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Current status of electroweak precision tests 1/32

Standard Model after Higgs discovery:

m Good agreement between measured mass and indirect prediction

m \Very good agreement over large number of observables
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My = 125.09+0.24 GeV
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(w/o LHC data)
mt = 176.7 £ 2.1 GeV
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Standard Model after Higgs discovery:

m Good agreement between measured mass and indirect prediction

m \Very good agreement over large number of observables
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Indirect prediction:
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mt = 176.7 £ 2.1 GeV
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Surprisingly good agreement:
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A few interesting deviations:
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u decay in Fermi Model

<~— QED corr.
(2-loop)

L (Z—%) (14 Ag)

Ritbergen, Stuart '98
Pak, Czarnecki '08

u decay in Standard Model
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electroweak corrections




m Deconvolution of initial-state QED radiation:
U[6+6_ — fﬂ = Rini(s, 3,) %Y Uhard(sl)

Kureav, Fadin '85

Berends, Burgers, v. Neerven '88
Kniehl, Krawczyk, Kihn, Stuart '88
Beenakker, Berends, v. Neerven '89
Skrzypek '92

Montagna, Nicrosini, Piccinini ‘97
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m Deconvolution of initial-state QED radiation:

0[6+6_ — fﬂ — Rini(sa 3,) %Y Uhard(sl)

m Subtraction of y-exchange, v—Z interference,

box contributions:

Ohard = 07 + 0y + 047 + Opox
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m Deconvolution of initial-state QED radiation:

olete” — ff1 =

m Subtraction of y-exchange, v—Z interference,

box contributions:

Rini(& 3,) ® Ohard (3/)

Ohard = 07 + 0y + 047 + Opox

m Z-pole contribution:

R

0z =

(s — MZ)2 + MZF

—5 + Onon—res
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Z-pole observables

4/32

m Deconvolution of initial-state QED radiation:

oleTe™ — 71 = Rini(s, ") ® ohara(s)

m Subtraction of y-exchange, v—Z interference,
box contributions:

Ohard = 0z + 0y +UfyZ + Obox

m Z-pole contribution:
R

o7 = — —5—5 T Onon—res
(s = MZ)? + M2T7

m |In experimental analyses:
1

T (s — M2)2 + 5212 /M2

MZ :Mz/\/l—l—r%/M%%Mz—?)él MeV
T, =T2/J1+T3/M3 ~T7—09MeV
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Z width:

_ 1
Z= 37 z(s0)

Optical theorem:
1

NCMZ ]
1+ Re =, ]s=n12

E _\"F = 2 2
rz—zf:rf, N !(R{/|gﬁf/| +73f;|9£|)

RrRI : Rf;: Final-state QED/QCD radiation;
known to O(ad), O(a?), O(aas) Kataev '92

Chetyrkin, Kuihn, Kwiatkowski '96
Baikov, Chetyrkin, Kiihn, Rittinger '12

g‘f/, gfl, Z’Z: Electroweak corrections ot




Z-pole observables 6/32

Peak cross section:
0 . _ 2
Ohad — UZ(S — MZ)

(agrees with result from running-width BW with s = M2)

Explicit calculation:

127r F
MZ q
Correction term first at NNLO' Grassi, Kniehl, Sirlin '01
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Peak cross section:
0 . _ 2
Ohad — UZ(S — MZ)

(agrees with result from running-width BW with s = M2)

Explicit calculation:

127 r
Ohad = —5 Z q(l + 5X)
MZ ¢
Correction term first at NNLO' Grassi, Kniehl, Sirlin '01

Branching rafios:

Rq =1T¢4/T had (g = b, c, probes heavy quark generations)
Ry = Thad/T¢ (£ =e,p,T)




Z-pole observables 7132

Effective weak mixing angle:

Z-pole asymmetries:

f :U(9<7T) 0'(9>7T) §
AFB = (5 < )+ 00> L) = 3

o(Pe > 0) —o(Pe < 0)
0(Pe >0) 4+ o(Pe < 0)

