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1. Introduction

Experimental situation:

LHC/ILC/FCC-ee/CEPC/... will provide (high!) accuracy measurements!
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1. Introduction

Experimental situation:

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

Theory situation:

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

Measured data is only meaningful if it is matched with
theoretical calculations (masses, couplings) at the same level of accuracy

T heoretical calculations should be viewed as
an essential part of all (current and future)
High Energy Physics programs
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FCC-ee: Phenomenology working groups:

The FCC-ee design study

Since 12/02/2014, the TLEP design study is part of the FCC design study as FCC-ee

Abaut FCC-ee and TLEP Organization Archive Events The FCCs Contact/Jain us

Haome » Organization » Phenomenology studies

Phenomenology studies

The phenomenological studies are coordinated by John Ellis and Chistophe Grojean, and are organized in five working groups:

= Working Group 1: QCD and yy physics (joint exp/th). Convener: Peter Skands =

= Working Group 2: Precision EW calculations. Convener: Ayres Freitas=, Sven Heinemeyer=—

= Working Group 3: Flavour physics (joint exp/th), Convener: Jernej Kamenik=

¢ Working Group 4: Model building and new physics. Convener: Matthew Philip McCulloughr, Andreas Weiler

¢ Working Group 5: Global analysis, combination, complementarity. Convener: John Ellis=

= work done for WG2 :-)
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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
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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

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, -

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 4



Options for the evaluation of intrinsic uncertainties:

1. 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)

Y

n(Known)

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

2. Variation of uﬁ (QCD, EWY)

3. Compare different renormalizations

4. 277

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 5



My personal time scale wish/estimate for “our future’:

1. exploit the LHC

2. construct the ILC as quickly as possible in Japan

3. after LHC construct the FCC at CERN

depending on physics outcome of LHC/ILC:
decide whether to start with FCC-ee or FCC-hh

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016



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

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016



Precision observables in the SM and the MSSM
My, sin? Octr, My, (9 —2)u, b physics, ...

A) Theoretical prediction for My, in terms
of My, o, Gy, Ar:
5 MI%V T«
M, (1—M—%> = \/§GM(1+A7~)
)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]

2

ATy_joop = ANe} - ;:T://VVAP + Arrem(Mp)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM and the MSSM
My, sin? Octr, My, (9 —2)u, b physics, ...

A) Theoretical prediction for My, in terms

of My, o, G, Ar:

B) Effective mixing angle:
1 Regf

. D . . V

SN eeff = ) (1 f)
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Corrections to My, sin? 6.+ — approximation via the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

1 A, — =20)  Zw(0)

T 1 a0 T M2 T MR

(leading, process independent terms)

Ap gives the main contribution to EW observables:

M c2 c2 82
AMy = =W A, Asin? 68~ — WA
t,b £,b
1% vov o/ ‘4

ANNQ oA~

Ap>YSY from £/b loops >0 = MzY>Y > MM, sin2 92Y>Y < sin? 2

Y
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Ap>YSY from £/b loops >0 = MpY>Y > M3M, sin?¢

SM result for My, and sin? ¢

— full one-loop
— full two-loop
— leading 3-loop via Ap
— leading 4-loop via Ap

Our MSSM result for My, and sin? O

— full SM result (via fit formel)
— full MSSM one-loop (incl. complex phases)
— all existing two-loop Ap contributions

= non-Ap one-loop and Ap two-loop contributions
sometimes non-negligible!

SUSY <

eff

-2 )SM
sin Gefr

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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The W boson mass

Experimental accuracy:

Today: LEP2, Tevatron: M ;P = 80.385 + 0.015 GeV

ILC/FCC-ee: — polarized threshold scan
— kinematic reconstruction of Wtw— (G. Wilson '13]
— hadronic mass (single W)

5M§‘;<D’ILC(FCC_GG) < 3(1) MeV (from thr. scan) < TU neglected
T heoretical accuracies:

intrinsic today: 6010 = 4 Mev, g PIMONY — 5 10 Mev

intrinsic future: 5MVSVM’theO’fUt = 1 MeV, 5MI'}/'/SSM’fUt =2 — 4 MeV

parametric today: dm; = 0.9 GeV, §(Aapsg) = 1074, 6M, = 2.1 MeV
SMP®™ = 5.5 MeV, SMPI2%ad =2 Mev, ML Mz = 2.5 Mev

parametric future: §m!'t = 0.05 GeV, §(Aanag)™ =5 x 1072, 6MIZ"C/FCC_ee = 1/0.1 MeV

AMI[/)Vara’fUt’mL — 0.5 MeV, A]\41[/)‘/ara,fut,Aozhad =1 MeV, AM‘[/)Vara,fut,Mz = 0.2/0.02 MeV

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 11



My, from threshold scan:

Not only ete™ = WHWE) 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

= full 2L for 2 — 4 process not foreseeable

Potentially possible:
2L resummed higher-order terms for ete™ — WW and W — ff’
= extraction of My, at ~ 1 MeV77?

