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Introduction
¢ Rich variety of electroweak interaction derived from symmetry principles

e Mass of electroweak gauge bosons and interaction SU(2) x U(1)
L Y

. ) ,
strength predicted precisely from g, g', v, A WL W Z, y
e Parameters of the Standard Model
o four input parameters, e.g. a,_, G, m,and m_ _ ____ giitter.Y. Fischer et al., EPS 2023
2 [ owmssecieomoms | [ mamaw ]
o interconnected with each other R e B A
° at Tree |eve| 80.45; Direct M,, and m, measurements _i
gv ——VQZ"'Q,ZV sin® 6, = g’ —=1-—m/m —\/592 w4 |- / E
m —_’mz_ ’ w 2 2 w Z,GF_ ) E - ), =
w 2 2 g +g 8mW 80-35},A - e p%(r . _:
- at leading order sin’6;,c(1—g,/g,) " # W4 E
related to the real effective (leptonic) vector :
and axial-vector couplings of the Z boson T
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e at higher orders m, [GeV]
:(”E‘QED> “VI+AT sin *0,,=Ksin’6,,, k~1.037 o BT .
w \/2 G Sln 0 & i 68% azi(: 9?;’ACL c:ntours [
E; B [ ] ﬁtw/oMW sin (9 andwadthsmeasuremems
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0
fit wio M, sin (9 . and M measurements
fit w/o M,,, si (B A

o radiative corrections Ar modify propagator s0.45

and decay vertices
* sensitivity to a wide range of physics through quantum loops *4[ B |

M d Z widths measurements

!Ill

- largest contributions from m? log(m ) i NG )
e Precision measurements i
o test self-consistency of SM theory in global EW fits N N
o tensions could be signs of BSM effects = = pase R,
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Measurement of the W boson mass and width

arXiv:0901.0512
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o revisit 2011 (7 TeV) data, favourable experimental environment for measurement of m
o measured from PT and m, distributions in W - &v decays

o checks of pr modelling in dedlcated measurements

o more modern PDF sets : CT18 (was CT10nnlo)
o small update to uncertainties for higher-order electroweak corrections
o key change : use profile likelihood fit (was y? fit)
e constrain systematic uncertainties in situ
« directly determine their correlations

* challenge: m  now also correlated with some syst. variations

- extensive validation of method to avoid biases
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Measurement of the W boson mass and

Overview of m,, measurements arXiv:2403.15085
LEP Combination ATLAS = e m
' (s=7TeV,46fb" K
B354 32 MeV I
ATLAS 2017 il
Eur Q) 11 @ Measurement LD
[[]stat. Unc. ;
ATLAS 2024 W Total Unc. L
T a7 £ 1MV 10 SM Prediction 1 .
e i Al i
80200 80300 80400
m,, [MeV]

Unc. [MeV] | Total Stat. Syst. | PDF A; Backg. EW e u wr Lumi TI'w PS

Pl 162 11.1 118 | 49 35 56 59 54 09 1.1 01 15

mr 244 114 216 | 117 47 49 67 60 114 25 02 70

Combined | 15.9 98 125 | 57 3.7 54 60 54 23 13 01 23

o separate measurement of mass and width :

m, = 80366.5  15.9 MeV

I =
W

2202 = 47 MeV

o ... as well as simultaneous extraction
© most precise single-experiment measurement of I'

Overiew of I', measurements

- |
. |ATLAS = e ' m
(5=7TeV, 461" f
ik ' L . -
L] u L u
J:ﬂ\.LEJ.:”-' C 47(2006) 303 L o
Ty = 21402 108 MeV :
4-E':-.t,.:-nl-l-‘nbII-lat":m1_:.11:: - & =
Phiys. Fav Lety 103 {2003) 231802 : | | :l
Ty = 20282 72 MeY @ Measurement
Phy=. Rev. Lett 100 {2008) 071801 DStat. Une. - [ I |
wT e e _.TDtaI Unc..__________________; e
I iy 'iSM Prediction I — l
1500 2000 2500
r, [MeV]
Unc. [MeV ] | Total Stat. Syst. | PDF A; Backg. EW e u up Lumi my PS
pf} 72 27 66 21 14 10 5 13 12 12 10 6 55
my 48 36 32 5 7 10 3 13 9 18 9 6 12
Combined | 47 32 34 Fi 8 9 3 13 9 17 9 6 18
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Measurement of the W boson mass m_

e Combination « ATLAS, LHCbh, DO, CDF » cprc (2024 s4:451
o measurements performed at different times, using different baseline PDFs
and QCD tools : existing result extrapolated to a common baseline
o two-step procedure : T n.
* correct to common theory and modelling |
 combine including correlations (proton structure)

mWCDF mWDO mmﬁTLAS mWLHCb
CTEQ6M CTEQ6.6 CT10nnlo CT18/NNPDF/MSHT20
ATLAS W~ i -0.2
i l
6mWCDF 6mWDO 6mWATLAS 6mWLHCb -0.6

ATLAS W~ 0.28 ‘ -0.46 -0.03

Common baseline - ,
\ \ / / ATLAS W* ATLAS W LHCb Tevatron =

PDF uncertainty correlation matrices for the CT18 PDF set

mycembined ... and repeat, for different PDFs

M. Boonekamp, LHC EW WG . . .
General Meeting, July 2024 LHCb : m, determination in the forward acceptance

strongly suppresses the PDF uncertainty in an LHC
m,, average due to complementary geometry.

