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The Slide which everybody knows

Quantum loops yield corrections to o
the W boson mass (and other observables) H \‘,' t
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Prepared using LEP EWWG Plots from 2012

By comparing precision measurements of
electroweak precision observables with
oredictions allow to constrain SM
parameters / probe the SM consistency

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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Where It all started for me

s W boson mass in 2012

= prediction was significantly more

' Measurement Status 2012
orecise than the measurement Ceae IeMEnt Statts

= a slight tension between the SM

prediction and the measurement

\
crandard Mode

Inspired by Heinemeyer, Hollik, Weiglein, Zeune '20
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Status of the Higgs Mass

_______________________ Overview of m , Measurements (CT18 PDF Set) 196.5
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Higgs Combination based on Run-1 and most precise Measurements at Run 2
mr=125.1+0.1 GeV (p-value=0.9)
Only limited impact on Electroweak Fit
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Status of the (Leptonic) ElectroWeak Mixing Angle

Overview of sinqueﬁ Measurements

le s_ince 1996
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Including all measurements yields sin2Bw=0.231433+0.00013, but p-value of 0.1
Excluding LEP and only use Hadron-Colliders yields sin26w=0.231343+0.00018
with p-value of 0.9
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Impact of PDFs (taken from Liang Han's Talk in Bonn)

Measurements at hadron colliders: systematics dominated by the PDF-induced
uncertainties
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sin2BW| Tevatron] = 0.23148 + 0.00027 (stat.) +0.00005 (exp.) = 0.00018 (PDF)
sin2BW[CMS-8] = 0.23101 = 0.00036 (stat.) + 0.00018 (exp.) + 0.00016 (QCD) + 0.00031(PDF)

SiN28W[CMS-13] = 0.23152 + 0.00010 (stat.) + 0.00015 (exp.) + 0.00008 (QCD) + 0.00027(PDF)
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Discussion of most precise experimental results

(Thanks to L. Han)

As a combination of Az, and Alfi"B, the observed AﬁB at hadron colliders should be
sensitive to the relative weight between the light quark u(it) and d(d)inside proton

App = Cy[u(x); u(x)] x AFp[sin?6y] + Ca[d(x); d(x)] X Afp[sin?6y/]

sin“0y, = proton structure

PDF-induced uncertainty on AFBh : the light quark ratio u(it)/d(d), difficult to be
experimentally constrained
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QCD global analysis on PDFs

(Thanks to L. Han)

Factorized PDFs for uy /dy /u/ d/ s(5)/g atQy: Experimental measurements
q(x) = agx1(1 — x)“2 X Pol(x; a;) ;

WP o X NIP) aa
l DIS: a(lp) DIS : a(vp)

Perturbative evolution (DGLAP)

Sum rules 2.0 ~
Hard process calculations | - CTI18 at 100 GeV
' R
l L

<

10
Predictions on physical observables P

Comparison with data aa

QCD global analysis |
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Two categories of experimental inputs

(Thanks to L. Han)

