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Need for theory input 119

m Comparison of EWPOs with SM to probe new physics
— multi-loop corrections in full SM

m Extraction of EWPOs (pseudo-observables) from real observables
— backgrounds (in full SM), QED/QCD, MC tools

m “Other” eletroweak parameters (“input” parameters)
— my, as, etc. extracted from other processes
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Forward-backward asymmetry:

3
AFB = = g AeAs

4= 2(1 — 4sin26/ )
14 (1 — 4sin26/.)2

Left-right asymmetry:

With polarized e~ beam: ARrR= = A¢
oL+ OR

Polarization asymmetry:

Average 7 pol.inete™ — 7t7: (Pr) = — A




Z-pole asymmetries 3/19

Forward-backward asymmetry: B ;(7 J
A :O‘F—UB_§AA e /\i‘ 9 €+
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Left-right asymmetry:

With polarized e~ beam: AR =

Polarization asymmetry:
Average 7 pol.ineTe™ — 7 T7: (Pr) = —Ar

Decay widths in terms of sin? ngr:

M= C|F + F}| = C[Fi(1 - 4|Qlsin? 6/ )? + F}]




m Deconvolution of initial-state QED radiation: LEP EWWG 05
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m Subtraction of y-exchange, v—Z interference, _
20 +

box contributions:
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m /-pole contribution: E, [GeV]
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Expand amplitude for eTe~ — ff about complex pole sg = M% + iMZI7:
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Express R;j in terms of sin Of ¢ and F£
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Pole expansion 7/19

Expand amplitude for eTe~ — ff about complex pole sy = M% + M7l 2:

R..
Mij=—"—+8;;+ (s —s0)S;; +... (i,j=V,A)

s — 80

Current state of art: R @ NNLO + leading higher orders
S @ NLO
S’ @ (N)LO

For FCC-ee: (at least) one order more!

— also matching to Monte-Carlo for QED/QCD ISR/FSR/IFI




With O(ab~1) at \/s ~ 161 GeV and /s ~ 240 GeV:

— < 103 precision for c[etTe™ — fF] (similar for Agg)

— strong sensitivity to new physics,
e.g. Z' bosons or lepto-philic DM
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Freitas, Westhoff '14

DISCOVERY

— NNLO corrections for full
process eTe™ — ff needed
(+ partial higher orders)

Osland, Pankov,
Tsytrinov '09
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SMEFT: Gauge-invariant operators with SU(2) Higgs doublet

L=73:50;+O(N3)

Modified propagators:

e.9. Oy1 = (Dud) d T (DHD)

Ogw = ®TBL,WH o

Modified Z-fermion couplings:

e.g. Of = i(dt D)y ®Y(Fy1f) [ =eopirb..

4-fermion operators:

6. 0% = (Fyuf)(Fv"f")

fif'=eprb, ..

(N> Mz)




ete” - WTW™ at /s =240 GeV: test of aGC e’ M w*
e z A

olee - WW] ~ 15 pb = O(10%) events

< 1073 precision for aGC -
precision reach of aTGCs at CEPC 240GeV

0.0015—F binned distributions, €=80% | e: signal selection efficiency

optimal observables, €=80% | __ .~ . )
B optimal observables, e=50% | T : individual fit
5.6/ab, e'e”>WW semileptonic channel, statistics only

o.oto- & & R

precision

0.0005- & ] = -, |

— NNLO corrections for full _
0.0000

process ete™ — WTW ™ needed soz oKy A2
(+ partial higher orders) de Blas, Durieux, Grojean, Gu, Paul ’19




WW threshold 11/19

m High-precision measurement of Myy

g 92— m,,=80.385 GeV TI,=2.085 GeV
from €+€_ — W_l_W_ at threshold % J m,=79.385-61.835 GeV, I,,=2085GeV
7E m,=80.385 GeV, I,=1.085-3.085GeV 7~
m a) Corrections near threshold enhanced by $55
1/5andnj P
M2 —i Myl A
~J — W WL W ~Y \/ = 040 450e
p \/1 4 S I_W/]WW E
b) Non-resonant contributions are important =~ = ® w0 g,

m Full O(«) calculation of eTe™ — 4f
Denner, Dittmaier, Roth, Wieders '05

m EFT expansion in a. ~ My /My ~ (2
Beneke, Falgari, Schwinn, Signer, Zanderighi ‘07

e NLO corrections with NNLO Coulomb correction u
(OC 1/5”): 5thMW ~ 3 MeV —
Actis, Beneke, Falgari, Schwinn '08
e Adding NNLO corrections to ee — WW and i
W — ffand NNLO ISR: &My < 0.6 MeV ¢