= A¢

ALR =

gvy/9ar  _ 1—4|Qf|sin?9£fr
1+ (gvi/9ap)? 1 —4|Qylsin 0l + 8(|Qy|sin?61:)2

.Af=2

Most precisely measured for f = ¢ (also f = b, ¢)




Current uncertainties
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Experiment Theory error Main source
My 80385+ 15 MeV 4 MeV o3, oas
My 24952 +2.3MeV 05MeV a2, a3, aas, aad
Ul(ﬂ)ad 41540 £ 37 pb 6 pb oz%os, a3, alas
Ry 0.21629 + 0.00066 0.00015 ad e, o3, a’as
sin205 0.23153+£0.00016 4.5x 107> o3, a2as




Low-energy observables
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Test of running MS weak mixing angle sin28(u)

m Polarized ee, ep, ed scattering

0.245 SN N
(QW(€)1 QW(p)1 eDIS) R sﬂnb"shed
E158°'05;, Qweak '13; JlLab Hall A’13 ° Pplanned h
0.240 Q,(p) {1 Qw®) _
JLab SLAC
m v/N/UN scattering NuTeV ‘02 3 o o SN
N% 0.235 " jLDa'lg
e e
4 / D 4 / D 0.230 TQu(p)
Mainz
z tope =2
0.225 R RETTT R R TTT E RN SRR TTT| B ENA R TTT| BN E S N R T1T MR S A W1 MR AN R 11T M W
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u [GeV]
e,p, N e,p, N

m Atomic parity violation

(QW(133CS)) Wood et al. '97
Guéna, Lintz, Bouchiat '05

10000




Constraints on new physics
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Two-Higgs-Doublet Model:

Constraints on couplings of SM-like Higgs
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Constraints on new physics
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Two-Higgs-Doublet Model:

Eberhardt, Nierste, Wiebusch '13

0.67‘(’ UL T
Constraints on couplings of SM-like Higgs 0.5
o v :
s | = sin(B — o), o Ui
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Parametrization of new physics
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More general setup: Use pseudo-observables

Mw, rZ, O'rO]ad, Rb, RE, A€1 Abs AC (£ — 6,/,6,7')

— 12 quantities




Parametrization of new physics 11/32

More general setup: Use pseudo-observables

My, Tz, 08,4+ Ry, R, Ap, Ay, Ac (€= e, p,T) — 12 quantities

Effective field theory: L=3;350;+0O(N3) (A> Mz)

Og1 = (Dp®)Td oT(DHP) aAT = —4 %6
Ogw = ®TBLWH O aAS = —e2p2 By
0 = (If o™ yuLE W Lf o™y L) AGH = /2%
O]F; = (T Du ®) (frY*fR) f=e,pnr,b,lg

OPL — f,;(qu DM )( _L |_) (ye>7 (V/L)7 <V7->7 (u,c>7 <t>
) (FLy e e L T d, s b
0(3) (CID]L Da’ CD)(FLO'a, M F )

More operators than EWPOs
— Some can be constrained by W — (v, had., eTe™ — WTW




Assuming flavor universality:

A=velM/v)A'

cw t+¢p

Significant correlation/
degeneracy between
different operators

Pomaral, Riva '13
Ellis, Sanz, You '14




Current status of SM loop results 13/32

Known corrections to Ar, sin? ngr’ gv i 9AF:

v.Z,W
Y.Z,W

e Complete NNLO corrections (Ar, sin? ngf) Freitas, Hollik, Walter, Weiglein '00
Awramik, Czakon '02; Onishchenko, Veretin '02

Awramik, Czakon, Freitas, Weiglein '04; Awramik, Czakon, Freitas '06

Hollik, Meier, Uccirati '05,07; Degrassi, Gambino, Giardino '14

e “Fermionic” NNLO corrections (gy £, g4 7) Czarnecki, Kiihn '96
Harlander, Seidensticker, Steinhauser '98
Freitas '13,14

e Partial 3/4-loop corrections to p/T-parameter
O(arad), O(a%as), O (o) Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kiihn, Seidensticker, Veretin '03
Boughezal, Tausk, v. d. Bij '05
th Schroder, Steinhauser '05; Chetyrkin et al. ‘06
(ar = E> Boughezal, Czakon '06