Experlmental data in CT18 PDF analysus

L ' ' ' ' x x L
" " | ] - . . ’ ‘ x. .‘A . hn -
Pure proton interactions: HERA/ = : = KR,
n P ' ' ' L"‘- x'! -'..‘ o ¢ x'! :
! : : : » ..x: » .I:A . N
levatron/LHC, constraints on | | - A EEFF A [emmaans S noor
) : ’ ' o o T A N .-;-‘-‘-)*._: B BCDMSp'89 HERAB'06
q uarks anad g luon 1IN small x L e FE g g NI | o bopMsi v HERA-FL
' ' s g x,‘. ® x‘-‘ x'..l B, wete .‘.“..'.:. .
- ' ' "": i S R S 1O LI LI DR T A NMCRATOT x CMSTEAsy'12
: — | : : A AT M A A L g
> { """""""" pmem e gl | e ;j...-,jffj;z:j“-:_,. A"j{:", v CDHSW-F2'91 @ ATLTWZ'12
I’egIOﬂ Q : : 2O uB) »8 Dy B0l A ut® o8 wF B e o s i
w ! - - x5 5 5 axE .'.'o.“ x By ;o‘. .g‘. .o...o . P {.. |___‘| ( l)lis‘\—'l' ; .'l * [)”-[‘.\\\- l-)
' ' W x" ) L) o ¥ S g x.‘: ., ! S ‘e " y
— : : e o e 5 o, S, e o8 gy oy . B CCFR-F2'01 @ CMSTMasy2'l4
O r ’ ' & .‘ :’ 0‘ ‘0~ ... ..‘-0.-.. ... 0.. 0‘ 0.‘
; ' xv =V = Hvgtnvg xgu gTu demiten,” wgt g™ a0, & CCFR-F3'97 B CDF2ETS'09
[ ] n | [ [ - .' - o" o'W g “o..o N o8 L L
Various nuclear interactions: : : RO SO N | PRSI
. 100p---=-========-- Sl e Lottt At T Lt A L L L L L S L L LT LY -
- 3 " v-nanvonv«ov'v.oc e ADECECRNIDET LA A LA e Wi AMgLePgrBEgnnag v 4 . )
- pOY  0F OVOYOTOTO,00Med el @ o NG S A O B RS MO WO DR KO T oW " NUTEV-NUB'06 A ATLASTIETS'IS
L] ] 3 N ' ' . ., 0 @ B . . -
fixed ’[arg et expe”men’[s i : : : oo sie s s ]| xCOFRSINO ¥ LHCSTZWRARIS
T - R~ s
. . . F ' ' ' . s s e CCFR SI nuB'Ol LHCBSZEE']S
b ' ' U . L - Ll
constraints on the light quarks In ; ; Gindad S ——
' ' B apaan v “ . a
. . . b ' ' e wopmwoeos o o o E605'91 LHCBSWZ'16
large x reqgion, with assumptions ’ ’ LEvaire oDl
g X g y U p : , RN L= & R S ESG6RAT 01 ATLSZPT'16
' ' vk ametn s mie = he o 'THE B . .
10;’ """"""" ’. """"""" ':".3-’-'.'.:53'-? T3 'o::'o'-'o' -o--.c---o---o-l ESGGrr'03 VvV CMST7IETS'14
P ' welotemmis oo one sn d s+ o . m:
ONn nuclear structure i : wrSopammare o see =430 1 L SR CDFIWASY'05  x CMSSugrs'l7
' semaye 'o’:. Srs _ o gt vy % . .... "::
E ' » .t B ® @ g © ooofo ' nl 'sav 'O ) 0T TrvT'17
| : ”......':.:.'::é: .! ". i .} . B m:ﬁ..,,,.. CDF2Wasy '05 6 CMSETTB-PTTYT'17
| JoMbeainede ‘.": s = 3 : £ 38 B i DO2MAasy'08 « ATLSTTB=-PTT-MTT'1l5
N .-::‘.:.‘: o;o :p oo.o . - M Ao : : ;;.:
choobenm A S e § YT L i ZyD02'08 @ ATLTZW'16
L ' L - - ' L L - ' » S “h A i
i A i i

Physikalisches Institut - Universitat Bonn

O
o -
o
—




Two categories of experimental inputs

SU(2) flavor asymmetry of
Ight quark sea Iin proton,
determined by Deuteron
scattering experiments.

Question: any way to verify
the d/u asymmetry with
unbiased pure proton data”
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1.8

1.7

(Thanks to L. Han)

d/i(x, Q) @ Q = 100.0 GeV
—— CT18

——— MSHT 20

—— NNPDF 4.0
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Factorization and new proton structure olbservables

(Thanks to L. Han)

The observed AFB h can be factorized,
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= Chinese Phys. C 45 (2021) 053001
= Eur. Phys. J. C82 (2022) 368

p-structure parameter Cu/Cd — related
to u/d respectively

= Phys. Rev. D106 (2022) 033001
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Global analysis of deuteron data vs. Ahrg Measurements