Comparison of EWPOs with theory

12/19

m [o probe new physics, compare EWPQOs with SM theory predictions

m Need to take theory error into account:

Current exp. Currentth. CEPC FCC-ee

My* [MeV]

Mz [MeV]

R, =129/ [1073)
Ry =T1%/r%ad 110-9]
Sin2 0% [107°]

15 4 1 0.5
2.3 0.4 0.025 0.025
25 3) 2 1
66 10 4.3 6
16 4.5 <1 0.5

* computed from G/,




m Many seminal works on 1-loop and leading 2-loop corrections
Veltman, Passarino, Sirlin, Marciano, Bardin, Hollik, Riemann, Degrassi, Kniehl, ...

m Full 2-loop results for My, Z-pole observables

Freitas, Hollik, Walter, Weiglein '00 Hollik, Meier, Uccirati ‘05,07
Awramik, Czakon '02 Awramik, Czakon, Freitas, Kniehl ‘08
Onishchenko, Veretin 02 Freitas '14

Awramik, Czakon, Freitas, Weiglein '04 Dubovyk, Freitas, Gluza, Riemann, Usovitsch 16,18
Awramik, Czakon, Freitas '06

m Approximate 3- and 4-loop results (enhanced by Y; and/or Ny)

Chetyrkin, Kiihn, Steinhauser 95 Chetyrkin et al. 06
Faisst, Kiihn, Seidensticker, Veretin '03 Boughezal, Czakon 06
Boughezal, Tausk, v. d. Bij ‘05 Chen, Freitas '20

Schroder, Steinhauser '05




Theory and parametric uncertainties 14/19

FCC-ee \?v?tﬁu?:?oggf " Param. error* ;noetjlpce
My [MeV] 0.5 1 0.6 Aa
7 [MeV] 0.025 0.15 0.1 as
Ry [1072] 6 5 <1
sin? 04 [107°] 0.5 1.5 1 A

" Theory scenario: O(aa?), O(Njaas), O(N2 2a8), leading 4-loop
(N f — at least n closed fermion loops)

Parametfric inputs:
*FCC-ee: ém; = 50 MeV, das = 0.0002, §M» = 0.5 MeV,
S(Aa) =3 x 1072




SM input parameters 15/19

Reviews: 1906.05379, 2012.11642

e M, I'z:From o(4/s) lineshape; dM,
— Main theory uncertainties: QED ISR

o> ~ 0.1 MeV at FCC-ee

e m;: Most precise measurement

, ATLAS+CMS Preliminary Migp SUMMary, ¥s = 7-13 TeV  April 2021
at LHC: émy ~ 0.3 GeV PDG 20
"""" World comb. (Mar 2014) [2]
stat total stat
total uncertainty § m,,, *total (stat £syst) Ys  Ref.
H . . . LHC comb. (Sep 2013) LHctopwe 173.29 +0.95 (0.35 +0.88) 7TeV [1]
Th eo retl Cal am b | g u Ity | n m ass d ef . World comb. (Mar 2014) e 173.34 +0.76 (0.36 +0.67) 1.96.7 TeV [2]
- ATLAS, l+jets H——1d 172.33 +1.27 (0.75 +1.02) 7TeV [3]
ATLAS, dilepton = 173.79 +1.41 (0.54 £1.30) 7 TeV [3]
=" H ) ATLAS, all jets —s— 175.1£1.8 (1.4 £1.2) 7 TeV [4]
Hoang, Platzer, SamltZ 1 8 ATLAS, single top Pt 172.2£2.1 (0.7 £2.0) 8TeV [5]
ATLAS, di|epton |—|—.—§—| 172.99 +0.85 (0.41+0.74) 8 TeV [6]
ATLAS, all jets e 173.72 £1.15 (0.55 +1.01) 8TeV [7]
C B p O | e ATLAS, l+jets - 172.08 £0.91 (0.39 +0.82) 8TeV [8]
m (Q ) - m ATLAS comb. (Oct 2018) = 172.69 +0.48 (0.25 +0.41) 7+8 TeV [8]
t O ‘t ATLAS, leptonic invariant mass (*) : H=H 174.48 +0.78 (0.40 +0.67) 13 TeV [9]
CMS, l+jets e+ 173.49 +1.06 (0.43 £0.97) 7TeV [10]
CMS, dilepton I—|—0—+—-—| 172.50 +1.52 (0.43 £1.46) 7 TeV [11]
2 2 CMS, all jets —f=e—— 173.49 +1.41 (0.69 £1.23) 7 TeV [12]
_— — —as (Q O ) Q O —I— O (a Q O ) CMS, l+jets HoiH 172.35 £0.51 (0.16 £0.48) 8 Tev [13]
3 S CMS, dilepton I—H—9—| 172.82 £1.23 (0.19 +1.22) 8 TeV [13]
CMS, all jets Het: 172.32 +0.64 (0.25 +0.59) 8 TeV [13]
CMS, single top H—-—-—H 172.95 +1.22 (0.77 +0.95) 8 TeV [14]
~ :|: 2 :l: 2 G V CMS comb. (Sep 2015) H 2 172.44 +0.48 (0.13 +0.47) 7+8 TeV [13]
~~ O . 5 O . p e rt O . N p . e CMS, l+jets [ | 172.25 £0.63 (0.08 £0.62) 13 TeV [15]
° CMS, dilepton o 172.33 £0.70 (0.14 £0.69) 13 TeV [16]
CMS, all jets e 172.34 +0.73 (0.20 =0.70) 13 TeV [17]
CMS, single top (%) e 17213 £0.77 (0.32 £0.70) 13 TeV [18]
* Preliminary
I IR R N B : I N N NN S N S N R N
165 170 175 180 185

