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1. Introduction

Experimental situation:
LHC/ILC/FCC-ee/CEPC/... will provide (high!) accuracy measurements!

Theory situation:

— Measurements are performed using theory predictions

— measured observables have to be compared with theoretical predictions
(in various models: SM, MSSM, ...)

Full uncertainty is given by the (linear) sum of

experimental and theoretical uncertainties!
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FCC-ee physics WG2 — Precision EW Calculations: Write-up

Theoretical uncertainties for electroweak and
Higes-boson precision measurements at the FCC-ee

Conveners: A. Freitas®. S. Heinemeyerg,
Contributors: M. Beneke?, A. Blondel?, A. H[}angﬁ, P. JanotY, J. Reuter’,

C. Schwinn®, and S. Weinzierl”

= will go into CDR!
— should be taken into account by other (exp) groups!

= Here: current status of EWPO TH calculations
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Where we need theory prediction:

1. Prediction of the measured quantity
Example: My
— at the same level or better as the experimental precision

2. Prediction of the measured process to extract the quantity
Example: eTe & W
— better than then “pure’” experimental precision

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017



Where we need theory prediction:

1. Prediction of the measured quantity
Example: My
— at the same level or better as the experimental precision

2. Prediction of the measured process to extract the quantity
Example: eTe & W
— better than then “pure’” experimental precision

Two types of theory uncertainties:

1. intrinsic: missing higher orders

2. parametric: uncertainty due to exp. uncertainty in SM input parameters
Example: my;, my, s, DNopag, -
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Options for the evaluation of intrinsic uncertainties:

1. Determine all prefactors of a certain diagram class (couplings, group
factors, multiplicities, mass ratios) and assume the loop is O (1)

2. Take the known contribution at n-loop and (n — 1)-loop and thus esti-
mate the n 4+ 1-loop contribution:

(n + 1)(estimated) n(Known)
= (n — 1)(known)

n(Known)

= simplified example! Has to be done
“coupling constant by coupling constant”

3. Variation of MM—S (QCD!, EW?)
4. Compare different renormalizations

= Mostly used here: 1 & 2
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2. Electroweak Precision Observables

Comparison of observables with theory:

Precision data: T heory:
Myy,sin? Ogtr, ap, My, | <> | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. X

SM: limits on Mg, BSM: limits on My

Very high accuracy of measurements and theoretical predictions needed
= only models “ready’” so far: SM, MSSM
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The EWPO:

My, (best from threshold scan)

Jgad — ZUQ(M%),
r, = zq: r[Z — ffl, (from a fit to o¢(s) at various values of s)
Ry = |Sqoq(MP)|/op(MZ),  (E=e )
Ry = 0q4(M3)/|Sq0q(M3)|,  (g=b,¢)

Al =20=2)=0;0>3) 5, 4,

O‘f(9<7r)—|—0f(9>7r)

(Tf(Pe <0) — O'f(Pe > 0)
0/ (P.<0)+o0s(P>0)

= Ae| Pe|

P gvf/gAf _ 1—4|Qf|Siﬂ29£fr (F=tb..)
P14 (0v,/940% T 1 - 4)Q|sin20) + 8(1Q /| sin2 0/..)2 o
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3. Status = see also Janusz' talk!

Existing higher-order corrections to the EWPO [taken from A. Freitas '16]

Known corrections to Ar, sin? Héﬂr, av fr GAf-

o W ¥ YZW
’ W. H,O\
; %

¢ Complete NNLO corrections (Ar, sin? 04c)  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 7, gA) Czarnecki, Kiihn '96
Harlander, Seidensticker, Steinhauser '98
Freitas 13,14

e Partial 3/4-loop corrections to p/1'-parameter
O(ara?), O(cx%as), O(arad) Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kuhn, Seidensticker, \Veretin '03
Boughezal, Tausk, v. d. Bij '05

B '—*'!ft2 Schroder, Steinhauser '05; Chetyrkin et al. '06
(ar = 4?1,) Boughezal, Czakon '06
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Intrinsic uncertainties:

Quantity current experimental unc. current intrinsic unc.
My, [MeV] 15 4 (a3, a?as)

sin? 0% [107°] 16 45 (a3, a?as)

[, [MeV] 2.3 0.5 (agos,ag’,azas,aag)
Ry [1072] 66 15 (a%os,a?’,azas)

R; [1073] 25 5 (a%os,ag’,azas)
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Intrinsic uncertainties:

Quantity current experimental unc. current intrinsic unc.