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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The effective weak leptonic mixing angle: sin? g

Experimental accuracy:

Today: LEP, SLD: sin? 65’ = 0.23153 + 0.00016
GigaZ/TeraZ: both beams polarized, Blondel scheme
5sin2 pSXPILC(FCCee) — 13(6) x 1076« TU neglected

Theoretical accuracies: [107°]

intrinsic today: &sin? Ggf'\r/"theo — 47 §sin? Hle\fchSM’tOday — 50 — 70
intrinsic future: §sin? Gsf'\r/"theo’f“t — 15 §sin? ele\fcr_-SSM’f“t — 25 — 35

parametric today: dm; = 0.9 GeV, §(Aapaq) = 1074, §M, = 2.1 MeV

. D ,para,m; __ . D ,para,Aapag . 2 ppara,My __
0 Sin“ 0 ¢ = 30, 0sin“ 0. = 36, 0SiN“ 0. = 14

parametric future: 6m/'t = 0.05 GeV, §(Aanag)™ =5 x 1075, M /F<C* =1/0.1 MeV

Asin? gAMb — o - A gin2 gPara b At — 18 Asin? 903NN = 6.5/0.7

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 13



SM input: the top quark mass: my

What is the top mass?

Particle masses are not direct physical observables
one can only measure cross sections, decay rates, ...

Additional problem for the top mass:
what is the mass of a colored object?

Top pole mass is not IR safe (affected by large long-distance
contributions), cannot be determined to better than O(Agcp)

Measurement of my:

e At Tevatron, LHC:
kinematic reconstruction, fit to invariant mass distribution
— “MC" mass, close to “pole” mass? 5mfxp’LHC <1 GeV

e At eTe™ colliders: unique possibility
threshold scan = threshold mass = SAFE!
transition to other mass definitions possible, 5mfxp’ILC/FCC_ee < 0.03 GeV

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 14



At ete™ colliders: unique possibility
threshold scan = threshold mass = SAFE!

tt threshold - 1s mass 174.0 GeV

- — TOPPIK NNLO + ILC350 BS + ISR
| — Simulated data: 10 o /point

-— Top mass = 200 MeV

&
e%

Cross section [pb]
o o
~ @))

O
N

345 350 355
Nominal CMS energy [GeV]

transition to other mass definitions possible = sm$ P < 0.1 Gev

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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Top/Higgs physics in BSM:

Nearly any model: large coupling of the Higgs to the top quark:

|

= one-loop corrections AMZ ~ G mi

= My depends sensitively on m; in all models where My can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +1 GeV = AM;, =~ +1 GeV

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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Top/Higgs physics in BSM:

Nearly any model: large coupling of the Higgs to the top quark:

|

= one-loop corrections AMZ ~ G mi

= Mg depends sensitively on my; in all models where Mg can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +1 GeV = AM;, =~ +1 GeV

= Precision Higgs physics needs ILC/FCC-ee precision top physics

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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SM input: Aapsg = could be limiting factor!

From etTe~ — had. using dispersion relation

today: 5(Aahad) ~ 1074
possible improvement in the future: §(Aapaq) ~ 5 x 1072

Direct determination at FCC-ee from ete™ — ff off the Z peak
[P. Janot '15]
possible improvement in the future: §(Aapag) ~ 2 x 1072 = TU neglected

Calculation of etTe~ — ff needed at 3-loop and beyond: [A. Freitas '16]
current techniques (2L/3L): corrections of ~ 10~

new calculation methods (2L/3L): corrections of ~ 10 “

unknown methods 3L: < 10 °

unknown methods 4L; ~ 10 °

(4 higher-orders in real photon emission)

= improvement unclear

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 17



Overview for EWPO

Theory and parametric uncertainties 4/11
My [MeV] 35 ~1 1 2.6 1

[ [MeV] ~1 ~0.1 <0.2 0.5 0.06
Ry [1077] 15 <5 5-10 <1 <1
sin? 05 [107°] 13 06 1.5 2 2

T Theory scenario: O(aag), O(Na’as), O(N%af?as)
(Ny = at least n closed fermion loops)

Parametric inputs:

*ILC: dmy = 100 MeV, das = 0.001, M7z = 2.1 MeV
*FCC-ee: 6my = 50 MeV, jas = 0.0001, M7z = 0.1 MeV
also: 6(Aa) ~5 x 107>

Note: ILC parametric somewhat pessimistic
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Precision Tests of the SM (and beyond)