It is only a 2016 dataset analysis, with a full Run 2
analysis still possibly coming ! ;.25 07 2022 036

m = 80364 t 32 MeV

Tension between « ATLAS, LHCb, DO » combination and CDF W mass is of 3.6 o
« ATLAS, LHCb, DO » : m = 80369.2 + 13.3 MeV
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Measurement of the W boson mass

e CMS CMS-PAS-SMP-23-002
1 J. Bendavid, CMS CERN seminar
o use well-understood subset of 13 TeV data: 16.8 fb™ from _ e 16807 (13Tey)
. . . [} Postfit ata ]
later part of 2016 run (~30 mean interactions per crossing) < L \[/)vt-mv i
» focus on muon channel and kinematics | S iy

W+ > tv
Il Rare

* larger experimental syst. for electrons and hadronic recoil

o strategy : exploit large dataset, accurate modeling of uncer-
tainties for maximal in-situ contraints on theoretical modeling

* reserve Z data as independent cross-check as much as possible
e muon calibration from J/y, validated with Z B ey e |
* in-situ constraints on theory modeling from W data itself, '
independent validation with Z ossl
o m  extracted from profile likelihood fit to u (n, p., charge) N S I N

T (GeV)
. thousands of bins and systematic variations ;optimized Tensorflow-based fitting frameworpk

o building on experimental techniques, tools, and experience from W-like m_ measu-

rement (2016) and W rapidity-helicity measurement (2020) which established strong
In-situ constraints on PDFs from charged lepton kinematics
o 4B fully simulated MC events >1OOM selected W candldates

o 16.8 fb™! (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/index.html
https://indico.cern.ch/event/1441575/

LEP combination
Phys. Rep. 532 (2013) 119

DO

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCb
JHEP 01 (2022) 036

ATLAS

arxiv:2403.15085, subm. to EPJC

CMS
This Work

C MS Prelfmingry |
my in MeIV IE
L 80376 + 33 ————o _
L 80375 + 23 ‘_._1 _
| 80433.5 + 9.4 ' —
L 80354 + 32 ;_+_| _
L 80366.5 + 15.9 pi—o—q _|
| 80360.2 + 9.9 ;.:-._1 o EW it -
| : 1 | |

80300 80350

m = 80360.2 £ 9.9 MeV

80400 80450
mw (MeV)

o first m measurement from CMS

o in agreement with the SM prediction
o measurement is performed with ~10%

of Run 2 data
o major advances in experimental and theoretical
techniques from the basis for further improved

precision and additional measurements

in the future
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Measurement of the W boson mass

CMS-PAS-SMP-23-002

J. Bendavid, CMS CERN seminar

Impact (MeV)
Source of uncertainty Nominal Global
inmy inmy inmgz inmy

Muon momentum scale 5.6 4.8 53 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 22 1.9
py modeling 1.7 2.0 1.0 0.8
PDF 2.4 44 1.9 2.8
Nonprompt 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 24 10.1 6.0
Total uncertainty 13.5 9.9 13.5 9.9

Towards the electroweak fit precision

CMS Preliminary

—_— -
== 190 — 68% and 95% confidence level by
0] | [0 CMS, CMS-PAS-SMP-23-002
(O] | [0 CMS, Eur. Phys. J. C 83 (2023) 963
pe== 68%, 95%, 99%: credibility regions
E"_‘ ~ [0 deBlazatal,
- Phys. Rev. Lett. 120 (2022) 27
180 —
i vz 7
170 —
W=, . . | . L :
80.25 80.3 80.35 80.4 80.45
my, (GeV)
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Measurement of the effective weak mixing angle

e Measurement of pp - Z/y* - €'¢” Forward-Backward asymmetry

o use Collins-Soper frame (Z boson at rest)
» z axis defined by quark direction

* using final state leptons angular distribution

do 1 ; )
d cos 0 ZAo(l 2cos” O)+A,cos0 A=

o the Forward-Backward asymmetry A_
the Z boson rapidity
« only valence quarks contribute to the A__
« ambiguity in quark direction resolved through
rapidity-dependent measurement
o experimentally defined as
_ N(cos#>0)—N(cos6<0)
"8 N(cos 8>0)+ N(cos 6<0)

2
~1+cos 6+

_ Nm™>n™) - N~ <n*)
Nm™>n™)+Nn~<n™)

* reconstruction of muons in CMS up to |n|<2.4

3 categories for electrons : « e » tracker only (|n|<2.5),
«g» in FCAL (2.5<|n|<2.87),
«h» in forward HCAL (2.5<|n|<2.87),

* high quality muon reconstruction in LHCb in 2.0<|n|<4.5

LHCbh  pp R ————— e —

CMS ee/‘: ueg eh
0 1 2 3 4 y .
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https://cds.cern.ch/record/2893842

