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Setting the Stage

Prepared using LEP EWWG Plots from 1996 Prepared using LEP EWWG Plots from 1997

Prepared using LEP EWWG Plots from 2005
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= Very powerful idea of the global
electroweak fit enabled prediction of my,,
and m,, before their discoveries M2 = M 14
= Measure different observables 2
= Calculate the relations between . .
smgﬂfﬂp = ﬁg sin?fyy |
those observables e
g, =
= |n this talk: Review where we currently ; F
stand after the Higgs (arxiv:1902.05142) ga = \Pzl3

and where the FCCee will bring us
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Where do we stand with the

theory? - W Boson mass

= Already known in the 1980s
= full one-loop calculations
= mixed EW/QCD corrections:
O(aam¢? ), O(aay)

= 2015: full O(a?) results H/z/y Sk

w WANANATAAAN
= Enhanced three-loop MN%M
contributions are also important f ety
* O(aog?m?) correction reduces my, w W\/V\QWM w

by about 10 MeV

= shift is almost entirely due to the
use of the pole mass definition,
and amounts to less than 3 MeV if
the definition based on the MS
scheme is employed instead.
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Where do we stand with the theory? —

weak mixing angle and decay rates

" most important radiative

: . f f
corrections are related to those in w
My, entering through Aa and Ap z Y/Z z f
= two-loop O(a?) fermionic and bosonic B W _
f f

corrections are fully known

f f

= sin?0' of the four light quarks z vz 2
differ slightly from the prediction ~ _
f vz 1

for charged leptons.
= flavor dependent corrections of
O(aa,) that do not factorize in the

total Z width and need to be include. f f

= for bottom quarks additional O(am,?) }}; g

and O(a?m*) enhanced effects enter VWV Z/y \NNN NN .
the Zbb-vertex

= Also complete at 2-loop since . —

2 (1 8https:/rarxiv.org/pdf/1804.10236.pdf f f
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Unknown higher order corrections

= theoretical uncertainties in My, Sin?6, .4, and I",, due to unknown higher-
order electroweak corrections, arise from W and Z boson self-energies, in

the
® vertex corrections

= hox corrections,

= further non-factorizable corrections, i.e., those that are not captured by the
improved Born approximation

AT = £0.0073 | AS = £0.0034 | AU = +0.0051 | dpqep/Ew BW total
My +3.3 MeV +0.6 MeV +1.8 MeV — — 3.8 MeV
sin?flg | F1.9x107° | £1.2x107° 0 — — | 22x107°
p +5.9 x 1077 0 +4.4 x 107° — — 74 %1070
Iy +0.19 MeV +0.03 MeV 0 40.22 MeV — 0.29 MeV
Ry +0.3 x 1073 T0.2 x 1073 0 +2.6 x 1073 — 2.6 x 1073
Opd F0.1 pb +0.1 pb 0 F2.1 pb +1.2 pb 2.4 pb

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

Page 5



Experimental Status:

Higgs Boson Mass

19.7f0"'(8TeV)+ 51f0" (7 Tev) Ovenview of m,, Measurement
g :||| T T T |(| |\|e|||)+| T |\|||(|| el): ’17:"}'“ 2 90 28 el 535 - . . —
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10.3 L (M, ¢) fit i 0_. .l Wz i i ! &l::s:r:;m ———
8 — 68% CL ; -10f l . l . l L ______ Wl Totalune. | . S
—95%CL | | 28 ] IT‘:E%%T‘” ¥ . . D;V;:WZVSL?E ‘ J
10‘4 - : — e — : ) P_o P_0o P_ P_ P_ P_ P 1;4 125 ‘ 1;6 127 0.2 04
0.1 1 10 100 i A R Ty rooe v
. e e et o GeV]  Rel. Unc. [%
Particle mass (GeV) o sidmier o, m, [GeV]  Rel. Unc. [%]
. - - - -
Only the mass parameter of the = |nofficial combination of latest
Higgs enters the fit measurements, yield