= indirect prediction of the Higgs mass in the SM [LEPEWWG '12]
80.5 March 2012 6 March 2012 m i = 152 GeV
. I I I | 7 v 7 .'
[CJLHC excluded | i
| —LEP2 and Tevatron 5 | Al g =
| < LEP1 and SLD — 0.02750+0.00033
0 1 S 2 0.02749+0.00010
.;. 68% CL 4 - -+ incl. low Q? data
&5 80.4- .
= 1
S 5 4
"""""""" 1 |
80.31m JLEP LHC
1 0 excluded w excluded
' — T T ]
155 40 100 200

= fits with today’s precision

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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Most precise My test with the ILC:

For GigaZ used: M, = 6 MeV, 8m, =0.1 GeV, Ae,_ =47x10° asin(92 )=13x10° aR‘;p =4x10°

N 20_IHI‘HII|\III‘\II\‘III\|IIII|IIHJ\\I|IHI|HII_
(T . ]
< oC | SM fit pre |¢tion using current uncertainties (Sﬂm= fit) f|tter SME__
ies (8., = Rfit) ]

T [ ey o "".'Géﬂé’sj""__ 4o

- EE 136

...................... \/ R

4 ___________M__'_"_i __________________ J 1
IHI‘HII|\III%‘TI1L‘L1#’I1IT|IIH|\HI|IHI|HII

0 :
50 60 70 80 90 100 110 120 130 140 150
M, [GeV]

= SMNY < 6 GeV

[GFitter '13] [LEPEWWG '13]

20—

151

B Future

50

75

= extremely sensitive test of SM (and BSM) possible

100 125 150
m,, [GeV]

<= no FCC-ee analysis done so far
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3. Higgs observables: Higgs couplings

LHC always measures o x BR

= Total width I i+t Cannot be measured without further
theory assumptions.

Recommendation of the LHCHXSWG:

= Higgs coupling strength scale factors: k;

For each benchmark (except overall coupling strength)
various versions are proposed:

with and without additinal theory assumptions

— no additional theory assumptions:

= Determination of ratios of scaling factors, e.g. k; nj/nH

— additional theory assumptions (on Iy tot OF Ky z or H — NP)

= Determination of x; (evaluated to NLO QCD accuracy)

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016 21



HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
assumption: BR(H — NP) = BR(H — inv.)

=S =
© =
o
& =
—
o] % o\o/ S
= Hoe o 2 S —
S D oS S S + —
| B = =
SOV U0 5 12
P e E {E
—+ —
S
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13
—
&
= 1=
= —
o
=
—
S 12
S 1=
nls
o
£15
= Al
o n
wl&
o o
o)] Bt
|
Tl
SH
S

Kkw
k7 |
Ry

3 ~
N < N <

0.0
BR(H — inv.)F
<+ 0.82

= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]

assumption: kyy <1

=S =
© =
o
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5 0000 % 12
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=3 =
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0.0
BR(H — NP)t
<+ 0.82

= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= high ILC precision, not possible at the LHC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= strong improvement with the ILC
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Higgs coupling determination at eTe~ collider

Some specifics:

recoil method: ete™ — ZH, Z —wete™, ptu~

= total measurement of Higgs production cross section

= NO additional theoretical assumptions needed for absolute
determination of partial widths

= all observable channels can be measured with high accuracy

= SM cross section predictions at the 1% accuracy level

= improvements necessary ... full 2-loop calculations and more . ..

= concentrate on theory BR uncertainties from now on

71
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Latest SM Higgs BR predictions:

'q:) 1:_IIII|IIII LI IIIIIIIII | L | L | IIII_:§
S5 [ g
s pw
+ C 1T =
o - ]
- M .
w
T - ]
- "'\lf‘}{ —
_3/
2 :
T |
10 IIIIIIIIIlIIIIlIIIIIIIII|IIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130
M, [GeV]
Based on HDECAY and Prophecy4f:
_ ~HD P4f
(=1 I‘ZZ — —|—I‘
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T heoretical uncertainties: General recipe: [LHCHXSWG BR group '15]

1. Parametric Uncertainties: p += Ap

— Evaluate partial widths and BRs with p, p 4+ Ap, p — Ap
and take the differences w.r.t. central values

— Upper (p+ Ap) and lower (p — Ap) uncertainties summed in
quadrature to obtain the Combined Parametric Uncertainty

2. Theoretical Uncertainties:

— Calculate uncertainty for partial widths and corresponding BRs for

each theoretical uncertainty
— Combine the individual theoretical uncertainties linearly to obtain the

Total Theoretical Uncertainty
= estimate based on “what is included in the codes’!

3. Total Uncertainty:

Linear sum of the Combined Parametric Uncertainty and the
Total Theoretical Uncertainties
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Current parametric uncertainties:

Parameter Central value MS masses Uncertainty
as(My) 0.118 +0.0015
Me 1.403 GeV me(3 GeV) = 0.986 GeV  +£0.026 GeV
my, 4.505 GeV my(my) = 4.18 GeV +0.03 GeV
my 172.5 GeV mi(my) = 162.7 GeV +0.8 GeV

Uncertainties: “consensus’” of LHCHXSWG

mp uncertainty crucial
= Lattice data much more optimistic ...