Measurement of the effective weak mixing angle

e CMS

o total uncertainty dominated by PDFs

o PDF reweighted/profiled in fit of
A__ and A, to determine sin’0,;

 reduces PDF uncertainties
by a factor of 2

* results in better agreement between
different PDF sets

o CT18Z chosen as ‘default’ pdf set

before unblinding

e its uncertainty covers best other
central values

CMS-PAS-SMP-22-010

CT18X CMS e

CT18A | preliminary i

CT18Z e Ay, CT18Z

CT18 ——— | g Acg (no-prof)
MSHT20 — g —e— ® | A (pdf)
NNPDF40 g oA,
NNPDF31 | e
0.23 0.231 0232 0.233
sin’e),

e LHCD

o the uncertainty from the PDF is
estimated following the prescription
provided by the groups responsible
for each of the PDF sets used

o considering variations in
the PDF “replicas”

o the PDF uncertainty < statistical
uncertainty (~4.4x10™) because of
the use of the LHCb acceptance

o don't need to use profiling to reduce
the PDF uncertainty

LHCDb-PAPER-2024-028 in preparation
(link to CERN seminar)
_"I""I""I""I""I""I'"'L""I""I""“"'J"_
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Measurement of the effective weak mixing angle

LHCb-PAPER-2024-028 in preparation

e Precise measurements from hadron colliders (link to CERN seminar)
o precisions comparable to the most precise | CMS-PAS.SUP-22-010
single measurements at LEP A” and

SLD ALR determination

Statistical uncertainty

SLD, AJ
PRL 86 (2001) 1162

LEP combination, A;“"

o to be compared to calculation from SM Phys. Rept. 427 (2006) 257 —a
using precise experimental inputs ATLAS 7TeV

JHEF 09 (2015) 049

sin’f,; = 0.23155 + 0.00004 (SM)

JHEP 11 (2015) 190

Tevatron combination
PRD 97 (2018) 112007
CMS 8 TeV
EPJC 78 (2018) 701
ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037
CMS 13 TeV preliminary
CMS-PAS-SMP-22-010
LHCb 13 TeV
This analysis RS A/Eh/.,l
Electroweak Fit (J. Halleretal) |
EPJC 78 (2018) 675

easurements

Lirect

M

Electroweak Fit (]. de Blaser al)
PRD 106 (2022) 033003

I | l

0.228 0.23 0.232

Determinations

Indirect

gt
sin“@

CMS : sin29ﬁff =0.23157 + 0.00010 (stat) = 0.00015 (syst) = 0.00009 (theo) £ 0.00027 (PDF)
LHCb : sinzeﬁff =0.23152 % 0.00044 (stat) = 0.00005 (syst) = 0.00022 (theo/PDF)
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Z boson invisible width

e Width of Z boson for decays into invisible states I'(Z - inv) sensitive to
o number of light neutrinos (m <m _/2)

o potential BSM contributions from new particles 1. correct Z . inv and Z _ &

to common phase-space
2. take ratio _
3. fit constant Rmiss

do(Z(— inv) + jets) / do(Z(— ) + jets)

dprz dprz
/

RII]iSS (pT,Z) =

PLB 854 (2024) 138705

> 1 05 T T T T = % 1 04 ! 3 2 12
g ATLAS Data 3 EZ [ ATLAS
8 10t ‘F;LAS . é g(afw)ﬂets 3 9 10° Vs=13 TeV, 37 b 2(8 up)Hets = L [ Vs=13Tev, 37 fb"! : EZZ EEEZgZS a::: fn?sri:njé;;\ra FxFx_|
> Z?:ii\;l;fj\el;ty fo B WV(ow)Hets 1% 102 Z(—pu)tets VL’(—' v)+jets 10— 20 Syst. @ stat. uncertainty —
@9 i = - Sherpa 2.2.11 —
5 10° = m:g;"ﬁtz E 2 tons E Ko e MG5§aMC+PY8 FxFx o
Lﬁ 102 ﬁlsingle—to"p w 10 = 8 - —
= ﬁg::cmultue; 1 @ stat. uncertaint ; - 7 2 2
10 Di-fri . ignal uncertainty 5| » w ) / /
1 107" E| 6 A AU 000 M/A',%:/. = %?
10°2 C 7 / %
107" 5
1078 . 7
1072 3 1.2 ¥ 5 A | E
< 1.2 S 1 // // // o 12 AN
3 o & 1B dsrsohssihsssbossihss ¥ /
c 1 S 08 8 08f %///// v
% 0.8 a 500 1000 1500 2000 2500 8 200 500 1000 2000
o 500 1000 1500 2000 2500 Pr, [GeV] p._ [GeV]
, TZ
p, ,[GeV] ‘
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https://www.sciencedirect.com/science/article/pii/S0370269324002636?via%3Dihub

Z boson invisible width

PLB 854 (2024) 138705

. T T T T 1 T T T | 1 1 1 1 1 1 I 1 | 1 1 1 1 | 1 1
_Co_n\_/ert flt_ted constant _to_ Z bo_son éﬂ'évsm-w e ot Sl | S
invisible width by combining with b Lo .
. 499.0 + 1.5 MeV
Z _ 8 width measurement from LEP i
F(Z — il‘lV) — ﬁmiss ; F(Z - Z,ﬂf) L3 p——— 498 + 17 MeV
OPAL —=——%——— 539+ 31 MeV
Most precise recoil-based result ALEPH e 450 + 48 MeV
LEP Combination, Photon-tagged F—p— 503 + 16 MeV
Precision limited by lepton systematic CMS N— 523 £ 16 MeV
uncertainties in Z - ¥ events LA
T 506 £ 13 MeV
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
350 400 450 500 550 600