The R-parameter measurements of AI?B vield a light sea d/ii ratio close to unity

L i : :
d(x, Q)/d(x, Q) @ Q = 100.0 GeV Proton scattering oippp aseline +
= Deuteron data analysis (NuSea+SeaQuest) NuSea/SeaQ Jest
1.5- Proton data analysis (R-parameter measurements) Deuteron: ir high energy region the
1.4 classic D(n,p) picture may not be
= held
= 131
51 , Proton scattering oippp Daseline +
DO/CMS R Measurement
1.1
Proton: the sea quarks generated
1.0 - under pQCD, instead of SU(2) flavor
0.91{ WenHao Ma, Sigi Yang, Mingzhe Xie, Minghui Liu, Liang Han, C.-P: asymmetry
arXiv: 2510.08941

0.05 0.10 0.15 0.20 0.25 0.30 0.35 . s PDFs migh’[ iNndeed be 3

[Imiting factor, simply because
we dont have enough data
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Status of the Top Quark Mass

_______________________ Overview of m, Measurements
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LHC measurements of top-quark mass consistent: mr=172.27+0.27 GeV (p-value 0.4)
Problem: need to interpret this as pole-mass (additional uncertainty of 0.1-0.5 GeV)

Direct Pole-Mass measurements using cross-sections now also with Amr=1GeV
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Discussion of a selected high precision experimental results

Measurement of the top quark mass with
the ATLAS detector using top-quark pair
events with a high transverse momentum

top quark

https://arxiv.org/abs/2502.18216
mt =172.95 £0.53 GeV

The 13 TeV dataset enables studies In rare

phase-space regions: tops have high pl

boosted regime, top-quark decay products
become highly collimated.

These decay products are often
reconstructed within a single large-radius

(large-R) jet.

This simplifi

es the reconstruction of

hadronically decaying top quarks.
this can reduce systematic uncertainties in
the top-quark mass

Physikalisches Institut - Universitat Bonn

Ratio to fit

ATLAS

's =13 TeV, 140 fb”
Pseudo-data points

Linear fit
m, = 172.45 + 0.46(m - 172.5)

I | | RN I D | | L I B I L | UL I LI

e

-----------------------------------

171 1715 172 1725 173 1735 174
m, [GeV]
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Discussion of a selected high precision experimental results

Source Uncertainty [GeV]
JES % 0,29
Radiation (ISR and FSR) + 0.17
Colour reconnection (CR1 and CR2) + 0.15
JES heavy flavour + 0.14
Parton shower and hadronisation model + 0.14
JER + 0.10
MC statistics + 0.08
Underlying event + 0.08
Recoil + 0.07
Fit closure + 0.07
Background modelling + 0.05
Matrix element matching (pha“’d =1) + 0.04
b-tagging + 0.04
Higher-order corrections + 0.02
E‘T‘fliSS + 0.02
Pileup + 0.01
JVT + 0.01
PDF + 0.01
Leptons + 0.01
Luminosity < 0.01
Total statistical + 0.27
Total systematic + 0.46
Total + 0.53
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Uncertainty on m [GeV]
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|
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JES modelling 1
Fit closure

Parton shower and hadromsatlgﬁc%Il

'———'

————

——

i e
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= JES uncertainties not only a experimental problem,
but also due to flavor composition in shower

= (Can be constrained by Control Regions




A Preliminary W Boson Mass Combination

_______________________ Overview of m,, Measurements (CT18 PDF Set) World average of the W boson mass since 1998
Combination f ° 5 | : < 80600— s s s .
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W Boson mass combination perfectly consistent when ignoring the CDF result
Mw= 80362.6+8.8 MeV (p-value of 0.83)

Result consistent under different assumptions on correlation scenarios

When including CDF, the p-value drops below 0.001
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What do to with the CDF W Boson Mass

CDF |S an OU’[HﬂeI’ J[O a” Other Boonekamp, Schott, \Wang https://arxiv.org/pdf/2507.07835
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Discussion-of most precise experimental results

CMS: Proftile likelihood fit using pr in the
muon channel
13 TeV, 16.8 b1

ATLAS: Profile likelihood fit using pr/ mrin
the electron and muon channel
/ 1eV, 4.6 b1