Current uncertainties 14/32
Experiment Theory error Main source
My 80.385+ 0.015 MeV 4 MeV a3, alas
7 2495.2+23MeV  05MeV o, o> aas, aad
Ugad 41540 £+ 37 pb 6 pb O‘%osn a3, alas
R, =rY%/rad 0.21629 +0.00066  0.00015 o2, a3, a’as
Sin? 0 0.23153 £0.00016 4.5 x 107> a3, a?as

Methods for theory error estimartes:

m Parametric factors, 7. e. factors of o, Ng, Nf,

m Geometric progression, e. g.

O(a3)

O(a?)

O(a2)

O(a)

m Renormalization scale dependence (often underestimates error)

m Renormalization scheme dependence (may underestimate error)




Renormalization scheme dependence 15/32

Use of MS renormalization for m; reduces h.o. QCD corrections of O(atad):

loops Ap |v| /(3GF ) oS (3GFm%>
(n—l—l) )/ \8varz) “Pm/ \avae?

2 —0.193 (%) —3.970 ( ) Djouadi, Verzegnassi '87
" Kniehl '90
2 2
3 —2.860 (%) —14.59 (%) Avdeev, Fleischer, et al. '94
Chetyrkin, Ktihn, Steinhauser '95
3 3
4 —1.680 (%) —93.15 (%) Schroder, Steinhauser '05

Chetyrkin, Faisst, Kihn, et al. '06

Boughezal, Czakon '06

No clear pattern of this kind known for O(a™)

— Only few results available that allow direct comparison
e.g. Faisst, Kuhn, Seidensticker, Veretin '03




Parametrization: Resummation

Parametrization of perturbation series: a vs. Gg?

G can resum some leading one-loop terms

a(0) 3 mt2

Aa=1-— ~ 0.059 Ap =
- a(Mz) f = 16ms2c2 M%

But: Strong cancellations between A« and Ap terms beyond one-loop:

A3 = (Aa)3 —3(Aa)2(SA0) +6(Aa)(§—§Ap)2 —5(§—§Ap)3

~ (2.05 —3.40 13.74 ~1.72) x 1074

= 0.68 x 10~
— Not the numerically leading contribution anymore




Future projections 17/32

ILC: High-energy et e~ linear collider, running at /s ~ Mz with 30 fb—1
CEPC: Circular eTe™ collider, running at /s ~ Mz with 2 x 150 fb—1
FCC-ee: Circular ete™ collider, running at /s ~ M with 4 x 3000 fb~1

Currentexp. ILC CEPC FCC-ee Current perturb.

My [MeV] 15 3-4 3 1 4
7 [MeV] 2.3 08 05 0.1 0.5
Ry [1072] 66 14 17 6 15
Sin2 0% [107°] 16 1 23 0.6 4.5

— Existing theoretical calculations adequate for LEP/SLC/LHC,
but not ILC/CEPC/FCC-ee!




Theory and parametric uncertainties

18/32

C perturb. error  Param. error

Param. error

ILCCEPC With 3-100pt iLC* CEPC**
My [MeV] 34 3 1 2.6 2.1
Iz [MeV] 0.8 05 <0.2 0.5 0.15
Ry [1072] 14 17 5-10 <1 <1
sin?05[107°] 1 23 1.5 2 2

I Theory scenario: O(aa?), O(Njaas), O(N]%azozs)

(N}} — at least n closed fermion loops)

Parametfric inputs:
*ILC: dmy = 100 MeV, das = 0.001, My = 2.1 MeV

**CEPC: 0my = 600 MeV, oas = 0.0002, 6 M = 0.5 MeV

also: §(Aa) =5 x 1072




Theory uncertainties in extraction of pseudo-observables 19/32

m Subtraction of QED radiation contributions

— Known to @(a?), O(a3L3) for ISR,
O(a?) for FSR and O(a2L?) for Apg

(L = log mig> Berends, Burgers, v.Neerven '88
Kniehl, Krawczyk, Kiihn, Stuart '88