I'(Z—inv) [MeV]
ATLAS : T(Z-1Inv) =506 £ 13 MeV  pisss4 (2024) 138705

CMS : T (Z-Iinv) =523 + 16 MeV Phys. Lett. B 842 (2023) 137563
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Measuring the top-quark mass m

¢ Significant improvements over the past years
o better calibrations, alternative techniques, improved theoretical modelling
o more than 40 publications by ATLAS and CMS collaborations

) JHEP 07 (2023) 213 LHCTopWGSummaryPlots
. —1T 7T
® « I n d I re Ct » '.é _— :_ ATLAS+CMS ATLAS+CMS _: AJIC.I%,SJCMS Preliminary  my,, from cross-section measurements November 2023
o LHCIOpWG i
O from CrOSS SeCtlon 5 CT14 ] total stat My £ ot (stat + syst £ theo) [GeV] '[Ldt Ref.
measurements 300 s MMHT14 -] o(tf) inclusive, NNLO+NNLL
- ~ NNPDF31{ a - ATLAS, 748 TeV — 1729 % I
- - - Ll S - +1.7
~10 250(= - CMS, 748 TeV f—e—1 1738 13 197167 2]
O 1 /o preCISlon On & S| CMS, 13 TeV —t— 169.9 57 (0.1£15 F2)  mson' [
I T I H . ] ATLAS, 13 TeV —— 1731 %7 %" [4]
pO e m aSS I nC USIVe 2001 = LHC comb., 7+8 TeV —s— 1734 58 <20’ [5]
_ 0 L r o(tt+1j) differential, NLO
o ~0.4% precisionon __t : et T EAS214TH e
C D ATLAS, 8 TeV (R 1711 5% (04.£0.9 ) wewt @
pOIe maSS (dlﬁerentlal) 7Tev NNL0+NNLL = (I'I'I )_0118 . ‘T!! CMS, 13 TeV f—e—o{ 1721 53 (1.3 7 ) 363" [8]
165 B 70 1 75 1 80 - 1€ o(tt) n-differential, NLO
ATLAS+CMS Preliminary Migp SUMMary, 15 = 1.96-13 TeV April 2024 m [GeV] ATLAS, n=1,8 TeV H—=—  1732416(0820841.2) 2020" o)
LHCtopWG CMS, n=3, 13 TeV | 1705+ 0.8
"""""" oons Pz Tt e o
total uncertainty  totl stat & syt £ racoll) [GeV] J Ldt Rt irT"LSASf fjservefxogt;g H 2] e
LHC comb. (Feb 2024), 7+8 TeV H 172 52 +0.33 (0.14 +0.30) 20 b [1] B JHEP 07
World comb. (Mar 2014), 1.8+7 TeV 17834 £076 (036 = 0.67) 87" 2] oo v b v v s vy v v b v by by
ATLAS, I+jets, 7 TeV = 17233+ 1.27 (0.75 £ 1.02) 4617 [3
ATLAS, dilepton, 7 TeV E 173.79 + 1.42 (0.54 + 1.31) 4617 [3] 155 160 165 170 175 180 185 180
ATLAS, all jets, 7 TeV 1751 18(14212) 6" 4 My, [GeV]
ATLAS, dilepton, 8 TeV = 172.99 + 0.84 (0.41+ 0.74) 203 fo

H
-
——
————
e
e
ATLAS, all jets, 8 TeV ———— 173.72 £ 1.15 (0.55 + 1.02)
ATLAS, l+jets, 8 TeV —— 172.08 + 0.91 (0.39 + 0.82)
ATLAS comb. (Feb 2024) 7+8 TeV HeH 172.71 £ 0.48 (0.25 + 0.41)
=
"
o
—
—e——]
-
.
-}
S
=
—
—
|
]

e « Direct »
o extract m_from decay products (¢+jets, &)

o ~0.2% precision
single most precised measurements @13 TeV

CMS {+jet : m = 171.77 £ 0.37 GeV  Eric 832023 963

ATLAS, leptonic inv. mass, 13 TeV 174.41+ 0.81 (0.39 £ 0.66 + 0.25)
ATLAS, dilepton (*), 13 TeV = 172.21+ 0.80 (0.20 + 0.67 + 0.39)
CMS, I+jets, 7 TeV E 173.49 + 1.07 (0.43 + 0.98)
CMS, dilepton, 7 TeV — 1725+1.6(0.4+15)

CMS, all jets, 7 TeV 173.49 £ 1.39 (069 £ 1.21)
CMS, I+jets, 8 TeV 172.35+ 0.51 (0.16 + 0.48)
CMS, dilepton, 8 TeV 172.22 33 (018 o)
172.32 2 0.64 025 £ 0.59)
172,985 £1.22 (077 7))

4
[
—
CMS, all jets, 8 TeV L
CMS, single top, 8 TeV [
CMS comb. (Feb 2024), 7+8 TeV ~ H 172.52 +0.42 (0.14 £ 0: 39)

