques:

= Integration-By-Parts reduction to master integrals.
m Calculation of the master integrals via differential equations in the resummation variable t.
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The Missing Operator Matrix Element ', AT

Karlsruhe Institute of Technology

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0

a The calculation can now follow standard techniques:
= Integration-By-Parts reduction to master integrals.
m Calculation of the master integrals via differential equations in the resummation variable t.
m We find the Mellin-space expression by symbolically computing the N-th derivative.
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The Missing Operator Matrix Element ', AT

Karlsruhe Institute of Technology

m We have to compute on-shell 2-point functions with local operator insertions (A2 = 0).
m The operator can be resummed into a propagator like term:

> 1
N N
AN = —
2 Ak = sy
N=0

a The calculation can now follow standard techniques:
= Integration-By-Parts reduction to master integrals.
m Calculation of the master integrals via differential equations in the resummation variable t.
m We find the Mellin-space expression by symbolically computing the N-th derivative.

a For the calculations we make use of the packages Sigma [C. Schneider (Sem. Lothar. Combin.56 (2007))]
and HarmonicSums [J. Ablinger et al. (arXiv:1011.1176)] .
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The Missing Operator Matrix Element ',

AT

Karlsruhe Institute of Technology

(N = Ps 2P 2(N? + N +2)
Fe(N) = 27(N — 4)(N —3)(N — 2)(N — ON*(N - 1)* <9(N (N _3)(N_2)(N_ M1 | (N— NN+ 1) 2) °
N Ps 2 2(M+N+2) Ps 4(N? + N+ 2)

3(N — 2)(N — 1)N(N + 1)2 S 3(N — 1)N(N + 1)
26-Np,

N UEDIE 1)N2(N+1)252 HECEECES))

3.26+N 1
"' s -
+(N72)(N+1)2 1,1(

2’1> * 3(N — 3)(N — 2)(N — 1)2N2

<sz(2) +5:51(2) — S1.4(1,2) — S1.4(2, 1))

LB [ (1) s (12) — s (B) s (beat) - S50

48(N? + N +2)

T IN—NNE )T

harmonic sums:

N

sgn(a)’ .. .
S5 = Sap(N) =D = S5(0)
i=1
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G2

(N —2)(N — 1)N2(N + 1)

generalized harmonic sums:

Sa,E(Cv d) = Sa,E(C7 C_i; N) = Z %,3).0)[85(3; i)
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The Missing Operator Matrix Element ', AT

Karlsruhe Institute of Technology

Analytic Mellin-inversion with HarmonicSums:

P, 320 — 335z + 2312° 12 + 23z 2-z (2—2)? .
Niy= —— — H H2 4+ 2218 48202 — 2) ( " — H, ) (111, — 1
72 = 355 152 e T i G o ) (it = Ho.—)
96 — 190z + 11822 — 412° L . .
—8(2— 2)Ho,0,1 — J;zz H? —32(2 — 2) (F_4Hy — Ho, )T

4524 322

(2(32 — 48z + 362° — 132°)

2P 2(32 — 48z + 122% 4+ 72%)
372 Ho ) Hy

+4(2 7z)H(,>H[H - <

22—2z+2) /H} - - - 4(32 — 48z + 2422 — 37°)
+ ——= | — +8HHy ¢ +16HHy 4 — 32Hp o 1+ — 16Hy 1.1 +8Hol2 ) +
z 3 322
. 8(12 — 10z + 52°
—8(2—z)(Ho + 2H1)> Co+ %C&
harmonic polylogarithms of argument z and 1 — z (H(z) = H(1 — 2)):
1
. 1 1 1
Ha,E = Ha,E(Z) = (:l7'fa(7-)HE(7-)7 with fo(7) = = fi(r) = - f_i(7) = e
0
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The Radiators AT