Systematic Uncertainties compatible
between both measurements
-xception EW corrections

Impact (MeV)
Nominal Global
inm, Inmy Inmy; Inmy

Source of uncertainty

Muon momentum calibration 5.6 4.8 5.3 4.4

Muon reco. efficiency 3.8 3.0 3.0 2.3
W and Z angular coeffs. 4.9 3.3 4.5 3.0
Higher-order EW 2.2 2.0 2.2 1.9
py modeling 17 20 10 08
PDF 2.4 4.4 1.9 2.8
Nonprompt-muon background = — 3.2 — 1.7
Integrated luminosity 0.3 0.1 0.2 0.1
MC sample size 2.5 1.5 3.6 3.8
Data sample size 6.9 2.4 10.1 6.0
Total uncertainty 13.5 9.9 13.5 9.9

Unc. [MeV | | Total Stat. Syst. | PDF A; Backg. EW e u ur Lumi I'w PS
pfl’, 16.2 11.1 11.8 | 49 3.5 | %9 56 59 54 09 1.1 0.1 1.5
mr 244 114 21.6 | 11.7 4.7 4.1 49 6.7 60 114 25 02 7.0
Combined 159 98 125 | 5.7 3.7 2.0 54 6.0 54 23 1.3 0.1 23

Physikalisches Institut - Universitat Bonn
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Some aspects of Profiling

ldea: We include all parameters which are required to R — =

: : : ATLAS Simulation & Nominal
describe data into a common fit 01 (-7 TeV, pps WhsX i 2

---AT,=+200 MeV
---AT,=-200 MeV

0.08

Fraction of events

Likelihood function (which is minimized) defined as -

g(n ‘ H (9) — HHPOISSOH( (//t, (9)) . Gauss(é)) . 0.04

0.02

lllllllllllll'llll

with the expected number of events defined as

N — nom nom s nom
yﬁ(ﬂ,e)_cpxlsﬁ +;4><(SJ!;—5}.Z. )]+29S><<Sﬁ—§ﬁ )
nom nom
+BO™M + Z' 0, X ( — B! ) .

= [he profiling will use the only the data under study to reduce Solution In the far future:
systematic uncertainties Design a global fit, which
IMHO Problem: Some model uncertainties (e.g. PDFs) are ncludes all data and extracts
explicitly enlarged to be able to describe the tull available range everything at the same time
of experimental measurements

1.01

Var. / Norm.

0.99




Status of the Z Boson Mass

The Z boson mass wasn't I A S
updated since LEP o o from fit (9-Par) ¢ it
|ong thngh’[ that 1t will 40 G (QED COrrected) oo GO e e
never change until FCC-ee ® LEP Comb. (ALEPH, DO, L3, OPAL)
A SLD
aol— * S
CDF and CMS W boson K S :
mass use J/Psi as 0 AR, \E—
calibration ; '
lest their calibration at the Z BB cmommmas————g -
boson and get close to LE § —
precision -
EE T ) <] T e e e e
T R
= Likely that we will see an g\g | ) — AR
update on my from LHC within TR — ety e
the next decade /s [GeV]
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Update of the Global Electroweak Fit

Update of the Global 3 fm;e;;g; Ty
Electroweak Fit with Gfitter B [ e e ER
https://project- i3 E i
gfitter.web.cern.ch/ 5E- E 5.
R B ] = af
, L 3t = 3r
Indirect predictions for - .

main observables N N E :

TW: 80353i56 Mev 80.32 8033 8034 8035 80.36 80.37 80%8\,\, [883{9/ 80 90 100 110 120 130 140 mLS[OGe\}éO

Mz = 91 19517 Mev ~ 10 ~ 10— ]

mr = 174.3+1.6 GeV 5o 5 95_-'“.“-6;;P;z-“-"-;‘fff’ffffi" ---------------------------------------- E

mu = 102.7+16 GeV sg B 15 e ey E

sin2Bw = 0.231544+0.000056 I i3 :

55 5F -

Overall consistency of the i ) | :