—ei 172.34 + 0.73 (0.20 “5)
—ief 172.33 £ 0.70 (0.14 + 0.69)

[ 17177 037

[— 17243 377 (032 170 3
- 173.06 = 054(024) 13

CMS, all jets, 13 TeV
CMS, dilepton, 13 TeV
CMS, l+jets, 13 TeV
CMS, single top, 13 TeV
CMS, boosted, 13 TeV

+0.09,

* Preliminary

ATLAS 0 : m = 172.21 + 0.80 GeV  arLas-conF-2022-058

| | | |
165 170 175 180 185
My, [GeV]
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https://arxiv.org/pdf/2205.13830
https://link.springer.com/article/10.1140/epjc/s10052-023-12050-4
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://cds.cern.ch/record/2826701/

Measuring top-quark mass m_: Run 1 combination

A combination of fifteen top-quark mass measurements performed

by the ATLAS and CMS experiments at the LHC

LHCtopWG

ATLAS

LHC combined
stat uncertaint
total uncertain

b

ATLAS+CMS Preliminary

Vs=7,8 TeV

total

stat

m,  total (= stat £ syst)

dilepton 7 TeV 173.79+ 1.42 (+0.54+1.31)
lepton+jets 7 TeV s 172.33+ 1.28 (+0.75+1.04)
all-jets 7 TeV P —— 175.06+ 1.82 +1.35+1.21)
dilepton 8 TeV R 172.99+ 0.84 (+0.410.74)
lepton+jets 8 TeV = 172.08+ 0.91 (+0.39+0.82)
all-jets 8 TeV ——— 173.72+1.15 +0.55¢1.02)
combined HeH 172,71 0.48 (+0.25+0.41)
CMS
dilepton 7 TeV — 172,50+ 1.58 (+0.43+1.52)
lepton+jets 7 TeV E—o—-—o—| 173.49+ 1.06 (+0.43+0.97)
all-jets 7 TeV = 173.49+ 1.41 #0.69+1.23)
dilepton 8 TeV i 172.22+ 0.95 (+0.18+0.94)
lepton+jets 8 TeV HOH 172.35+ 0.48 (+0.16+0.45)
all-jets 8 TeV e 172.32+ 0.62 (+0.25+0.57)
single top 8 TeV f——io—— 172.95+ 1.20 (+0.77+0.93)
Jhy 8 TeV + - 173.50+ 3.14 +3.00+0.94)
secondary vertex 8 TeV e — 173.68+ 1.12 0.20£1.11)
combined H-H 172.52+ 0.42 (+0.14+0.39)
LHC combination
dilepton H—-H 172.30+ 0.59 (+0.29+0.51)
lepton+jets H=H 172.45+ 0.36 +0.17+0.32)
all-jets bt 172.60+ 0.45 (+0.26+0.36)
other fH——H 173.53+ 0.77 #+0.43+0.64)
combined H 172,52+ 0.33 (+0.14+0.30)
| | | | 1 | | | | | 1 | | | | | 1 | | |
165 170 175 180 185
m; [GeV]

LHCTopWGSummaryPlots
Phys. Rev. Lett. 132, 261902
o using BLUE™, calculate or estimate
the correlation between measurements,
then calculates the corresponding
uncertainty on the physics parameter
O ATLAS inputs 6 measurements, CMS
the same channels plus single top, J/Y
and secondary vertex at 8TeV
O to see compatibility run “simultaneous”
BLUE with two m parameters, m (ATLAS)

and m (CMS), excellent agremement

O resulting precision is below 2 per mil

O 31% improvement over most precise
single input

[1] Nucl. Inst. and Meth. A 270 (1988) 110

m=172.52+0.14 (stat)+0.30 (syst) GeV, with a total uncertainty of 0.33 GeV

Status of electroweak parameter measurements, QCD@LHC, Freiburg, 8th October 2024
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261902

Measuring m : boosted channels

e Direct measurements from top- quark decays
o extract well defined m from boosted top-jet using large-radius jet : mz(jet):(Zpi)2

o compare measurement to well defined field theory parameter
* no additional uncertainty for m top

MC_) mMSR

o phase-space of theory and experlment different

» calculations only at p_=750 GeV and experiment at p_2400 GeV

e CMS

o improved jet reconstruction in Run 2 = improvement in jet resolution

o unfolding, differential cross-section measurement

o reduced dominant uncertainties : calibration of Jet Mass Scale, modeling of FSR

ATL-PHYS-PUB-2021-034

> F T ‘ T T T T | T T T T | T T T T ‘ T T T T 3
) B 1 —
= 009" ATLAS Simulation Preliminary E 1-|:E:;
e 0 08; pp — t, XCone R=1.0 jets E
% © Soft-drop (2,,=0.01, A=2) 1 ge
g 0-07E 1000 GeV < p, < 1500 GeV ERLL
(0] r -l —c
b 0.06 E — Powheg + Pythia8 e
% 0 05 :_ """ NLL prediction, MSR mass -
g E — NLL prediction, pole mass
<Z) 004: |:| Theory Unc.
0.03F
0.02F
C E\ o
0.01F _g g
: 1 1 ‘ 1 1 1 1 | 1 1 L 1 | Il L 1 L ‘ i I 1 i 1 : h
165 170 175 180 185 190
Large-R jet mass [GeV]
MSR MC MSR +350
A =m, (1 GeV) = 802, MeV