" have to assume that the “Higgs” " M,=125.10 + 0.14 GeV
IS really the Standard Model " with a x2/n.d.f. = 8.9/6
Higgs boson

" Coupling and JPC = Change of precision from 0.1 GeV

miazlg&r?:im |§Ok pretty much to 1.0 GeV, changes the 2 of the
99 fit by only 0.005
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Interpretation in the context

of the Electroweak Fit

< 1OF dirett Detormination ok, |/ T3
: . < W wessareEi - e e >
= |ndirect prediction - Z;a:i'f;';: |
. — ! imer
of the Higgs boson 8F N |
. = = EWK Fit without m,, (Gfitter)
mass IS 7; = EWK Fit (GAPP)
" M,=92.0+20 GeV =
5F-
= Perfect knowledge =
of my, and/or B
sin?0,; would 3
reduce uncertainty 2F
to 10 GeV D SN S
IIIIIIIII|IIII|IIII||||||II|I
80 90 100 110 120 130 140 150 160
m, [GeV]
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Experimental Status:

W Boson Mass

= Same basic measurement principle e
at Tevatron and LHC

= Using a template fit approach to the
decay lepton kinematics

‘e Pseudo Data (7=80.3 GeV)
emplate (F=79.3 GeV)

el e(l;”:m.s GeV)

= Uncertainties dominated by model-
uncertainties O e

= PDFs, angular coefficients '
= Transverse momentum spectrum of B2 e
the W boson < - ™
[ BE i ; ‘
|

Qverview of my, Measurements

= Tevatron and LHC results currently - L
at similar level of precision EC  — }
= Significant improvements expected COF Bun 1 . ee— |

@ Measurement

from new runs at LHC and and e e |
: 17 ” CDF (Run 2) — otal Unc.
further refinements (also “new” data) i.;jgfri .............. e I B ]
auxr.-.l.f;-w.agglf lj.li ’ l:lHEIalive Unc. | £ :
from the Tevatron 55 8020 80300 80400 80500 0800 0|.1 o!z

m,, [MeV] Rel. Unc. [%)]
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Interpretation in the context of

the Electroweak Fit

= Unofficial combination yields a

value of

= M,, = 80380+13 MeV,
with a p-value of 0.74

= Several PDF correlation
scenarios tested and results are
stable

—_

o
=1
Q

_ N W PP 00O N 0 ©
T
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= E Fit (Gfitter)

t without m,, (Gfitter)

llllllllllllII]I]IIII|I]IIII

= Predicted value of the

electroweak fit
= M,, = 803566 MeV
" 1.60 “tension” with the SM

prediction /

= Dominated by m,,, and m, 80.33 80.34 80.35 80.36 8037 80.38 80.39
uncertainty, contributing 2.6 and my [GeV]
2.5 MeV

= Without m,: M,,=80364+17MeV

|!IlIllllIlllllllllllllll

—IIIIIIIIIIIIIIIN -
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Experimental Status:

Weak Mixing Angle

= Discrepancy of LEP and SLD
measurement on sinZ6,, triggered
guite some interest in recent years

= Problem at Hadron colliders: Do not
know incoming fermion direction on

an event-by-event basis
= Problem reduced at Tevatron, very
prominent at LHC

= Use (variation) of template fit
approaches to extract sinZ6,,

= Combination at hadron colliders
" sin?B 4 = 0.23140 + 0.00023
= |evel of LEP and SLD
= Disagreement between LEP and SLD
might be just a statistical effect
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0 : ' H
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Interpretation in the context

" |Indirect Determination
" sin20_, = 0.23151+0.00006
= Without my: 0.23140+0.00010

= World average
= sin28,, = 0.23151+0.00014

= Hadron Collider average

= sin%0,4 = 0.23140 £ 0.00023

= Maybe this can improved
further by a factor of two when
iIncluding new PDF-
constraining measurements
and a combination of all LHC
experiments (e.g. also LHCb)
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Experimental Status:

Top Quark Mass (1/2)

= World Average

= Several approaches to measure the
kinematic top-quark mass (template-

method, matrix-element method, ...)