My [GEV]




Reviews: 1906.05379, 2012.

11642

e Mz, ['z:From o(4/s) lineshape; Mz, 6Tz ~ 0.1 MeV at FCC-ee

— Main theory uncertainties: QED ISR

e m;: Most precise measurement

at LHC: 6my ~ 0.3 GeV

From eTe™ — tT at /s ~ 350 GeV:

MS =1 Jexp
50 MeV]
10 MeV/

om

S D D

70 MeV]
00 MeV

—t

>

Impact of theory modelling:

QCD
mass def.

s

1.4 .

1.2
1.0
0.8
0.6
0.4
0.2 =

0.0 '
340 342

344 346 348
Vs (GeV)

Beneke et al. ’15




SM input parameters 15/19

Reviews: 1906.05379, 2012.11642

e My, I'z:From o(4/s) lineshape; dM,, 6z ~ 0.1 MeV at FCC-ee
— Main theory uncertainties: QED ISR

e m;: Most precise measurement
at LHC: émy ~ 0.3 GeV

Fromete™ — tt at /s ~ 350 GeV:

Impact of theory modelling: future improvements:
5m![VIS = Jexp [20 MeV]exp
@ [50 MeV]qcp @ [30 MeV]qcp  (h.o. resummation)
® [10 MeV]mass def. @ [10 MeV]mass def.
D [70 MeV]ag @ [15 MeV]as  (Sas < 0.0002)
> 100 MeV

< 50 MeV




Strong coupling 16/19

® (g d’Enterria, Skands, et al. ’'15
e Most precise determination using Lattice QCD:
as = 0.1184 4+ 0.0006 HPQCD '10
as = 0.1185 4+ 0.0008 ALPHA 17
as = 0.1179 +=0.0015 Takauraetal.’18
ag = 0.1172 4+ 0.0011 Zafeiropoulos et al. '19

— Difficulty in evaluating systematics

| PDG 21
ALEPH (j&s) 'i1'= e
e eTe™ eventshapes: as~ 0.113..0.119 [ —de—
. . e | || o
— Large non-pertubative power corrections |y & e
— Systematic uncertainties? Ganmamn (71 1o AN
Hoang (C) ] :':L=
5110 D115 0130 01z o013t
Aupust 2021 Hs{ M%}
e Hadronic 7 decays: as = 0.119 £ 0.002 PDG 18

— Non-perturbative uncertainties in OPE and from duality violation
Pich '14; Boito et al. 15,18




Strong coupling 17/19
® (s-
e Electroweak precision (R, = 329 /1%): -
as = 0.120 £0.003 PDG '18
=

— No (negligible) non-perturbative QCD effects

FCC-ee: 0Ry ~ 0.001
= Jdas < 0.0001

Theory input: N3LO EW corr. + leading N*LO
to keep 6tn Ry < dexp Ry

Caviat: Ry could be affected by new physics




Strong coupling 17/19
® (s-
e Electroweak precision (R, = 329 /1%): _
as = 0.120 £ 0.003 PDG '18 ¢ A !
.. : =
— No (negligible) non-perturbative QCD effects . =\
e
FCC-ee: 6Ry, ~ 0.001 1
= Jdas < 0.0001
Caviat: Ry could be affected by new physics
. q
_ —had. €
o R= "0[[6666 —>uu]] at lower /s §
e.g. CLEO (/s ~ 9 GeV): as = 0.110+0.015 e .