EPJC 83 (. 2023) 560

1
1
008 e e 20 13816 (13 TeV) |
g - arxiv 2403.01313
_CMS *Df“a i T T T WlWIIl‘IVVlIlI
m, = 169.5 GeV CMS
0.03— — m,=172.5 GeV | F—e—  Stat uncertainty Statistical . Experimental
r S g m =175.5 GaV ] hd Total uncertainty . Model Theoretical
= 1735 Ge
C — RS
0.02— i 8 TeV (19.7 i)
.......... S —
¥: ( ) 467
0.0 —
13 TeV (35.9 o)
L my= 1726+ 2.5 GeV L =
_’_J_‘— Phys. Rev. Lett. 124 (2020) 202001
D 1 n 1 PR R N
BT T :naTeV(wsafb) . =
| ; Eur. Phys. J. G 83 (2023) 560
1 e —— 4
! 1 1 I EEETE BERTE |
" _1éﬂ' 1:II} 16I[] 180 EEIJI} 220 i 16 170 17 0 2 ¢ s
i [GEV] m, [GeV] m, uncertainty [GeV]

et

m =173.06 £ 0.84 GeV
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https://link.springer.com/article/10.1140/epjc/s10052-023-11587-8
https://arxiv.org/abs/2403.01313
https://cds.cern.ch/record/2777332

ATLAS

Fraction of events

Measuring m : alternative channels

e Direct measurements from top-quark decays :
o alternative measurements = sensitive to different systematics

. b v i
o construct templates of leptonic-only m ,
u
lepton from W and soft p from a b-hadron
» smaller sensitivity to jet energy scale & resolution CMS  arxiv2403.01313 M L i 7
* less sensitivity to top-quark production g e
modeling than previously showed measurement
. - . . . Inclusive ff 7+8 TeV, NNLC @ CT14 4
o binned-template profile likelihood fit used to oo e ea
. . . Differential tf 13 TeV. NLO + 30 fit (m*, a,. PDF) e : Ja ::::v
find best value for m, systematics included BT
as Gaussian-constrained nuisance parameters e O sens e e
JHEP 06 (2023) 019 arxiv:2404.10674, sub. to Physics Reports A — -
B T R s S
0.1 ﬁf— = .13 TEI:;IU ation e = 1705 Ge‘u"_f ATLAS Preliminary [ statistical uncertainty Le:?;je:;e\rl_ Hiﬁ,rf,r?nemm u ™ :
:_ . - e : _: . _— i stat. ® syst. uncertainty All-jets 8 TeV, Hybrid ideogram r ,_—;:
0.12F m; =174.5 GeV statistical uncertainty *: Preliminary Dilepton & TeV., M, + M Hybrid fit . e
01 3 _; total uncertainty + stat. + syst. + recoil :ﬁﬁrﬁ;z: T*"ex-"‘lb.r:ﬁ:gq‘?:;gm |H h :
GUE :_ ...... _: : Dilepton 13 TeV, m,, fit . . r q
0.086] = 3 ATLAS Run 1 combination : 172.69 + 0.25 + 0.41 ﬁ;ﬁ:ﬂ‘:::f?’;;a]’;\:il:; iirl:‘al.\r:ogj\rl " : :
0.0aE _E [Eel(;rz :ﬁy; Tivci Zz (;(‘J;ST)S\zﬂao F.@_' Combination 7+8 TeV e
0'02;_ , . . . ; Run 2 soft-muon tag 174.41+0.39 + 0.66 £ 0.25 ﬁiﬂ ?3T$:rvcx2:nle"]:ﬁ;2?f$meu —,—
1.06fF 3 '[JST;:: ?ggs]zs)me { ="~ p i Boosted 13 TeV. XCane fet mass unfoided -
1.04fF 3 :
TO2F e _f : E—
0 gg - TR 3 Run 2 dilepton® @ 172.21+0.20 + 0.67 + 0.39 ?j:zﬁ;;:ﬂ:.‘fni?;:'ingepcog;tdgaryvenex | ral¥ s ome o
Ggﬁ E R E ::I;‘::f’ga:\;’zozz?osa ! B B B 1+2 leptons & TeV, Lepton + Jiw TS £30 et 200 [oye)GeV
0.94F i [ AR TR £ P R T S
20 30 40 50 &0 70 B0 16‘58 70 72 7z 1}6 78 1£|30 NN N N R
i, [GeV] m, [GeV] 150 160 170 180 190 200

Ratio to m, = 172.5 GeV

m =174.41 + 0.39 (stat.) + 0.66 (syst.) + 0.25 (recoil) GeV
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m, [GeV]

“Alternative”; limited by modeling
of b-quark fragmentation


https://arxiv.org/abs/2209.00583
https://arxiv.org/abs/2404.10674
https://arxiv.org/abs/2403.01313

Summary

e Numerous results of precision electroweak physics released
in the last 12 months!