SM Global Electroweak Fit 2 2 / E

x2/ndf=17.1/14 (p-value 0.25) E — oINS

0.231.2310. 231Q231G231@23162316231@231;5%19)(632 155 160 165 170 175 180 m18[5()3|eV:
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The Future of the W Boson Mass

Assumes experimental
orecisions after HL-LHC

Q0

— - Tension between future

—  measurement and

current prediction
AmW :4 Mev ! future prediction
Amz — ‘] |\/|e\/ 6 current world average
e g assixning a factor two
Amt = 150 MeV (unrealistic?) moroYsment in precision
Amu=50MeV 5 B NG oo

AsIiN26w = 0.00007

— o = = e e e e e e e o e e e e e e e L R e o o - e o o o o= o= o — o = = o e o e e e e e o = =

= Realistic future single
measurements of mw that are
iIncompatible with the SM are

|
also Incompatible with the 80.3 80.4
current WA future m,, [GeV]

Tension future m, and SM / WA [o]
@)

—
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The Future of the Top Quark Mass

Assumes experimental
orecisions after HL-LHC

Amw =4 MeV

Amz = 1 MeV

Amt = 150 MeV (unrealistic?)
Ampy = 50 MeV

AsIiN26w = 0.00007

= Realistic future single
measurements of mrop that
are incompatible with the SM

are also incompatible with the
current WA

Tension future m,,, and SM /WA [o]

Tension between future |
measurement and
current prediction

future prediction

~
[TTTT 7T

current world average
assuming a factor two
Improvement in precision

— o e = o e o o e e e e e e e e M e e e e Y e e e e e e —— —

Qo
IIIIIIII|IIII|IIII|IIII|III

|
170

—
o
Ol

— o = = o e e o e e = o

|
175

future m

—l
mlllllllllllllllllllllll
o

[GeV]

top
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The Future of the Z Boson Mass

Assumes experimental
orecisions after HL-LHC

— Tension between future |
measuremeniand

/ current Rrediction
AmW :4 Mev future prediction
Amz — ‘] |\/|e\/ 6 current woNd average
e g assuming a factor tyo
Amt = 150 MeV (unrealistic?) mprovement in preckion
Amy =50 MeV 5 B N B

AsIiN26w = 0.00007

Tension future m, and SM / WA [0]
@)

= Realistic future single

measurements of mz that are 12

incompatible with the SM are - :

also Incompatible with the 91.16 91.2 91.22
current WA future m, [GeV]
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The Future of the Electroweak Mixing Angle

Assumes experimental

Qo

o E - Tension between fulure .

precisions after HL-LHC < e E

AmW =4 Mev % E future plroediction E

Amz =1 MeV = 6—_ .Current world avekage s

Amt = 150 MeV (unrealistic?) D et i rotaion -

Amp = 50 MeV S BNl —

Asin20yw = 0.00007 < -

S 41 =

€ F -

(7 — _

o SE T -

- — _

. 3 2 —

s \Wait! Not so fast c -

@ 1 i

= [he weak mixing angle has 2 F | | | | -
indeed 10 see 0.229 0.23 0.231 0.232 o_.2233 0.234

new physics at the HL-LHC future sin”(0,,) [GeV]
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What about Effective Field Theories”

Moving beyond old LEP approaches (and
no discoveries beyond the Higgs)
Effective Field Theories
extend SM Lagrangian by a operators O(d)
¢ c(®)
Lsyierr = Ly + Z ZTOZ@ T Z l
/\: scale of new physics
ci. Willson coetft.: strength of BSM interaction

EWPO involve relatively low energy scales E
(compared to LHC energies)
— higher-order corrections in E/A are small

— |eading terms of the SMEFT expansion
as good approximation

— EWPO important

Physikalisches Institut - Universitat Bonn

Setup of the SM Effective Field Theory
Fit from Hannes (JHEP 07 (2025), 089)

Input Data:

= Mw, Mz, SINBw, M1, My + 27 0bS.
= U(2)g x U(2)u x U(2)d symmetry,
{Imw,mz, Gy} input scheme