Beenakker, Berends, v.Neerven '89

Skrzypek '92; Montagna, Nicrosini, Piccinini ‘97

— (0(0.1%) uncertainty on o7, Agg
— Improvement needed for ILC/CEPC/FCC-ee

m Subtaction of non-resonant ~-exchange, v—Z In-
terf., box contributions, Bhabha scattering
see, e.g., Bardin, Grinewald, Passarino '99
— (0(0.01%) uncertainty within SM
(improvements may be needed)
— Sensitivity to some NP beyond EWPO

Op,q [ND]

40 |

30

20 |

10 o from fit

LEP EWWG '05

@ Mmeasurements (error

bars /
increased by factor 10) /,'




Non-factorizable contributions 20/32

Factorization of massive and QED/QCD FSR:
Iy~ / ] —>
127 1+ Re3>ls=M7

z g = %—Fﬁﬂite, with R = %

(R Il 2+ RAIg41%)

Additional non-factorizable contributions, e.g.

— Known at O(aas) Czarnecki, Kilhn '96
Y Harlander, Seidensticker, Steinhauser '98

— Currently not known at ©(a?) and beyond

— (0(0.01%) uncertainty on ", o>, maybe larger for Ay
(improvements may be needed)




Theory challenges 21/32

Full SM corrections at >2-loop:
m Large number of diagrams and tensor integrals, ©(100) — ©(10000)

m Many different scales (masses and ext. momenta)

Computer algebra methods:

m Generation of diagrams with FeynArts, QGraf, ...
Kublbeck, Eck, Mertig '92, Hahn '01
Nogueira '93
m Dirac/Lorentz algebra with Form, FeynCalc, ... Vermaseren '89,00
Mertig '93

Evaluation of loop intfegrals:
m In general not possible analytically
m Numerical methods must be automizable, stable, fastly converging

m Need procedure for isolating divergent pieces




Analytic calculations 22/32

e Useful for diagrams with up to two scales
(e.g. My & mi or My & M)

e Reduce to master integrals with integration-by-parts and Lorentz-invariance
identities Chetyrkin, Tkachov '81; Gehrmann, Remiddi '00; Laporta '00; ...

e Evaluate master integrals with differential equations or Mellin-Barnes
representations Kotikov '91; Remiddi’97; Smirnov '00,01; ...

Current status:

Single-scale problems: Z f f QED/QCD vertex corrections up to 4-loop
Gorishnii, Kataev, Larin '88,91; Chetyrkin, Kiihn, Kwiatkowski '96
Baikov, Chetyrkin, Kihn, Rittinger '12

Two-scale problems: Z f f electroweak 2-loop vertex diagrams with my =0

Awramik, Czakon, Freitas, Weiglein '04

Extendability: Possible, but much work needed




Asymptotic expansions

e EXxploit large mass ratios,
e.g. M%/mt2 ~1/4

e Evaluate coeff. integrals analytically

e Fast numerical evaluation

Current status:

Two-scale problems: O(aag) for Ap, Ar
— Several expansion terms up to 3-loop,
leading term up to 4-loop

Djouadi, Verzegnassi '87; Bardin, Chizhov '88
Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kihn, Seidensticker, Veretin '03; ...

Three-scale problems: Z f f vertex at 2-loop
Barbieri et al. '92,93

Fleischer, Tarasov, Jegerlehner '93,95

Degrassi, Gambino, Sirlin '97

Awramik, Czakon, Freitas, Weiglein '04

23/32

V.ZW

Extendability: Promising,
limited by computing/algorithms




Dispersion relafions 24/32

e Numerically integrate over cuts
e High precision, but no known path towards full automatization

e Subtraction of UV-divergencies by hand

Example: Topologies with self-energy sub-loop S. Bauberger et al. '95
00 AB : 2’ 2
Bo(p?, m%,m3) = —/ gs 2P0 mé m3)
(m1+ms3)? S—1p