e The LHC is competing with previous machines in electroweak precision

e Facilitated by large datasets, detailed understanding of the detectors,
dedicated reconstruction techniques and state-of-the-art
theory predictions

e New measurements of key electroweak parameters

. . . . 28
m, (precision at 0.2 per mil), I" and sin” 0,

e They join precision probes in improving our understanding of
electroweak symmetry breaking

o top-quark mass measurements in different channels, with increasing precision
ATLAS+CMS Run-1 combination lead to a precision already around 0.3 GeV
(precision below 2 per mil)

o precise measurements of [(Z - inv)
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Introduction
e Parameters of the Standard Model

o at Tree level, simple relations after BEH mechanism with ¢=(
e n =9V _Ngi+g’v
w— 2 mZ—T

o radiative corrections Ar modify propagator and decay vertices
* sensitivity to a wide range of physics through
guantum loops
* largest contributions from m, log(m )

2

GF(Ig—Z mW:(

my,

JZ'SCQED )1/2 V1+Ar
V2G, " sin6,

sin’ 6,=1—m:,/m;
sin’0,,= ksin”6,,, k~1.037

e Precision measurements

o test self-consistency of SM theory in global EW fits
o tensions could be signs of BSM effects

o probe BSM beyond reach of searches

Status of electroweak parameter measurements, QCD@LHC, Freiburg, 8th October 2024
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Measurement of the W boson mass m_

e The W boson mass in proton collisions
o incomplete kinematics (due to missing neutrino)
* NO invariant mass; rely on measured quantities, and exploit
momentum conservation in the transverse plane
o event representatlon
e main signature : electron or muon pT
* recoil : sum of « evetythlng else » reconstructed in the

calorimeters i, =

* derived quantities!
mzss ¢ -

Pr = (pT+uT)

o physics correction :

*T',, QCD and QED ISR and FSR, PDFs, ...

Y. E. = ameasure of p}’

m,=v2p; py>(1-cos A g)

« all carry uncertainties to be quantified !

e 0.0l
o E

© =
S 0.009F - Tw=0
E Iy =21 GeV

z 0.0085 - Ty =21 GeV, ISR

o 0.007; —TI, =2.1GeV, ISR, FSR
0.006F
0.005F
0.004F
0.003F
0.002F
0.001%

—

P, [GeV]

W — v
\ | arXiv:0901.0512
P = TN
g Y
g//f /// il \\?
[ D= W P
\\\ AdeyT N |

o detector effects, with uncertainties
* lepton calibration and resolution;
Missing ET resolution ~ 5 — 15 GeV
» efficiencies and acceptance ~15%
(with non-trivial kinematic dependence )

—r 00—

D_

3 0.009F

E 0.008
™ 0.007
0.006
0.005
0.004

0.003F

LN LARR AL LA AR

I
— Generator level

---- Resolution

Resolution + cuts

0002 _—

0.001F

S
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https://arxiv.org/pdf/0901.0512

Measurement of the W boson mass m

e ATLAS
o revisit 2011 (7 TeV) data, favourable experimental
environment for measurement of m

o unchanged from previous analysis
*15M W ev and W - puv candidates
* lepton p_: Jacobian edge at m_ /2

* transverse mass m_: Jacobian edge at m_,
more sensitive to I' in tails

 template fits using kinematic observables
sensitivetom and T

Fraction of events

Var. / Norm.

e Improvement since first measurement

o checks of py modelling in dedicated measurements

o update to QCD background estimation

o more modern PDF sets : CT18 (was CT10nnlo)

o small update to uncertainties for higher-order
electroweak corrections

o key change : profile likelihood fit
e constrain systematic uncertainties in situ
» directly determine their correlations
* challenge: m now also correlated with some syst.

variations — extensive validation of method
to avoid biases

Status of electroweak parameter measurements, QCD@LHC, Freiburg, 8th October 2024

arXiv:2403.15085
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arXiv:2404.06204
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- e
— W*E o ity e
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Measurement of the effective weak mixing angle

e Measurement of pp - ZIy* - €'¢” Forward-Backward asymmetry
o the Forward-Backward asymmetry A__ increases with the Z boson rapidity

lepton plane

« only valence quarks contribute to the A__
* the forward region direction is given by the valence quark /
i.e. the system boost direction s f
o use Collins-Soper frame y
» z axis defined by quark direction

T 0 ¢
» using final state leptons angular distribution in this frame Y %X/

do , 1 , )
d cos 0 1+ cos 9+2A0(1 2cos” 0)+A,cos 6 A=

A hadron plane
4

o at the Z peak, A__ yields a measurement of

« strong PDF dependence

2=y 1

hys.J.C 76 (2016) 3, 115

o experimentally defined as

Sln2 Bﬁff [ dsinel,, = =0.0004 =I0I.c|Ic|I0EI: -

A = N (cos #>0)— N (cos 6<0) o008 [ NNPDF3.0 uncertainty .
FB™ i ]
N (cos 8>0)+ N(cos 6<0) o ]

A _ N(n_>n+} _N(n_<n+) E o; ........................................................................... %
B N@mnh + N <) o z .
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Measurement of the effective weak mixing angle

e CMS analysis strategy
o full Run 2 dataset (137 fb™)

Central-Central: Central-Forward:

