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Electroweak measurements at hadron colliders
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Electroweak parametersintroduction

A Electroweak sector of the Standard Model has five parameters
gy, ,0,4 ,4a ,0g7P
U Only three of them are independent
U Two relations, at tree level:
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Electroweak parametersintroduction

A Treelevel relations are not sufficient when confronting measurements
A Impact of loop corrections included in EW form factors
A Correction factori includesdependenceonda andl b
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Electroweak parametersintroduction

A Global electroweak fits to LEP alatler to Tevatron data allowed prediction of the
H|ggS boson Mass, thanks to IOOp contributiONSFor the first time, the data also give non—trivial bounds

on My: independently of m, CERNIH. 5817/90
1.8 GeV < My < 6 TeV (68% C.L.)
; 300 | T | T T T T I T T T T I T T ]
8 C Measurements Results of the EW fit .
= - ¢ LHC 68% confidence levels -
< 250 — PDG .
- arXiv:1803.01853 - Lerewwa ’
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A Fitted value* from 2009: three years before the Higgs boson discovery at the LHC!
My = 1164 1}83'3 GeV arXiv:0811.000Gincluding direct searches

A After Higgs boson discovery, global electroweak fits turned into a true SM self
consistency check

U With a potential to constrain or find new physics!
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https://arxiv.org/pdf/0811.0009.pdf
https://arxiv.org/pdf/1803.01853.pdf
https://cds.cern.ch/record/210563/files/199008402.pdf

W boson mass measurements

A Individual EW parameter measurements are of a limited interest
A But when put in context can say a lot about the theory consistency!

arXiv:1803.01853
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https://arxiv.org/pdf/1803.01853.pdf

ATLAS W mass reanalysis

A

Strategy:

U Leptonic (electron and muon) W decays

U Use dileptorr) andd dependence ornix

U Use signal MC templates for a range&iof values- obtained by reweighting the
reference MC according to tigreitWignerparameterisatiornof W

u Y22

U Finald is a combination oft

ATLASCONR2023004
ATLAS, 7 TeV, 4.6%b

2 MBY/, top background estimated using MC; dadiwen multijet bkg
values obtained from separatg andda fits

A Reanalysis of the data used for the 217 measurement (worlds best at the time);

reanalysis effort started back in 2018
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

ATLASCONR2023004

ATLAS W mass reanalySIS  ias 7 1ev 20

A Comparison of approaches between the new and 2017 measurement:

. _____|ATLASt 2017 ATLAS 2023 Effecton  Effect on
Statistical interpretation .2 fit with stat-only Profile max. likelihood (ML) fit central valuc uncertainty
uncertainties, for the first time in context of
systematics added & measurements; O(1000) N -16.3 MeV @
aposteriori reduced to ~200 NPs with PCA
Baseline PDF CT10 CT18 +4.6 MeV
Electroweak theoryinc. Evaluated at truth levelEvaluated at detector level 1)
Multijet background 2023: Systematic shape variations using PCA, new tre
function from CR to SR +1.9MeV Q@
Detector calibration Unchanged Good
EW and top background Unchanged | compatibility
A eart e en] DETWEEN.. 2
A New ATLAS result ez re | and ML fits
M, n|<0.8, g=—1  e———
mwy = 80360 + 5(stat.) = 15(syst.) = 80360 + 16 MeV o . =
u, 0.8<n|<1.4, g=+1 e B
A Supersedes the 2017 result pRySir o
1, 2.0<n|<2.4, q=—1
50370+ 19 MeV e —
A New result agrees slightly better with the SM predictignr == ===
e, 1.8<n|<2.4, g=+1 R
red. Gombination ..I...‘...l...‘.........‘ ..I...I.... E r.‘.l..‘..l ‘..I...‘...I...‘.
ml‘))v = 80354 + 7 MeV 30200 0800 80400 80500
m,, [MeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