= but no consensus, not even in the lattice community ..

71
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Current theoretical uncertainties:

Partial Width QCD Electroweak Total
H — bb/cc ~0.2% ~ 0.5% for My <500 GevV  ~ 0.5%
H— 1T /uTu ~ 0.5% for My <500 Gev  ~ 0.5%
H — tt < 5% ~ 0.5% for My < 500 GeV  ~ 5%
H — gg ~ 3% ~ 1% ~ 3%
H — v~ <1% <1% ~ 1%
H — Z~ < 1% ~ 5% ~ 5%
H—->WW/ZZ - 4f <05% ~ 0.5% for My <500 GevV  ~ 0.5%

— QCD corrections: scale change by factor 2 and 1/2

[LHCHXSWG BR group '15]

— EW corrections: missing HO estimation based on the known structure

and size of the NLO corrections
— Different uncertainties on a given channel added linearly

= Strong improvement in ~ 20 years possible, but ...
... they have to be consistently implemented into codes!

= intrinsic uncertainty can/will be sufficiently under control?!

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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Current uncertainties on decay widths:

Channel r [MeV] Aas Amy Ame Amy THU
H — b 238 7% 179 C00% S0.0% Soso
Wt 26107 9% HogE fogk Toip oSk
H o ptps 8901074 100% H00% ot H00% $0s%
Ho@ 118107l L% 00% a3k f00% ook
Mg 335107 S o3 TOGE LGN i
H—oyy 9281073 T0000 T00% To0% Toov Tiov
Hozy 6211070 FOS HO0K 100K 400k 450
Howwe g7a10-t OOk H00% +00% +00% 10
Ho 7z 107101 TOUk HOOL Ho0k H00% F0sK
Data available for My = 124 GeV, , 126 GeV

= substantially larger than k precision at ILC/FCC-ee

Sven Heinemeyer FCC week 2016, Rome
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Future theory uncertainties?

Parametric uncertainties:

— largely driven by dm;, = improvement unclear (to me)
lattice community does not seem to agree

— some improvement in as possible

Intrinsic uncertainties:

H — bb, H — cc: higher-order EW corrections 77

H — 7T+ H — 7~ higher-order EW corrections ?

H — gg: improvement difficult

H — ~~: already very precise ...

H — Z~: EW corrections could help ...

H— WW* H— ZZ*. already very precise, two-loop corrections unclear

= intrinsic uncertainty can/will be sufficiently under control?!

Sven Heinemeyer FCC week 2016, Rome, 12.04.2016
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Optimistic(?!) lattice expectations for the future:

RHEINISCH-
WESTFALISCHE
TECHNISCHE *\N\H\H
HOCHSCHULE

AACHEN

RWTH Input Parameters

Lepage, Mackenzie, Peskin [arXiv:1404.0319]
® How well can the Higgs BRs be predicted in the future?

® | imitation due to parametric errors?

® use lattice gauge theory to improve ay, m;, and m..
(e.g. using current-current correlators)
(stated errors already now quite small)

® optimistic projection for lattice improvements:

| 0my(10)  das(mz) dme(3) | & ¢ dg
current errors [10] | 0.70 0.63 0.61 |0.77 0.89 0.78
+ PT 0.69 0.40 0.34 |0.74 0.57 0.49
+ LS 0.30 0.53 0.53 [0.38 0.74 0.65
+LS*| 0.14 0.35 0.53 020 0.65 0.43
+ PT + LS 0.28 0.17 0.21 |0.30 0.27 0.21
+ PT + LS? 0.12 0.14 0.20 |0.13 024 0.17
+ PT + LS* + ST 0.09 0.08 0.20 |0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

(errors in %)

time-scale: 10-15 years
BR report — Alexander Mick —p.7/13
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4. Conclusions

Experimental precision must be matched with theory precision!

EWPO can give valuable information about SM, BSM

— only SM, MSSM “ready”
Most relevant: My, sin? O, (my), . ..

Current theory uncertainties of M-, sin” 0. not sufficient

Future theory uncertainties: My, in SM: FCC-ee goals hard to match
My, in MSSM: even harder
sin? Oer in SM: more than a O (5) missing
sin? Oer iIn MSSM: even worse

Top guark mass: mainly theory driven. Improvement at FCC-ee?
ANapaq: could be the limiting factor , Improvement at FCC-ee?

Higgs couplings: XS and BR have to be under control

Can sub-percent/permille level be matched?

— XS: 1% possible, full 2-loop calculations needed?!
— BR: intrinsic uncertainties could be brought down below 1%
parametric uncertainties have (to me) unclear perspective
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