Karlsruhe Institute of Technology

dogie-  oO(s) o) & -
des/e = s*HeJre*(Z, L) = 75 Z a’L Ci k

a The radiators do not depend on the factorization scale, i.e. no collinear singularities for massive
electrons.

m The analytic structures directly translate from the different ingredients.

m Radiators are distributions in z-space:

cij(2) = c6(1 — 2) + ¢+t

1
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The Radiators k\‘("‘

i

oo
Z a L Ci k

i=0 k=0

dogrg-  oO(s
= s( MMy (2,0) =

a The radiators do not depend on the factorization scale, i.e. no collinear singularities for massive
electrons.

m The analytic structures directly translate from the different ingredients.

m Radiators are distributions in z-space:

cij(z) = c,,6(1 —-2)+ c,j +¢®

2 2
s 572 704 512 gres — § 16HoPios _ 4Puay 8(3 —192°)Hq
Ga=g — 5 Gt 3G , 9a(z—1) 27z 3(z—1)
5744 408 2
Ga= |7 —256C | Do+ 7771 + 256D, 4 | 160 128(1 + 2)Ho Hy — 128(1 + z)H}
’ 27 9z z—1 !
Inf(1 — z))
Dy = (7 ; 352 736
=z /. *T(1+Z)Ho1+?(1+ 7)C
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Numerical Results

= Ao is the change in the total cross section from one order to the other for zy = 4m?
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Numerical Results

Karlsruhe Institute of Technology

= Ao is the change in the total cross section from one order to the other for zy = 4m?
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Application to the Forward-Backward Asymmetry Arg &‘("’

m The forward-backward asymmetry is defined by:

_ of(s) —os(s)
Aol = o)+ oals)’
with

and 6 the angle between the incoming e~ and outgoing 1.
a The technique of radiators can also be used for Agg: [Béhm et al. (LEP Physics Workshop 1989, p.203-234)]

1

/dz(1 :‘LZZ)Z Hrs(2)0'Q(zs)

20

a Due to the angle dependence the radiators are not the same as in the total cross-section.

1

Are(S) = S T oa(e)
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Application to the Forward-Backward Asymmetry Arg A\‘(IT

m At leading logarithmic (LL) accuracy the radiators are given by:

ity = / dx / e S T )3z — x)

a Due to the additional angle dependence the integral does not factorize with the Mellin-transform.

a At subleading logarithmic accuracy the integral will likely become more involved due to additional
angle dependence of the cross-sections.

a The integrals can be solved analytically in Mellin and momentum fraction space.
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Application to the Forward-Backward Asymmetry Arg AT

e of Technoloay

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.
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Application to the Forward-Backward Asymmetry Arg AT

e of Technoloay

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.

m A direct computation of the Mellin transform

is complicated by the symbolic powers of N.
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Application to the Forward-Backward Asymmetry Arg A\‘(IT

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.

m A direct computation of the Mellin transform
1

MIHE()(N) = / dxy / dxe x{'x3' <% - 1) Meo(x1)Mee(x2)

is complicated by the symbolic powers of N.
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Application to the Forward-Backward Asymmetry Arg A\‘(IT

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.
m A direct computation of the Mellin transform
1

MIF(2)](N) = / e / Dol (M - 1) ML )T (xe)

(X1 T Xz)2
0 0

is complicated by the symbolic powers of N.
a We chose to calculate the generating function:
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Application to the Forward-Backward Asymmetry Arg A\‘(IT

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.

m A direct computation of the Mellin transform
1

.
= 1 2
MBI = [ ax [ et (2280 - 1) ribu i
0 0
is complicated by the symbolic powers of N.
a We chose to calculate the generating function:

1

GIARR(N() = > " MIHBIN) = [ [ dxe i (““‘Xz) f1)réé(xoréé(xa

1—txixe \ (x5 + x)2
0 0
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Application to the Forward-Backward Asymmetry Arg A\‘(IT

m A direct integration in terms of iterated integrals at argument z is complicated by singularities at
z—0and z — 1.