@)

Trn41(piimi) = —/S ds ABg(s, m3y, may41)
0

X /d4q 1 1 ¢ 0. 1
¢°—s (qg+p1)%2-m?  (g+p1+-+py-_1)2—-m%_,




Dispersion relafions 24/32

e Numerically integrate over cuts
e High precision, but no known path towards full automatization

e Subtraction of UV-divergencies by hand

Current status:

Self-energy and vertex diagrams with arbitrary number of scales
Freitas, Hollik, Walter, Weiglein '00; Awramik, Czakon '02; Awramik, Czakon, Freitas '04

Extendability: Only for certain applications




Direct numerical integrafion

25/32

General form of Feynman integral:

I_/ dxy ...dzn 5(1_2372) D(z )r—|—€

— Can be integrated numerically (if finite)

Alternatives: Integration in momentum space, Mellin-Barnes space

Treatment of divergencies:

m Sector decomposition: Sub-divide integration

space such that divergent terms factorize
Binoth, Heinrich '00,03

0

CUl 1

m Subtraction terms: Remove divergencies with simple terms that

can be integrated analytically

Nagy, Soper '03

Becker, Reuschle, Weinzierl '10; Freitas '12




Direct numerical infegration 26/32

e Automizable, but computing intensive

e Internal thresholds reduce numerical convergence (contour deformation)

Current status:

Several 2-loop applications with many scales
Anastasiou et al., Petriello et al., Borowka et al., ......

Individual 3-loop integrals

Extendability: Likely, but more work needed




Mellin-Barnes representations 27/32

Transform Feynman integral with Mellin-Barnes representation

1 1 ] ]
(Ag+ ...+ Am)Z — @riym e, Y e, "

21 Z —Z—Z1—...—2Zm
>< A]_ ¢ A?’IZLTLAO

y M(—z1) - T (=2 )T (Z 4+ 214+ ...+ 2m)
r(Z) ’




Mellin-Barnes representations 27/32

Transform Feynman integral with Mellin-Barnes representation

1 _ 1 d d C A Imzp
(Ag+ ...+ A2  (2m)™ Jo “1 Cm “m ' Igczles o)f
B
X A% AZmASATAL A .o o o o>
Re z1
y M(—z1) - T(—zm)lFr(Z+ 21+ ... 4+ z2m) /
r(Z) |

polesof M(Z + 214+ ...+ zm)




Mellin-Barnes representations 27/32

Transform Feynman integral with Mellin-Barnes representation

1 _ 1 d d C A Imzp
(Ag+ ...+ A2  (2m)™ Jo “1 Cm “m ' Igczles o)f
B
X A% AZmASATAL A .o+ o o>
Re z1
y M(—z1) - T(—zm)lFr(Z+ 21+ ... 4+ z2m) /
r(Z) |

polesof M(Z + 214+ ...+ zm)

After Feynman parameter integration: [ functions and exponentials

Example:

p _ ey _ _

e@ = ks [derdeadzs (md) 5 2(md) 2 (md) 122
ma X r(—ZQ)l_(—Z3)|_(1 I Z1 + zz)l’(23 — Zl)

y [(1—-c—2)(e+21F+20)[(e—1—21 + 23)
F(2—-¢e+ 23)




m Consistent choice of all C; often requires ¢ %= 0O

% Alm 21
(Z=n+¢) ' poles of
M(—21)
—@ @ @ @ o—

/ Re z;

polesof M(Z 4+ 214+ ...4+ 2m)




Mellin-Barnes representations 28/32
m Consistent choice of all C; often requires £ = O .
A 1
— C
(Z n+ ¢ ' poles of
M(—21)

m For £ — O: residues from pole crossings

— 1/€" terms Czakon '06
Anastasiou, Daleo '06

m Do remaining C; integrations numerically

—0—0 00— —0—>

/ Re z1

polesof M(Z + 21+ ... 4 zm)

e — 0




Mellin-Barnes representations 29/32

b
—)@ (2m)3 /dzlede3 (ml) E—21— 22(m2)22(m2)1 e+21— z3( p2)23

T X T(=20)M (—23)F (1 + 21 + 22)[ (23 =
y (1—e—20)l

F[(2—¢e+4 23)
<3 — C3 + iy37 Y; € (—OO, OO)
(_p2)z3 — \(p2)63-|—iy36—i7r03i€7ry3 . m 21
'ﬁéting :
os¢tl div. for y3 — oo,
eventually over- —o—0 060 o
Re z1
come by I funct.