LHCBN mass measurement

A Simultaneous fit of the muonff) distribution of a sample & > decays and the
z distribution of a sample dfz2 'Hy>decays
A Result averaged over three recent PDF sets

mwyw — 80354 + 23stat + 106Xp + l7theory + 9PDF MeV

A First proofof-principle of a measurement @  with the LHChexperiment
U Potential to decrease the statistical uncertainty by using full Run 2 datar(@x

A LHClacceptance almost orthogonal to the one of ATLAS & CMS

JHER®1 (2022) 036

LHCh13 TeV, 1.7 b

U Partial anticorrelations can reduce PDF uncertainty by a factor of 2

0
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-024.html

lence76(2022)6589,170-176

CDF W mass measurement: ; ooy s on

A Most precised  measurement to date

U More precise than all other measurements combined
A Uses full Run Il Tevatron data
A All experimental aspects controlled by the analysis team:
A

U Reconstruction, alignment, calibration, simulation, analysis
Significant systematics reduction mainly thanks to using cosmic data in ways not employed
previously:

U Tracking detector alignment & drift model

U Uniformity of the EM calo response and resolution model
Custom detector response simulation (not full simulation unlike LHC experiments)
Sixd values from template fits ta , f)’Pandr) distributions in e and mu channels

U Finald isthe combination,?/ dof= 7.4/5

2 x10°

To I

x10

I f/’m’““ 2ldof = 63 / 62 12ldof = 39/ 48
a0 =43% P.=79%

/ Pys =70 %

Pys =76 %

20

Events / 0.25 GeV

() IR Sy T I . ] L 1 L L ! 1 L h
30 35 40 45 50 55 60 70 80 90 100

Py (GeV) m; (GeV)
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https://www.science.org/doi/10.1126/science.abk1781

ilence376(2022)6589,170-176

CDF W mass measurement: ; ooy s on

A Result:

Mw = 80,433.5 + 9.4 MeV,

A Tension with ShpredictedmW value at the level of 7 standard deviations!
mh = 80354 + 7 MeV

CDF uncertainty breakdown

Table 2. Uncertainties on the combined @ Overview of m,, Measurements

My result. I LEP Comoination, | ATLAS Preliminary = e
,,,,,,,,,,,,,,,,,,,,,,, s=7TeV, 46" =

Lepton energy scale 30 Q A

Lepton energy resolution 12 Shares b s o170 2k . -

Recoil energyscale 12~~~ @ | i

Recoil energy resolution 18 LHCb 2022  me—

Lepton efficiency 04 | |

Leptonremoval12 ................. ATLAS 2017 i

Backgrounds . 33 reemamnenn | @ Measurement o

p% model 18 [Jstat. Unc. i . !

W ..... Z .................................................................................... ATLAS 2023 .Tota| Unc. : ]

pr/pymodel 13 e " "ISM Prediction P ——

Parton distributions 39 ... & | L i

QED radiation 2.7 80200 80300 80400

W boson statistics 64 m,, [MeV]

Total 94
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https://www.science.org/doi/10.1126/science.abk1781

W mass measurements
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For calculating a new world average, replacing the old CDF Run-II result [3] by the new one [11],
the uncertainties of all results % to be scaled by a factor of about two in order to achieve a x?

per degree of freedom of unity
X A detailed

understanding of the results and their correlations is needed. Corresponding studies are currently
being undertaken by the experiments.