===
== ipgei=—1ps

e || <24 ee, 2.5 < |n| <2.87
ee. |n| <2.5 ee, 314 < |n|l <436 !
: »
4 59 fb" (2018, 13 TeV) 107 59 b (2018, 13 TeV)
107 ‘ ' ‘ -0 ‘ CcMS : ‘
108 Prelimir

Events / GeV
vents / 0.1
El
3
(111K

Topquark
Muler

! ! ! ! : o
msg - E- *% 9 12% EEEEEE j

., L] U -
Tyt S e R “WN“ ”‘qu‘ *A ﬁ e
©

O.BBE

Data / MC

60 80 100 120 140 71 05 0 05
m,, (GeV) cosh,,

o background events
* QCD multijets,
o W+jets, ...
 others (MC samples)
o systematic uncertainties
» experimental : MC stat., efficiency,
momentum calibration. backgrounds
* theory : QCD scales, pT(ll), QED FSR
virtual EW, PDFs

e LHCDb analysis strategy
o 2016-2018 dataset (5.3 fb™)
© measure A__ in tens interval of |An|

up to |An|<2.5 using Z - uu decays

o identified u candidate matched to a single
muon trigger path in a fiducial region
2.0<|r]u|<4.5, p.(W)>20 GeV

66<m(uu)<116 GeV

LHCbh pp
CMS ee/uu_eg eh

0 1 2 3 4 Y,

o background events
» HF backgrounds are suppressed to the % level
by a muon impact parameter requirement
 hadronic background suppressed to the % level
by an isolation requirement and muon track fit
requirement
o yields
* roughly 860k events are selected
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Measuring m : direct measurements

e « Direct » measurements from top-quark decays
o better precision ; extract m from decay products

t LHCTopWGSummaryPlots
° CMS Phys. Rev. Lett. 132, 261902

O most prec|se |nd|v|d ual measurement ,P'Jcl;g;;gms Preliminary Miop SUMMary, ¥ = 1.96-13 TeV April 2024
1 iate ~rhannal ] e LHC comb. (Feb 2024), 7+8 TeV —
performed in ¢+jets channel Lt oo oo T e
= total uncertainty i o % fotal (stat = . iNGev] |Lat el
O CO n Stru Ct mt fro m th re e J etS LHC comb. (Feb 2024), 7+8 TeV HH n:rz.s‘gti D?::(‘I;.?j‘i oizﬁcf' * [ ) b7 1 ’
World comb. (Mar 2014), 1.9+7 TeV #H—~H 173.34 + 0.76 (0.36 + 0.67)
MC f .. T . | I . k I . h ATLAS, l+jets, 7 TeV * st 17233£1.27(0.75£ 1.02)
- ATLAS, dilepton, 7 TeV et 173.79 £ 1.42 (0.54 £ 1.31)
o m,, from minimizing a negative log-likelihood) zs s 71 s s
LY ATLAS, dilepton, 8 TeV H—— 172.99 + 0.84 (0.41£0.74)
ATLAS, all jets, 8 TeV = 17372+ 1.15(0.55 + 1.02) 203
ATLAS, l+jets, 8 TeV = 172.08 + 0.91 (0.39 + 0.82)
b ! ATLAS comb. (Feb 2024) 7+8 TeV I'!'-H 172.71 £ 0.48 (0.25 + 0.41) 2031
f ATLAS, leptonic inv. mass, 13 TeV H—=— 17441+ 081 (039 £ 0.66 = 0.25) 35
a \w ATLAS, dilepton (*), 13 TeV = 17221+ 0.80 (020 + 0.67 £ 0.39) 13
b CMS, l+jets, 7 TeV i 173.49 £ 1.07 (0.43 £ 0.98) 4.9
\ CMS, dilepton, 7 TeV —_ 17254 1.6 (0.4£1.5) 49
CMS, all jets, 7 TeV et 173.49 + 1.39 (0.69 + 1.21) 351", [1
CMS, l+jets, 8 TeV e 172.35 £ 0.51 (0.16 £ 0.48) a7fb
9 EPJC 83 (2023) 963 CMS, cilspton, 8 TeV o 17222 29 018 55 e
CMS, all jets, 8 TeV H—-H 17232 £0.64 025+ 0.59) 97t
CMS, single top, 8 TeV —=E—— 17295+ 1.22(0.77 * 7)) a7fb
m = 1 7 1 . 7 7 i O . 3 7 G eV cMS igr?f.. (()Igeb 2324), 7+8TeV  HH 17252 + 0.42 (0.14 + 0.39) 197
t CMS, all jets, 13 TeV e 17234073 (0.20 779) 35.9 fb
ONS. i, 3 ToV i mmsear o e
CMS, single top, 13 TeV i 17213 57 (032 %) 359 fb
L d ATLAS CMS, E:gs‘teec?,pw Te\a’e He— 173.06 4 0.64 (0.24) 38 b
o most precise individual measurement . L
H H * Preliminary -
performed in #+jets channel | | = =
] L1 1 L1 [ I R B
o construct templates of m 165 170 180 185

o mfpcfrom template fits on data ATLAS-CONF-2022-058
m = 172.21 + 0.20(stat) + 0.6/(syst) £ 0.39(recoil) GeV

e Combination 7-8 TeV “Conventional” biggest challenges
m = 172.52 + 0.33 GeV are JES uncertainties and b-JES

calibration
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