=

= gt [ dedzgdzs (m) =12 (mB) 2 (mB) = ()

m3
21 + 23)
23 = c3 + 1Y
(_p2)23 = ( A1lm 2y
peoe—0 0o —
Re z1




Mellin-Barnes representations 29/32

p
H@ = bs [dardendzg (md) 2 (mB)2(mB) ()

T X T(=20)M (—23)F (1 + 21 + 22)[ (23 =
T—c—z)l

M(2 -4 23)
<3 — C3 + iy37 Yi € (—OO, OO)
' —1 Alm
(_p2)z3 — \(p2)63—|—zy36 mc::iewyg, c: \ fl
-~ N’ 7/
oscillating : .

div. for y3 — oo

y; — Y; — 10

(—p2)?3 = (p2)c3twsze—im(c3+0y;)(m+0 109 P?)y3 !

Huang, Freitas '10




Mellin-Barnes representations 29/32

p

5 = =1 | doadondon (mN ==~ 22 (222 (2 1-e 21230 p2) 73
4 )

m3
21 + 23)

23 = c3 + 1y

(~p?)% =

Y, — y; — 10 |

2\z >
(_p ) 3 = (ﬁ 7 - - s

Freitas, Huang '10
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Counter rotations not always successful:

2
e | dadzz 20m) 2 (= 55)

2
m
y M(—22)3(1 + 22)T (=21 — 22)[ (1 + 21 + 22)T(—1 — 27 — 227)
(1 —21)

For p2 = m? contour rotation has no effect

Shift countour: z1 = ¢1 4+ iy1, 20 = co +n + iyo

m Worst asymtotic behaviour of integrand for y; — —oo, yo = O:

m Pick up (finite number of) pole residues from contour shift
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e Shifts improve asymptotic behaviour and size of numerical integral
e Automatic algorithms for finding suitable shifts in development

(MBnuneri cs) Usovitsch ’'16
Absolute and Real part of the discrete functuion |{I'|J
Abs{Redlin)))
1 (=26
el 456
. sl 1—5.5
- —8.6
0.010 el
—10.6
0.0 £1
—12.6
10-4 ol {—14.5
el
—14.6
10
,{1 [—14.6
- ol 146
el
1 1 1 1 | | 1 | 1 1 n
1 2 3 4 5 6 7 8 g 10
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m Electroweak precision tests probe physics at the TeV scale

m Experimental precision from LEP/SLC/Tevatron/LHC demands SM prediction
with complete 2-loop corrections and partial 3-loop corrections

m |[LC/CEPC/FCC-ee with /s ~ M will reduce exp. error by ©(10)
— 3-loop (and maybe some 4-loop) corrections needed!

m Numerical techniques are promising but need to be improved substantially







Example: Error estimation for I

m Goemetric perturbative series at = ozmtz

O(a®) = O(ag)

O(a3) — O(af) ~ O(a?) ~ 0.26 MeV

O(a)
O(a’as) — O(a%as) ~ O(az()g(_a()?(a%)O(aas) ~ 0.30 MeV
O(aag) — O(Oztag) ~ O(aas)ozcg(atas)O(aas) ~ 0.23 MeV
O(aag’) — O(Oztag) ~ O(&Oés)ozog(&tas)o(aag) ~ 0.035 MeV

O(aios) ~ O(apes)? ~ 0.1 MeV

m Parametric prefactors: (’)(a%os) ~ T7a? ~ 0.1 MeV

O(aag) — O(atag) ~ %ag ~ 0.29 MeV

Total: oI > = 0.5 MeV




Example: Error estimation for My,

m Renormalization scheme dependence:

a) Uncertainty of O(a?) corrections beyond leading a?m¢* and a?m?