A Tevatron/LHC Woson mass Combination WG issued a preliminary moERALPC2022
06) summarizing methodological and modelling considerations towards a combination
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https://pdg.lbl.gov/2022/reviews/rpp2021-rev-w-mass.pdf
https://cds.cern.ch/record/2815187
https://cds.cern.ch/record/2815187

Measurements ofO g 1P

A Measured from forwarebackward lepton asymmetry i) © ¢fr © & &

A Tevatron combination gives the most precise measurement from hadron colliders
A ATLAS and CMS measurements so far based on Run 1 LHC data only

A Expecting improved LHC measurements using Run 2 data and updated PDF

ATLAS Preliminary

LEP-1 and SLD: Z-pole e |0.23152+0.00016
LEP-1 and SLD: A% | —e—i | 0.23221+ 0.00029
SLD: A, B —e—i | 0.23098 + 0.00026
Tevatron B — | 0.23148 +0.00033 Phys. Rev. D 97, 112007
LHCb: 7+8 TeV B : o . | 0.23142+0.00106 JHEP 1511(2015) 190
CMS: 8 TeV B ———— | 0.23101+0.00053 Eur. Phys. J. C 78 (2018) 7
ATLAS: 7 TeV B . . | 0.23080 + 0.00120
ATLAS: eeqorin . | — et 1023119 + 0.00049
ATLAS: ee,. B e |0.23166+0.00043 ATLASCONFR2018037
ATLAS: 8 TeV B — | 0.23140 + 0.00036

023 0231 0232

sine’

26.04.2023 O. Kuprash Electroweak physics: experimental overview 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-039.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112007

Single vector boson productionintroduction

A DrelkYan process enables electroweak precision measurements and stress test of
QCD calculations

A One of the best understood processes at LHC

A State of the art theory predictions at NNLO QCD with partial Kediilmmationand
NLO EW corrections

PDI

54 [mn
i \q_ v /\{N\r
b

A pT(V) modelling is so much sensitive to QCD that it enabled the most precise single
] measurement!ATLASCONFR2023015

A Differential cross sections of single W, Z production is the main source of proton PDF
constraints from LHC sideoutinely used by PDF fitting groups
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/

Drell-Yan cross section measurements

A Thorough measurements by both ATLAS and CMS at 7;T8V13
A LHC provides most preciBgellYan cross sections
A Just two examples out of many measurements:

W and Z cross differential cross sections DrellYan cross sections at I8Vin the

with sub-percent precision at TeVby dilepton mass range 15 to 3000 GeV b
ATLASEuUr. PhVS J.C77 (2017) 367 CMSJHEP 12 (2019) 059
= L \ T -1 -1
8 6501 ATLAS __ = fcwls 2.3 1b" (ee) 2;8 b (pu)+ (1-3 TeV?
= - \s=7TeV,46f" . D 102k YZ — e'e, utu
o B i O] 105
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uncertainty |~ ! s - E
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L otal uncertainty | E
| x NNPDFIS.D Iumlnosnyexcluded (+18/) I - © 1 5’_ | Lo | L (' ')‘ L] -
o 1_05;: —— | ————— - = = 1 f Stat. unc. Tot.unc. [¥| Theo. unc. Fszv .y ~
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-001/

Events/bin

Ratio

Pull

Z boson invisible width

A First precise measurement of the invisible width of the Z boson at a hadron collider
A The single most precise direct measurement to date
U competitive with the combined result of the direct measurements from the LEP experiment

I';,v = 523 £+ 3 (stat) £ 16 (syst) MeV.

A Obtained from the simultaneous fit to kinematic distributions of two data samples:
U Dominated by invisible Z decays
U Dominated by© ‘Q@nd®° ff

10°
10
10°
10?
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/

ATLASNature Phys. 17 (2021) 813
W boson R_(/ >) CMSCMSPASSMP18-011
A All charged leptons couple to W boson equally

A LEP combined result has shown 2ténsion between W decay branching ratio_toa
and (I = e,>) ko 2B(W = 11) 1066 4 0.025
T”_B(W—>e7e)+15~’(w—>p@,)_ ' T
A ATLAS measured the ratio with a better precision than LEP using ttbar events, in
consistence with the Standard Model