SM Predictions based on

= |. Dubovyk, A. Freitas et. al, arXiv:1906.08815

= M. Awramik, M. Czakon and A. Freitas,

arXiv:hep-ph/0608099

= M. Awramik, M. Czakon, A. Freitas and G.
Weiglein, arXiv:hep-ph/0311148

SMEFT parametrization based on
= A. Biekotter et. al., arXiv:2312.08446



| HC Improvements

. H. Mildner JHEP 07 (2025) 089
Fit Results — (2025)

. . C 4 . —— | —— PDG
One-at-a-time constraints for A = 1 TeV | == = e —
New physics exclusion: Az10 TeV for ci~1 -~/ MW =80371:0006

sin’ey},ox10° = 23150+25

W Mass o o S sinfef x10° = 23175216
First: Combined LHC | » — :
Second: shifted by +10 with a 33%| e —— ‘
improvement \ —— i
. -
| _— £
—ffective Weak Mixing Angle | “ o %
First: Combined LHC+ Tevatron — — ———e —r
Second: shifted by +10 with 33% improvement Che,22 |
Cii, 1221
= Measuring significant non-zero Wilson SUTTRTY FRTTY ST PYPRE PN IR ITT RN PTRTY PO

. : -0.03-0.02-0.01 O 0.01 0.02 0.03 0.04 0.05 0.06
coefficients requires future measurements 95% CL, A = 1 TeV, NLO SMEFT, {G_M_M_}scheme

to be incompatible with current EWPD
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The Future of Electroweak Precision Observables at the LHC

Standard EWPQO likely not a direct gate to
NP, rather important input to SMEFT-Fits
but, /A scales with (precision)1/2

Focus on running of couplings
Unique opportunity at HL-LHC

[ QW(APV) V¥ eDIS
* NuTeV
® LEP/SLD

Meas./Pred.




Flectroweak Precision Physics at the FCC-ee

FCC_ee Wl ‘ ‘ be =) Parameter Current value FCC-ee unc.- Parameter Current value FCC-ee unc.-
target target
game C han ger My 01.1875 + 0.0021 GeV _ <0.1 MeV M 125.00 £ 0.15 GeV __ £0.01 GeV
3rinaing b g 2.4952 4+ 0.0023 GeV 25 keV My 80.380 + 0.013 GeV  +0.6 MeV
nging Dack the o0 41.540 + 0.037 nb 0.004 nb T'w 2.085 + 0.042 GeV  +£1.0 MeV
Global EW Fit on Ry 0.21629 + 0.00066  <0.00006 Miop _ 172.904£047GeV £15MeV
stage AFE(b) 0.0992 + 0.0016 +0.0001 Aapag[x107°] 2758 £ 10 +3

2
-
O

| | | | | I I

S M P re d I Ct I O n S at NX 10 = Indnrect betermmat%on of W|th FCC Uncertalntlec.
<

F C C _ee Measurement

AMw = 0.2 MeV,
ATTop = iO1 GeV
AMuy = 1.4 GeV,

IIIIII

= Indifect Detprmination of m,, with FCJ Uncertanties =

A x

Measurement

m— EWK Fit (GAPP) m— EWK Fit (GAPP)

- D W A 00 O N 0O ©

() lllllllllllllllllll|IIIIIIIIIIIIIIIlllllllllll

llllllllllllll|lllllllll|llll|llll|lllllllllIllll_

- N WO A OO0 O N 0O O
RN RN AR R RRN AR RRRR RRRRNRRRRR R

Co0o0oa 1 ! L1 A el O M Y I ol G O (W Tl OOl Y T Tl vl I
80.33 80.34 80 35 80 36 80 37 80 38 80 39 90 100 110 120 130 140 150 160
m,, [GeV] m, [GeV

(0 0)
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.= Most likely my last presentation on

L - = the Global Electroweak Fit for a
W"‘B 1 Wh”e

We should focus on the weak
mixing angle and the running of
couplings during the HL-LHC...

... and prepare step-by-step the
FCC-ee program
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