Kuhn, Steinhauser, Teubner 07

— dominated by s-channel photon, less room for new physics
— QCD still perturbative

naive scaling to 50 ab—1 (BELLE-Il): das ~ 0.0001




Calculational technigques 18/19

Analytical technigues:

m Computational intensive reduction to master integrals (MlIs)
m Not fully understood function space of Mls
m Works best for problems with few (no) masses

Numerical technigues:

m Large computing time
m Numerical instabilites, in particule for diagrams with physical cuts
m Works best for problems with many masses

New techniques:

m Numerical reduction to Mls, numerical Mls via differential equations (DESs)
Mandal, Zhao ’18, Czakon, Niggetiedt 20

m DEs with respect to auxialiary parameter, 2 12 e Liu, Ma, Wang '17
o e Liu, Ma '18,21,22
m Series solutions of DEs Moriello 19, Hidding '20

— talks by J. Gluza, J. Usovitsch




summary 19/19

m Electroweak precision tests require theory input for measurements of
pseudo-observables (BRs, widths, masses, cross-sections, ...) and their
SM/BSM interpretation

m Future et e~ colliders (FCC-ee) improve precision by 1-2 orders of
magnitude

m Uncertainties from perturbative and non-perturbative theory and input pa-
rameters require much work, but ongoing progress in calculational techniques

m [heory progress needed both for fixed-order loop corrections as well as
MC tools







Z lineshape

m Deconvolution of initial-state QED radiation:

oleTe™ = f71 = Rini(s,5") ® ohara(s)

box contributions:
Ohard = 0z + 0y + O~Z + Opbox

m /-pole contribution:

R

0z = =2 =+ Onon—res
(s — M2)2 + Mol 2

m In experimental analyses:
1

(s — M2)2 4 522 /M2

MZ :Mz/\/l—l—r%/M%%Mz—?)él MeV
T, =rz/1+T23/M3 ~T7—09MeV

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

LEP EWWG '05

Opad [nb]




Factorization of massive and QED/QCD FSR:

(RUIg 2 +RAlGAP)

1

%@g 1 finite,  with

R{,, R/,: Final-state QED/QCD radiation;

known to O(ag), O(a?), O(aas) Kataev '92
Chetyrkin, Kiihn, Kwiatkowski 96
Baikov, Chetyrkin, Kihn, Rittinger ’12

e’ f
g‘f/, g;’;, >,: Electroweak corrections M
e f

NCMZ
127

Ff%




Z decay

Factorization of massive and QED/QCD FSR;:
I_f ~ / ] —>
12m 1+ Re>. | s=7712

z , = @A@g—kfinite, with R = %

(RLIg 2 +RAlgP)

Additional non-factorizable contributions, e.g.

— Known at O(aas) Czarnecki, Kithn '96
i Harlander, Seidensticker, Steinhauser '98

— Currently not known at ©(a2) and beyond

— 0(0.01%) uncertainty on ', 0>, maybe larger for Ay
— How to account for in MC simulations?




Theory calculations: Uncerfainties

Experiment Theory error Main source
My 80.379 + 0.012 MeV 4 MeV a3, alag
M 2495.2 + 2.3 MeV 0.4 MeV o3, a’as, aad
Ry 20.767 + 0.025 0.005 a3, alas
Ry 0.21629 + 0.00066  0.0001 a3, a2as
sin205; 0.23153+£0.00016 4.5x107° a3, a?as

m Theory error estimate is not well defined, ideally A, < Aexp

m Common methods: e Gount prefactors (a, Ne, Ny, ...)
e Extrapolation of perturbative series
e Renormalization scale dependence
e Renormalization scheme dependence




Example: Error estimation for I

m Goemetric perturbative series af = ozmtz

O(a?) — O(a%)

O(a) — O(af) ~ O(a?) ~ 0.26 MeV

O(a)
2
O(a’as) — O(a%as) ~ O(a ()9(_@()9(&%)(9(04045) ~ 0.30 MeV
O(aag) — O(Oztag) ~ O(aaS)OECS(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: O(aiss) ~ Tza? ~ 0.1 MeV

O(aag) — O(atag) ~ %ag ~ 0.29 MeV

Total: 5T~ ~ 0.5 MeV




