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LHC precision results

* The purpose of this talk is to focus on the very latest Electroweak (EW)
and QCD precision measurements by ATLAS and CMS Collaborations

* Mainly showing results from the Spring 2024 conference season

* Precision EW and QCD measurements:
* Test the consistency of the SM and probe beyond SM contributions
* Tests of the state-of-the-art perturbative QCD calculations
 Constraints on Parton Distribution Functions (PDFs)
* Probe the mechanism of EW symmetry breaking
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Results highlighted in this talks

* W and Z cross sections at 13.6 TeV
* Arxiv:2403.12902, CMS-PAS-SMP-22-017

* CMS Effective Leptonic Weak Mixing Angle measurement
» CMS-PAS-SMP-22-010

» ATLAS W boson width and mass measurements
* Arxiv:2403.15085

» ATLAS lepton universality test in W boson decays
* Arxiv:2403.02133

* Precise measurements of Z invisible width
* Arxiv:2312.02789, Arxiv:2206.07110

» CMS observation of yy -> 77 in pp collisions

» CMS-PAS-SMP-23-005
» ATLAS polarization in WZ production
* Arxiv:2402.16365
* CMS Run 3 WW production
» CMS-PAS-SMP-24-001
* Recent Vector Boson Scattering results
» ATLAS Lund subjet multiplicities
* Arxiv:2403.02133
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Drell-Yan Process

* The Drell-Yan (DY) process was proposed and measured in 1970
DY process is the standard candle for precision measurements and

theory at the LHC
 What can we learn form it after 50 years?

Information on perturbative and non-
perturbative QCD
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W and Z cross sections

* Inclusive W and Z boson production and ratios at 5.02, 13, and 13.6 TeV
by ATLAS and CMS

 Dedicated special low pileup LHC runs
 Cornerstone of the experimental program
* New opportunities at 13.6 TeV

* Measurements are in agreement with SM calculations at NNLO in QCD
and NLO in EW
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https://arxiv.org/pdf/2403.12902
https://cds.cern.ch/record/2868001/files/SMP-22-017-pas.pdf

ATLAS W and Z cross sections: 13.6 TeV

* New ATLAS measurement of W and Z boson production cross section and
ratios at 13.6 TeV

 Data collected in 2022 with an integrated luminosity of 29 fb-
* Integrated luminosity uncertainty of 2.2%

 Ratios of tt to W boson cross sections are measured as well

« Compared to various PDF predictions
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https://arxiv.org/pdf/2403.12902

Effective Weak Mixing Angle

 New CMS measurement of the leptonic effective weak mixing angle
 Using full Run 2 data at /s=13 TeV, integrated luminosity of 137fb-"
* Measurements of the forward-backward asymmetry and unfolded A4
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* The measurement includes central-central pypy and ee channels as
well as central-forward ee channels (using forward calorimeters)

* Increase sensitivity to Ars
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https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf

Effective Weak Mixing Angle

* The weak mixing angle is extracted by two methods:
* Fitting the detector level Arg or unfolded A4 measurement

» PDFs are profiled in the measurement (CT18Z is used as nhominal PDF)
* PDF uncertainties dominate the measurement
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https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf

Effective Weak Mixing Angle

* Good agreement with previous measurements and the SM

* CMS measurement is the most precise hadron collider measurement!
* Precision comparable to LEP and SLD results
* PDF uncertainties dominate

LEP + SLD: Ajy —.— 0.23221+ 0.00029
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ATLAS W boson width and mass

* Measuring the W boson mass is extremely challenging at hadron colliders
* Prone to biases due to QCD effects

* Most precise measurement from CDF is in strong tension with the EW fit
and other experimental results

» ATLAS updated the previous W mass measurement using the 7 TeV data
» Use the lepton pr and the transverse mass mr to extract mw
 First measurement of 'w at the LHC!
 Simultaneous determination of mw and lNw

'ATLAS Simulation =~ ENomna ] = ATLAS Simulation " ENomna
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Lepton pr3

mr -
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Arxiv:2403.15085

Var./ Norm.
Var. / Norm.

65 70 75 80 85 90 95 100
mr [GeV]

05/17/24


https://arxiv.org/pdf/2403.15085

ATLAS W boson width and mass

« The mwis compatible with the previous measurement with the same 7

TeV data

sample

* Detailed studies of PDF dependence of the result are performed
* Increased PDF priors lead to less PDF-model dependence

my = 80366.5 + 9.8 (stat.) + 12.5 (syst.) MeV = 80366.5 + 15.9 MeV.