= Most precise measurements performed
in the lepton+jets channel I —

= Significant differences in assigned SN SUUE DUDE DUNE DUUE DUUE SUUE U0 SO

m, [GeV]

| Our World Average
I:I Relative Uncertainty

model uncertainties of different R
experlments; E 1998 2000 2002 2004 2006 2008 2010 2612 20114 2016

Year

= Important: EW-fit needs pole mass of = oospmeeememnenedn,
top-quark as input, but measured my,,  “ow.
at Tevatron and LHC is a MC oosE e
parameter
= Assume additional uncertainty of 300-
500 MeV (not known if this is
conservative)

® Pseudo Data (m‘=173 GeV
[ mc Template (m =168 GeV)
MC Template (m‘=17B GeV)

180 190 200 210
mfece GeV
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Experimental Status:

Top Quark Mass (2/2)

: Experiment | Channel | Method Value Stat, Sys. Total Jet E}(p. Model | UE + Had. :
MATATeS [GeV ] Unc. Unc. Unc. Unc. U:nc. Unc. Color Unc. |
‘ [GeV] | [GeV] | [GeV] | [GeV] | [GWV ] | [GeV] | [GeV] | [GeV ],
: CDF l+jets | Template | 172.85 | 0.71 0.85 111 0.55 | 0l60 0.1 022 | 057,
: 1
i i CDF v+jets | Template | 173.93 | 1.64 | 0.87 186 | 048 | 056 | 032 | 033 | 036 1
B Dzero(dilepton) | | WONmews |

: D@ l+jets M.E. 17498 | 058 | 049 | 076 | 029 | 032 | 019 | 012 | 0.26 |

arXiv:1509 i 1
; . CMS l+jets | AMWM | 172.82 | 0.19 1.22 123 | 034 | o081 084 | 011 | 079 !
j CMS I+jets | Ideogram | 172.35 | 0.16 | 048 | 051 | 012 | 043 | 015 | 008 | 033
* _ — — CMS l+jets | Template | 172.22 | 018 | f§55 | 0o: 0.45 017 0.46 0.17 0.51
.... . _ : ‘ g X !
CMS (lepton+iets) —— ATLAS l+jets | Template | 172.33 | 0.75 1.03 1.27 064 | 0,62 | 0.48 0.19 0.18 1
ATLAS temt e 3 D@ semilep. | Matix | 17393 | 161 | 0.88 | 183 | 067 | 0#2 | 036 | 015 | 031!
‘e ® Measurement ATLAS semi-lep. | Template | 172.99 | 0.41 074 | 085 | 062 | 08B0 | 025 | 011 | 022
X702 074 3 Dl - — ES““"- une. ATLAS semi-lep. | Template | 172.08 | 039 | 082 | 091 | 056 | 043 | 020 | 021 | 015,

ATLAS (lepton+jet: : Total Unc.

B AT emoriets) — o e cMS semi-lep. | Ideogram | 172.25 | 008 | 062 | 062 | 039 | 019 | 027 | 032 | 0.10 1
CMS (cross-section) ; ; ... World Average ! !
! 1 ———— ] Relative Unc. : CDF fullhad. | Template | 175.07 | 1.19 1.55 1.95 112 | 098 | 028 | 032 | 029 !
AT (cross-section) i i j i | | ! '
7 — - . 78 3 ATLAS fullhad. | Template | 173.72 | 0.55 1.01 115 | 069 | 0168 0.2 0.2 0.64 !

m, [GeV]  Rel. Unc. [%] CMS fullhad. | Ideogram | 17232 | 025 | 059 | 064 | 028 | 041 024 | 0.21 03 |

= No official combination of latest ATLAS and Tevatron results
= Correlations are estimated from previous official combinations
= tension between DO and LHC by 2.50 (driven by DO lepton + jets measurement)

= Assuming additional 320 MeV for m,, vs m,. interpretation, leads to
= mpole =172.90 + 0.47 GeV.with a p-value of 4.1%