My, [MeV] (a3, 0ay)

sin29£ff [1079] (a3, o)

[, [MeV] (agos,ag’,azas,aag)
Ry, [107] (afos @ @Pas)

Ry [1077] (aos: @5 a”as)
Parametric uncertainties:

Quantity dmy = 0.9 GeV §(Aapag) = 1074 My = 2.1 MeV
SMpET"? [MeV] 2.5

5sin2 9P 10-5) 1.4

eff
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Intrinsic uncertainties:

Quantity current experimental unc. current intrinsic unc.
My, [MeV] 15 4 (a3, a?as)

sin? 0% [107°] 16 45 (a3, a?as)

[, [MeV] 2.3 0.5 (a%os,ag’,azas,aag)
Ry [1072] 66 15 (a%os,a3,a2a3)

R; [1073] 25 5 (a%os,ag’,azas)

Parametric uncertainties:

Quantity dmy = 0.9 GeV §(Aapag) = 1074 My = 2.1 MeV
SMPI? [MeV] 5.5 2 2.5

%%
5sin2 5P [10-5] 3.0 3.6 1.4

= Current intrinsic/parametric uncertainties are substantially smaller
than current experimental uncertainties :-)
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Additional uncertainty for My, from threshold scan:

Not only ete™ = WHW™) but ete™ — WIW — 4f needed

Current status:

full one-loop for 2 — 4 process

[A. Denner, S. Dittmaier, M. Roth, D. Wackeroth '99-'02]
= extraction of My, at the level of ~ 6 MeV

Most recent improvement:

leading 2L corrections from EFT

[Actis, Beneke, Falgari, Schwinn '08]

= impact on My, at the level of ~ 3 MeV

= well under control for LEP data
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Overview about all EWPO: [taken from A. Freitas '16]

m Global EW fi Surprisingly good agreement:
Hl Indirect detarmination

® Measurament x2/d.of. = 18.1/14 (p = 20%)

:; oy I Most quantities measured with
1%—-0.1% precision

GFitter coll. '14

11 IIIIIIII|IIIIIIII|IIIIIIIIII
3 2 41 0 1 2 3
(Ongreet = ©) ! Oy

indirect

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017 11



Overview about all EWPO: [taken from A. Freitas '16]

== Global EW it Surprisingly good agreement:
? |':|;T::I:%ﬁlrrnt?:1||lljlq| MTTTTTTT T Xg/dﬂf = 18.1 'X 14 (p — 20%)
""'H = .y .
M, ;;:f' Most quantities measured with
1;:; 1%-0.1% precision
G| | L
o | e A few interesting deviations:
R
At My (~ 1.40)
A (LEP)
A (SLD) (j:__ - . D¢ Uﬁad (~1.50)
smiﬂ::*{ni — A)SLD) (~ 20)
:E P Bl (”.UJ _ 2) (m 3'5-7)
R
HI; |
e
IIll‘l"mlin;’{!#é}II IIIIIIII|IIIIIIII|IIIIIIIIII GFItterCD”"‘Id

-3 -2 -1 0 1 2 3

(Orngirect = O/ Ty
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Current fit to My

C\l>< 5 T 1T 1 L L L L L | [ | T T _]
< = ‘ =
45 £ % fitter|sw £
- [ SM fit with M, measurement =
4E ‘SM fit w/o M, measurement || — 20
3.5 [-—HBH ATLAS measurement [arXiv:1406.3827] =
- CMS measurement [arXiv:1407.0558] -
3 —Z
2.5 == —
2 —
1.5 — ' —
] e ) REREEEEREES 10
0.5 —
O - 1 1 1 | L1 1 1 | 11 1 | [ (| | 11 1 1 | L1 1 1 | | 1 81 1 | 1 1 1 .
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M, [GeV]
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Current fit to My

March 2012

Y s 0.02749+0.00010

— 0.02750+0.00033

L e+ incl. low Q? data

LEP

LHC

excluded

200

excluded
100

40
m, [GeV]
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One more word of caution:

The above numbers have all been obtained assuming the SM as
calculational framework.

The SM constitutes the model in which highest theoretical precision for
the predictions of EWPO can be obtained.

We know that BSM physics must exist! (DM, gravity, ...)

As soon as BSM physics will be discovered, an evaluation of the EWPO in
any preferred BSM model will be necessary.

The corresponding theory uncertainties, both intrinsic and parametric, can
then be larger (as known for the MSSM).

A dedicated theory effort (beyond the SM) would be needed in this case.
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