LEP Combmanon
P ys. Rep. 532 (2013) 1
= 80376 + 33 MeV
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LHCb 2021
JHEP 01 (2022) 036
m,,, = 80354 = 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370 = 19 MeV

ATLAS 2024

TTTTTTTT

80200

05/17/24

Overview of m,, measurements

ATLAS !

13 SM Prediction
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https://arxiv.org/pdf/2403.15085

ATLAS W boson width and mass

* First measurement of 'y at the LHC

* Most precise measurement from a single experiment
 Simultaneous measurement of mw and lNw
» Central value of mw shifts down by 12 MeV
« -30% correlation between mwy and Ny

Overview of ', measurements
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https://arxiv.org/pdf/2403.15085

Lepton Universality in W boson decays

« ATLAS measurement of the W boson decay rates to muons and electrons
 Using 140 fb-1 at /s=13 TeV

« Using tt production offers a high purity sample of W boson pairs
l,

v2:>V\u} /b
b/« t t >u}\‘/’v1
N

1

* Fully leptonic final state is used

 Use the precise value of Z branching ratios to muons and electrons to
reduce the lepton identification systematic uncertainties

RM“/°(ATLAS) = R%/¢ (ATLAS) - / R%*/*¢(LEP+SLD)

05717724 Arxiv:2403.02133 13


https://arxiv.org/pdf/2403.02133

Lepton Universality in W boson decays

« ATLAS measurement of the W boson decay rates to muons and electrons
* Most precise measurement to date
 Relative uncertainty of 0.45%
 Consistent with lepton universality

Rv"‘,/e =0.9995 + 0.0022 (stat) = 0.0036 (syst) + 0.0014 (ext) .
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https://arxiv.org/pdf/2403.02133

Precise measurement of Z invisible width

* Precise measurement of Z invisible width at a hadron collider
 Constraint on number of light neutrino species coupling to the Z boson
* New ATLAS result is the most precise measurement

« Uncertainty dominated by lepton efficiency
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https://arxiv.org/pdf/2206.07110.pdf
https://arxiv.org/pdf/2312.02789

Observation of yy -> 77

* CMS observation of photon induced production of pair of 7 leptons in pp

collisions
* Previously observed by ATLAS and CMS in PbPb collisions

* Run 2 data sample at 13 TeV and integrated luminosity of 138 fb-1
« Events with small number of tracks are close to the di-tau vertex are
selected to isolate photon induced processes

e Correct the number of tracks in simulation
CMS Preliminary 138 fb" (13 TeV)
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https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf

Observation of yy -> 77

* CMS observation of photon induced production of pair of 7 leptons in pp
collisions
* VY -> T in pp: 5.3 (6.5) observed (expected) standard deviations

 Systematic and statistical uncertainties comparable in size
 Constrain the anomalous electromagnetic moments of t lepton using

the visible mass distribution CMS Preliminary 138 16" (13 TeV)
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Polarization in WZ production

« ATLAS WZ polarization measurement using Run 2 data
* Fully leptonic final state
» Explore the energy dependence of the polarization fractions

 Target events with high pT Z boson and measure the fraction of
events with two longitudinally polarized bosons

* WLZ. production observed significance: 5.3 standard deviations
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https://arxiv.org/pdf/2402.16365

Polarization in WZ production

« ATLAS WZ polarization measurement using Run 2 data

* Also report the first study of Radiation Amplitude Zero effect in WZ
production (previously observed in Wy)

* TT exact zero amplitude at LO in the region where cosfw ~ 0

* Requirement on pT(WZ)<70 GeV to reduce jet activity and to
enhance the significance of the dip
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» Observed using rapidity differences o; 07
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Run 3 Di-boson measurements

* CMS first measurement of WW production at 13.6 TeV
 Using 2022 data with an integrated luminosity of 34.8 fb-"

 Important tests of perturbative QCD and EW and sensitive to self
interactions

« Opposite charge electron and muon final state
» Dedicated top, Drell-Yan and nonprompt control regions

%x10° 34.8 b7 (13.6 TeV) %x10° 34.8b™ (13.6 TeV)
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Run 3 Di-boson measurements

* CMS first measurement of WW production at 13.6 TeV
* Integrated and differential cross sections are reported
* Good agreement with the SM predictions
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EW VVjj production

From first observations->precision measurements

* ATLAS and CMS completing Run 2 measurements
Probe EW symmetry breaking
Probe triple and quartic gauge couplings
Theory predictions: NLO corrections

Recent results to highlights:

CMS Experiment at the LHC, CERN
Data recorded: 2017-Sep-24 20:50:54.545792 GMT
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Many more results...