m A direct computation of the Mellin transform
1

.
o 1 2
MFE (D] (N) = / i / Tl (% - 1) M (x0T (2
0 0
is complicated by the symbolic powers of N.

a We chose to calculate the generating function:

(1 + xix)?
(X1 T X2)2

1 1
- > 1
GIAN(0) = D M MIHSEIN) = [ dx [ ax ( ~1) P e)
1— t X1 X2
=0 0 0
a The integrations as well as the extraction of the Mellin space result and the inverse Mellin transform
to momentum fraction space can be performed with HarmonicSums together with Sigma.
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Application to Az — Results AKIT

Karlsruhe Institute of Technology

a In Mellin space we additionally encounter cyclotomic harmonic sums.

a In momentum fraction space we encounter cyclotomic harmonic polylogarithms, i.e. we have to
introduce the additional letters:

f o f T

4,01(7) = ) a1y(7) = .

{4,0} 1 + 7-2 {4,1} 1 + 7—2
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Application to Arg — Results A\‘(IT

a In Mellin space we additionally encounter cyclotomic harmonic sums.

a In momentum fraction space we encounter cyclotomic harmonic polylogarithms, i.e. we have to
introduce the additional letters:

1 T
faoy () = 1= fany (1) = 12
For example: (SW = SW(N))
8(8N* +3N —1)P; 32(4N? 4 4N — 1) (—1)"

HEPM(N) = [S_1 + In(2)],

(N—1)N2(N+ 1)2(N + 2)(2N — 1)(2N +3) (2N — 1)(2/\/ +1)(2N + 3)

256(4N° + 4N — 1) In(2) + S-4(i)
—1)(2N + 1)(2N + 3) ”77"‘(2 +Z Tr2i | T

Hi () = —(-1)"
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Application to Az — Results

a In Mellin space we additionally encounter cyclotomic harmonic sums.

a In momentum fraction space we encounter cyclotomic harmonic polylogarithms, i.e. we have to

introduce the additional letters:

1 T

frao (1) = T2 fran(7) =

For example: (HW = Hw(ﬁ))

2(1 — 2)(1 + 2)? (1—2)?
2 + 27 ﬁ
2y — 64(1 — 2)?

2),LL
HE M (2) =

Motivation The Method of Massive Operator Matrix Elements Results for the Total Cross-Section Results for the Forward-Backward Asymmetry

[e]e] 00000000 [e]e]e} [e]e]e] lele]

Kay Schonwald — Analytic Initial State Radiation Calculation July 15, 2021

1472

—8(1+ 2)H, — 8(1 — 2)?

1
7z [H1,{4,o} — H_1 140y — Hia0y,{41) + EHO,{4,O} + ...
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Application to Arz — Numerical Results

K

Karlsruhe Institute of Technology

Arg evaluated at s_ = (87.9GeV)?, M3 and s, = (94.3GeV)? for the cut
z>4m2/s.
Arp(s-) AFB(MZZ) Arp(s4)
0@ —0.3564803 0.0225199 0.2052045
+O(aLl) ~0.2945381 —0.0094232 0.1579347
+O(aL®) —0.2994478 ~0.0079610 0.1611962
+0@*1%) —0.3088363 0.0014514 0.1616887
o +0(@*L%) —0.3080578 0.0000198 0.1627252
& +O(a*L?) —0.3080976 0.0001587 0.1625835
- +0(@’L%) —0.3080960 0.0001495 0.1625911
+O(@L) —0.3080960 0.0001499 0.1625911
. . . . .
86 88 90 92 9 96
Vs
Ars and its initial state QED corrections as a function of 1/s. Black (dashed) the
Born approximation, blue (dotted) the O(«) improved approximation, red (full)
! . . f 6 ’ 2
also including the leading-log improvement up to O(«°) for s’ /s > 4n; /s.
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Application to Az — Numerical Results AT