A CMS confirms lepton universality using events with two or one W boson

CMS Freliminary 35.9fb ' (13TeV)
IlIIIIIII|IIII’[I[I|IIII|II[I ’CMS
ATLAS i E =13 TeV, 139 fb1 CMS LU (68%/95% CL)
[ . ]
I ™ 1 LEP
B(W—pnv =
w : W —ev,1{(10.83+0.10)% - LEP LU
B(W—ev) |-o—F
Ay
_H ................................ — wi LU
Br(W — 1) = (10.89 + 0.08)%
Br(W — h) = (67.32 £ 0.23)%
I e
B(W—>tv :- e
( ) = y : : W-»uvu 1 (10.94 £ 0.08)% ---
B(W—ev :
( VYA, T
Rart - e
*>CDF ]
JLPhys.G 34 (2007 544, - 68 (1892) 3398-3402
wprgnm; 1456, PAL. 84 (2000) 5710 § |_.._|
W) | R s
B =TV }
W LD oo [®  ATLAS-this result W TV, { (10.7720.21)% =t
B(W—-uv) - ATLAS : Statistical Uncert.
e : [ Systematic Uncert.
-e-wfggmgu\frages : —e— Total Uncertainty
Illllllllllllll\I\I|IIII|II\I
0.9 1 1.1 1.2 0.100 0.105 0.110 0.115 0.120 0.125 0.130
- Br(W — {v)
B(W—- W)/B(W—IV’)
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/
http://cds.cern.ch/record/2758905

Dibosonmeasurements introduction

Motivation to measuradibosonproduction:
A Test Standard Model:

U State of the art predictions at NNLOpQCD with NLO EW corrections
A Sensitive to anomalous triple gauge boson coupliaG&E
A aTGGnodify total production cross section as well as kinematic distributions
used in data interpretation, typically in form of dimensi6rEFT limits
A TGCs were accessible at LEPHC allows reaching highér

Syww (pb)
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20
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arXiv:1302.3415
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’.+..+6

YFSWW/RacoonWW
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160

180 200
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https://arxiv.org/pdf/1302.3415.pdf

WW- measurement

A Most precise measurement of inclusive’' W

production at LHC with 3.1% relative uncertaint

on the fiducial cross section
U No jet veto requirement applied

q

7"

ATLASCONR2023012
ATLAS, 13 TeV, 140'b

L

" lLLLLL
W= g W g W~

W+ g W+ g w*

A Dominant top background estimated using data drivetadp counting method
A Excellent agreement with the NNLO QCD + NLO EW prediction

T T 7T l T 17T l L

118 + 1 (stat.) £ 7 (syst.) pb

MATRIX 2.0 nNNLO ® NLO EW
123 + 1 (pdf) + 2 (scale) pb

137 + 2 (stat.) £ 10 (syst.) pb
[1] Phys. Rev. D 102 (2020) 092001

11 1 1 | | — [ — | | I — 1 | N | l
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competitive to
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calculation!
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10°F L E
E L 3
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r \ E 127 + 1 (stat.) + 4 (syst.) pb
10 .
: e ; CMS 36 ' [1]
..%.‘?*_
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§5 SRR R
B o8 | : % 5 [2] Eur. Phys. J. C 79 (2019) 884
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/

JHEP 07 (2021) 005

Fourlepton measurement s 1 rev 120

A 4 leptons with two samdlavouroppositecharge dileptons

A Signal includes erand offshellZZ resonanZ andH decays, tribosons
andoXd w events-> broad definition, good for reinterpretations

A Background = neprompt leptons

p X axis logarithmic for m, > 225 GeV
L L L L] T T T T T T T | =

10°

e 'ATLAS ' : -e-Data H—4l 3
O F Vs=13TeV, 139 fb" B aq — 4l gg — 41 3
2 102 BV (V) VWo 3 g a
2 Background 7

1072
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= I
i [
S 14 .
8 : 1 %0000
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S [ ] 4
0.5¢ 1 2 QOO () ) »
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50 100 150 200" 300 500 700 1000 200( 14
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/

JHEP 07 (2021) 005

Fourlepton measurement s 1 rev 120

A Integrated and differential cross sections (also in different regioris of
A Comprehensive interpretation of results:

1. Most precise to dat@© 1 @ranching ratio measurement
Bz 40 = (4.41 £ 0.13 (stat.) £ 0.23 (syst.) £ 0.09 (theory) + 0.12 (lumi.)) x 1076

= (4.41 £ 0.30) x 1075,
U Thanks to 130% acceptance gain compared to previous ATLAS measurement

2. EFT din6 limits (22 parametersg usingWarsawbasis
3. Limits onparametersof a BSMwith a spontaneoushjrokenB-L gaugesymmetry

ATLAS full model
S=1 3 Tqu 139 fb71 EXPEdEd 95% CL = Observed 95% CL d ‘r TTTT | TTTT | TTTT | TTTT | IIIIIIII | TTTT | TTTT | T T

Coeff. Observable Draw Scale Obs. 95% interval c 0.7 L ATLAS ]

Cho Mo | ——— ‘ x 4] [-020,-0.029] v [-0.010,0.012] %) C Vs=13TeV. 139 fbo’ — Expected exclusion ]
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WZ JOl Nt pOIarisatiOn ATLAS, 13 TeV, 139fb

A Observation of joinpolarisationstates of W and Z boson in WZ production
A Bosonpolarisationsdefined in WZ rest frame

A 4-category DNN score to distinguish between all possible pmitdrisationstates
A Unpolarized WZ prediction available at NLO QCD
A Polarized signal templates from 0, 1j @LO meng&iPythia

U Missing virtual NLO corrections found to be cruciadee next page
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WZ jointpolarisation ATLAS, 13 Tev, 139

A LO gup_to 1 extra jepolarisedsignal templates are reweighted with dedicated DNN scor
to obtain NL@Gmatched templates

U One DNN pedibosonpolarization state
U Procedure cross checked with Hg-bin correction factors

A First observation ofo & production with a significance of 7.16.2° observed)
U Milestone towards observation of doublgngitudinal VV final states in ke

configurations!
soasf 3 ATLAS S3x102 ATLAS
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Electroweak production of bosonsintroduction

A Electroweak production:
U Single vector bosorr vector boson fusion (VBF)
U Two vector bosons> vector boson scattering (VBS)
A Sensitive to anomalous triple and quartic gauge boson coupla@&¢
A Kinematic signature at LHC: (di)boson decay products accompanied by two forwat
jets
U CBLIAOIE azx. ff LKRrRalegadlsdl ©OS¢Y

Samesign WW event display

ATLAS

EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
m33 = 3.8 TeV




Vector boson scattering

A Test electroweak symmetry breaking

A Higgs boson contributions regularize amplitude of the> © «  scattering (V = W, Z)
A QGCs became for the first time within the reach at LHC

A Typically, provide most stringent diB1EFT limits

A @ @ final state has the largest EW/QCD ratio among other VV VBS processes

w+ W
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WW, = WOW,' with modified Higgs couplings o el Tys Rev Lotk 123 [2019) 161801
= T T T rare () 10 g_ _E
G (O] E =
© To] - i
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o B WW-jj EW N

>

w102 =
= WEWHjj EW in the SM 3
- Gauge dependent non-SM calculations |
10 &= no HWW vertex |
E no WWWW vertex 3
Unitary gauge .
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1 Feynman gauge -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/

e v Vo~ 7 . 1y~ 5 Phys.Lett. B09 (2020) 135710
Ww w Qdndw wQ'Q CMS, 13 TeV, 137%0

A WZ is the seconthrgest background td  (after nonprompt lepton background)

A Simultaneous cross section measurement of inclusieesum of EW, QCD, and
interference)w @ andw wcross sections

A Absolute and normalized cross sections

A Dim8 EFT limits at the reconstructed level

CMS 137 b (13 TeV) CMS 137 b (13 TeV) c N 137" fb'wlﬁ 3Tev)
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-_5 | MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. N 5 F o, MADGRAPHS_aMC@NLO+Pythiad with NLO corr. - w xr:ngbilgn \évwﬁ wz
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Electroweakw « polarization