= Recent ATLAS of m,, measurement emscovaomon; mpole = 173.2+0.9+0.8+1.2

= Significant future improvements expected with differential (NX)LO calculations
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Interpretation In the context of the

Electroweak Fit

—_
(&)

T

" |Indirect prediction of the %

top quark mass <
" My,=176.5+2.1 GeV
= Uncertainty on M,
contributes 1.9 GeV
= Significant improvement
when including my:
without m, we get
My, =177.618 GeV

LI | 'I I I I I 'I |. UL
Indirect Detgrmination of m,

~ Measurement

~ EWK Fit (Gfitter)

m
=
=
Ly
=

=== EWK Fit (GARP)

N W P O O N O ©

IlIIIIIIIIIlIIIIIlIIIIIIIIIIIIIIIIIIIIII!III'I

= Experimental uncertainty
on my,, is already close
to current theory error

1 lllllllllllllllIllllllllllllllll[lllllllll

—

| l | I I 1 L1 I Rk 1 | S (Y | 1 1
155 160 165 170 175 180 185
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Uncertainties at the end of the

LHC and FCCee

parameter current value FCC-ee unc.- | parameter current value FCC-ee unc-
target target

My 125.09 + 0.15 GeV +0.1 GeV | My 91.1875 4+ 0.0021 GeV < 0.1 MeV
Myy 80.380 + 0.013 GeV ~ +0.6 MeV | I'z 2.4952 + 0.0023 GeV < 0.1 MeV
'w 2.085 + 0.042 GeV +1.0 MeV | 09,4 41.540 + 0.037nb 0.004 nb
Mitop 172.90 + 0.47 GeV +15 MeV | Rp 0.21629 + 0.00066 < 0.00006
Aaad[x107°] 2758 4 10 42 AFB(b) 0.0992 + 0.0016 +0.0001
= By the end of the LHC, we might = Dramatic improvements

have (take it as ,somehow expected for all relevant

educated guesses*) observables at the LCCee

= Amy = 100 MeV = Often my more than a order of

= Amy, =8 MeV magnitude

= Al =20 MeV

" Amy,, = 200-500 MeV (as pole-mass
via cross-sections personal guess of MS)

= Asin?0,, = 0.00006
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Impact on the global

electroweak Fit

“w 1OF T afet Deminaton o m,with FCd Uncertanties | ] 10;‘maire‘cﬂn‘etén‘m'ndnan'of'n{(m'mh FécUndhainties T ] & 1°§'|n'di‘rea Determination of ] with FCC Uncertainties| T 5
< 9 e eaBinee AT = <4 9 isasurement = Q4 9 fieasiiem =
8 m— EWK Fit (GAPF) é B% — EWK Fit (GAPP) é B% — EWK Fit (GAPP) é
3 E us 3 7F E
o E 6F 3 6F 3
s E 5t E .3 E
2t 2t E .
1_ _______________________________________________________________ _ 1_ _____________________________________________________________ 3 1_ S SN S _
8090 100 110 120 130 140 150 160 155 160 165 170 175 180 185 8033 80.34 8035 80.36 80.37 8038 8030
my, [GeV] m, [GeV] my, [GeV]
= Repeating the electroweak fit with = |mprovements on the indirect
the expected FCCee uncertainties predictions by more than a factor
using the GAPP framework, we find of 10
= Amyndirect = 1 4 GeV * Theory uncertainties dominante!
m Amwindirect =~ 0.2 MeV
= Amq,ndrect= 0.1 GeV = Similar studies for other future

collider options previously done
= e.g. by Gfitter Eur. Phys. J.,
C74:3046, 2014
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Summary

= With the discovery of the Higgs, several key
observables of the electroweak sector could be
predicted with significantly reduced uncertainties

SR
=

T
255

= By the end of the LHC, we expect to improve our
edge on Am,, AT, Amy,, and Asin?@,, by up to a
factor of two compared to the world averages now

= The impact of the precision observables measured
at the FCCee would certainly bring the global
electroweak fit to a new era of sensitivity to BSM

physics