Karlsruhe Institute of Technology

60 F

50

40

20
AA =1— %7

% 30f Ars
y
I er - where (/) denotes the order of

ISR-corrections considered

\|

\)
\
|
|

86 88 90 92 94 96
Js
AAfs in % as a function of 1/s. Black (dashed) the O(«x) improved approximation, blue (dotted) the O(a?L?)
improved approximation, red (full) also including the leading-log improvement up to O(a®) for s’ /s > 4m? /s.
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Conclusions and Outlook %\‘("

e of Technoloay

Conclusions:

= We calculated the ISR corrections to the process et e~ — v*/Z* up to O(a°L%) including the first
three logarithmic terms at lower orders.

a We calculated the leading logarithmic ISR corrections to the forward-backward asymmetry up to
O(a®L8).

m The corrections can become important at future e e~ machines running at high luminosities at or
close to the Z-pole.

m The radiators can be used for other processes like ete~ — ttand efe™ — Z H.
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Conclusions and Outlook A\‘("‘

Conclusions:

= We calculated the ISR corrections to the process et e~ — v*/Z* up to O(a°L%) including the first
three logarithmic terms at lower orders.

a We calculated the leading logarithmic ISR corrections to the forward-backward asymmetry up to
O(a®L8).

m The corrections can become important at future e e~ machines running at high luminosities at or
close to the Z-pole.

m The radiators can be used for other processes like ete~ — ttand efe™ — Z H.

QOutlook:

= The massless Drell-Yan cross sections are known up to O(ca®)
= An extension to the first four logarithmic orders is possible, but needs the calculation the
operator matrix elements up to O(a?®) and the 4-loop splitting functions.

m The technique can be extended to subleading logarithmic corrections of Agg.
a The method can be extended to QCD to study e.g. the heavy-quark initiated Drell-Yan process.
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The Method of Massive Operator Matrix Elements A\‘(IT

a Usually it is more convenient to work in Mellin space:

1

MIHD](N) = / dzN11(2)

0

m Here the convolution ®

1 1

f(z)®g(z) = /dz1 /dzzf(z1 19(22)0(z — z12)
0 0

factorizes:

M[f(z) @ g(2)](N) = M[f(2)](N) - M[g(2)](N)

0®00
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Numerical Results

O(a)
0(a?)
O(a®)
O(a*)
0(a®)
O(a®)

Kay Schonwald — Analytic Initial State Radiation Calculation

v
v oV

V
v

LS

I QN

S N

BRSO SENEE

S S

Fixed width 5 dep. widih

Peak | Width | DPeak | Width

(MeV) | (MeV) | (MeV) | (MeV)
O(a) correction | 185.638 | 539408 | 181.098 | 524.978
0(a?L2): - 96.804 | ~177.147 176,235
O(a?L): 6.982 | 22,605 21.896
0(a?) 0.176 | 2218 2001
0(a*L?): 38.560 38.081
0(a®L2): -~ 1888 -~ 1.881
0(a*L): 0.105 0.084
O(a'LY): 0.206 0.146
O(a'L?): 0.071 0.065
O(a*L2): 0.001 0.001
0(a®L%): 0218 0.212
0(a®LY): 0.020 |~ 0.001 0.020
0(a®L%): 0.009 | ~0.008|  0.008
0(a®L%): ~0007| 0027 -0007| 0.027
0(a®L%): 0001 | 0.000| —0.001 0.000

K

Karlsruhe Institute of Technology

Table 1: Shifts in the Z-mass and the width due to the different contributions to the ISR QED
radiative corrections for a fixed width of I'; = 2.4952 GeV and s-dependent width using M, =

91,1876 GeV and sy = 4m?2
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Application to Arz — Numerical Results

® AAgg is the change of the forward-backward asymmetry from one order to the other for z, = 4m?

AApp[%]

~

~ea 4
Ly

ey
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