Phys. Lett. B 812 (2020) 13601
CMS, 13 TeV, 1371b

A First cross section measurement for polarized sasige WW scattering
A Differentdibosonpolarization states distinguished with the help of

machine learning

137 fb" (13 TeV)
= CMs  Other bkg. + Data ]
o 10 —WWw, N Blig\.’iunc. -
= W W WWy — W, W w

g — W W, mwz
@ 10° zz -
[ Nonprompt 3
\\\\\\\\\\\\\\\\\\\\\\\\\ mtvx .

LN SN

Y
\\Q\\\\\\\

\%\\\\\

- 05 0 05 1
BDT score

A Cross section too low tobserwe
@ w production yet

A Measuredw @ signal
significance of 2.3(3.1 expected)

26.04.2023

137 fb' (13 TeV)

Events / bin

CMs

" ' mOther bkg. ¢ Data
_WLWL

W Bkg. unc.
ww*

[ Nonprompt

-1 -0.5 0.5 BDT score1
Process ¢ B (fb) Theoretical prediction (fb)
WrWr 032705 0.44 + 0.05
W W5 3.06707% 3.13 +0.35
Wiwyg  1.20702% 1.63 +0.18
WiWs 211709 1.94 +0.21
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ElectroweakWyj] measurement s 15 ey 1251

A ElectroweakWyjj signal observed with a significanceto® (6.8 expected)

A Signal extracted frommijj, mly 2DHit (2D fit provides better expected significance)
A Differential cross sections of Ewvily and EW+QCWYyjjmeasured (4 bins)

A Most stringent limits on din8 EFT operators M2, T67

Out-of-fiducial EWWYyjjj
contributions (17% of the
total EWWYj)) treated as

" f - - : ‘ background
CMS 138 tb' (13 TeV) CMS 13;4@)
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Evidence foisemileptonicWVjj

Phys. Lett. B 834 (2022) 13743¢
CMS 13 TeV,138fb

A First evidence for electroweak production®fw B & (w whd) at LHC

A Largebackground& complex topology> use DNN to separate signal drid
U Afactor 3 improvementof the sensitivitycomparedto the most sensitivevariabled

A Two signal regions for resolved and boosted event cateqories
Mew = gy = 0.8540.12 (stat) "0 (syst) = 0.8570 5]

Events
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. arxiv:2204.13478
I 4 t;and anomalous magnetic moment | < - iy

Pb+Pb1.44 nbt
PhysRevLett.126.141801

BNL g-2 + L 3

A Anomalous magnetic moment of
leptons has unigque sensitivity to New
Physics contributions

ar = 5(g¢ —2)

FNAL g-2 +——@——+

A Interest significantly attracted by a < = )
tension with the SM reported by B — e
Fermilab Muon ¢ experiment o iy
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A ATLAS reports observation of the T S et
I 1 Thprocess iPb+Plxollisions WITSR e @ Bestitvaie
with a significance exceeding and WS ——e oo
uses to set 95% CL limits an: peon e 5

o ombine ——
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In agreement with the Standard Mot a
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Triboson production introduction

A Similarlyto VBS, sensitive @QGCbut typically to a lower extent

A SM does not allow fully neutral QGC (not necessarily true for BSM
U SM processes sensitive to QGC will contain at least one W bo

A LHC allowed observing heavy triboson production for the first time

A Almost all triboson combinations observed at LHC already
U With the exception oZZyand ZZZ



TribosonWZy& Wyy observatlon Wyy ATLASONF023008

ATLAS, 13 TeV, 140'fb ¢

q
Wzyobserved with :
w Wyyobserved with
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5.6 (expected 5.6)
7 W
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Dominant systematics for both measurements due to misidentified photons and leptons
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