from comparison of MS and OS schemes: Degrassi, Gambino, Sirlin '96

5MW ~ 2 MeV (for MH ~ 100 Ge\/)

Actual remaining O («?) corrections: Freitas, Hollik, Walter, Weiglein '00

O My ~ 3 MeV (for My ~ 100 GeV)

b) Estimate of missing @(«a3) corrections from comparison of

MS and OS results: Awramik, Czakon, Freitas, Weiglein '03
Degrassi, Gambino, Giardino '14

oMy ~ 4...5 MeV (after accounting for O (atad) corrections)

— Saturates previous ¢ M,y estimate!

Note: Differences in (implicitly) resummed higher-order contributions




“Analytical” tools forete= — ff

m State ofthe art: Zfitter 6.42 Bardin et al. '99, Arbuzov et al. '05
Older code: TOPAZO Montagna, Nicrosini, Passarino, Piccinini '98,01

m Describes true observables (o 4 f f—(s), etc.)
and pseudo-observables (I ~, Uﬁad’ Ay, etc.)

m Final-state QED and QCD corrections at O(a?), O(aas), O(ad)

m Deconvolution of initial-state and initial-final QED radiation
at O(a), O(a?L) and O(a3L?) (L = log(s/m3))

m Full NLO electroweak corrections for eTe™ — ff

m Partial O(«?) and higher-order electroweak corrections

>

2 =

e’ f e’ f et —a Ny | e’ f
A Y
_ - Y _ - 7
e Y f e f >N | e f




“Analytical” tools forete= — ff

Drawbacks:

m Not all available NNLO and higher-order corrections implemented
(code structure makes implementation difficult)

m For consistent treatment beyond NLO, need expansion of AlfeTe™ — pu1T ]
about S = M% — iMZrZ:

_ R e’ f
A[e+e_—>ff]:S_SO—I—S+(S—80)T+... >ym<
e f

R = gﬁ(so)gﬁ(so)

e’ f
1
S = |39 + 995" + 9595 + Svox : >zm<
e f

Z $=sQ

g(/(s) . effective V f f couplings RN, Sy

At NNLO: Need R at O(a?), S at O(a), etc.




Monte-Carlo tools foretTe™ — ff

m State of the art: KKMC, BabaYaga Jadach, Ward, Was '13
Carloni Calame et al. '12

m YFS exponentiation for QED radiation, approximate NNLO QED

m currently ©(0.1%) precision, ©(0.01%) feasible in (near) future,
but more may be needed for FCC-ee

Comparison with (a subset of) NNLO

. 2 i . G. Balossini et al., NPB758 (2006) 227
Comparison of U‘S"V calculation of BabaYaga@NLO with
e Penin (photonic): switching off the vacuum polarisation contribution in BabaYaga@NLO,
as a function of the logarithm of the soft photon cut—off (left plot) and of a
fictitious electron mass (right plot)

T 5
T T T T S T T

at 1k a2
3 fit, --o-eeee -
0.5 | oL o o fit i
—~ NF=1 . 1E - -
) photonic =
2 0~ FET— 4 £ ok =
2 fit aL o i
-0.5 = = 2 b |
i |
1 - 4 [ o U -
| L | L | N | N | L | -5 N ;7"(\)7\\ PRI BTN NI VIR RIS
le-16 le-14 le-12 le-10 1e-08 1e-06 le-10  1e-09  1e-08  1e-07  1le-06  1le-05 1le-04  0.001 0.01
me (GeV)
* differences are infrared safe, as expected
* o (photonic) /o o a?L, as expected
e Numerically, for various selection criteria at the ® and B factories
2 . 2 _
o8y (Penin) — 0§y (BabaYaga@NLO) < 0.02% X oy J

F. Piccinini (INFN Pavia) RC for QED processes FCC-ee 12/17 F PICCI n I nl