* Several selected recent measurements discussed today
* Many other interesting results not covered today!
» Can be found in ATLAS and CMS public pages

ATLAS

Precise of Wand Z spectra

Electroweak, QCD and flavour physics studies

Measurement of the W-boson mass and width

WZ boson pair on in ion with two jets
tion for a Z boson in ion with b- or c-jets
of vector boson cross sections and their ratios
ol on of ion of W+W- in association with jets
Differential cross sections for the of missing and jets
ol ion and differential ti of Wy

Diboson polarization fractions and Radiation Amplitude Zero effect in WZ production

of Lund subjet

Jet substructure in boosted tt events

Measurement of the Z boson invisible width

of ign W boson pair in iation with two jets

of ZZ ti in the four-lepton final state

Study of Z(—lly) decays
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CMS

Measurement of the Z(v7) + 7y production cross section and search for anomalous neutral triple gauge couplings in pp

collisions at 13 TeV

Measurement of the Drell-Yan forward-backward asymmetry and of the effective leptonic weak mixing angle using proton-
Te

Measurement of W W~ inclusive and differential cross sections in pp collisions at

Observation of vy — 77 in proton-proton collisions and li
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proton collisions at ﬁ =13Tev

= 13.6 TeV with the CMS detector

its on the i of the T lepton

Search for the Z boson decay to 7Ty in proton-proton collisions at /5 = 13 TeV

Measurement of multijet azimuthal correlations and determination of the strong coupling in proton-proton collisions at /5 =
13TeV

of dif ial ZZ+jets ion cross sections in pp collisions at /s = 13 TeV

Measurement of energy correlators inside jets and determination of the strong coupling as(mz)

Nonresonant central exclusive production of charged-hadron pairs in proton-proton collisions at /5 = 13 TeV

Measurement of the double-differential inclusive jet cross section in proton-proton collisions at /s = 5.02 TeV.

Measurement of multidifferential cross sections for dijet production in proton-proton collisions at /s = 13 TeV

Measurement of the primary Lund jet plane density in proton-proton collisions at /5 = 13 TeV

Observation of WWy production and search for Hy production in proton-proton collisions at /5 = 13 TeV
Measurement of the T lepton polarization in Z boson decays in proton-proton collisions at /5 = 13 TeV'

Measurement of the production cross section for a W boson in association with a charm quark in proton-proton collisions at
Js=13Te
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

Summary

» Wealth of EW and QCD precision measurements
« LHC is a precision tool!

* Measurements of some precision observables competitive with lepton
colliders

* Mostly agreement with the SM predictions
* Many more results still to come -> Run 3 is here!

* Run 2 (and Run 1) continue to provide new and creative precision
measurements

« Special low pileup LHC runs also provide new avenues of exploration
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Lund subjet multiplicities

 Parton shower modeling is crucial at hadron colliders
* Most precise measurement to date

 Higher order QCD effects like “double soft” splittings needs to be
understood and incorporated

* Measurements of Lund subjet multiplicities is sensitive to higher
order effects

* The measurement is performed in dijet events

« At 13 TeV, 140 fb-"
//

L
» Recluster the jet constituents
ky = pSmission . AR (pemission, peore) oz, | ™ win  With CA algorithm
’ s o Count emissions above a
22 specified k¢ requirement

Arxiv:2402.13052
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https://arxiv.org/abs/2402.13052

Lund subjet multiplicities  anxwv240z.1052

* Unfolded differential cross sections of NLund are measured for different k¢
requirements in jet pr bins and relative rapidity

 Results are compared to different Parton shower models as well as
recent resummed calculations

» Herwig gives overall best description of data
 Sherpa performs well when non-perturbative emissions are allowed
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https://arxiv.org/abs/2402.13052

ATLAS full phase space Z measurement

* First precise measurement at the LHC in the full phase space of the
decay leptons (/s = 8 TeV, L=20.2fb1)

» Statistically dominated measurement

» Negligible theoretical uncertainties as there is no direct
extrapolation to full phase space

 Cross sections are parameters of the fit. Fit parameters are 8A; +
1 cross section in pT-Y 176 bins

do d3O.U+L , 7
— = 1 0 A,' 1 : 'Di 97
dpdq  dprdydm I 605 Gy IZ:; (v, pT, m)Pi(cos 6, §)

7 - &
Expected Yield 22528 (cos,,pr.y) bins
Reco ( § 0. una Cross section Background template
p..y%,m?, c0s8, ¢) bin Ng; bkgs Y
N0 = § 3 0 00+ 0] 3D
. . 0 A B
Likelihood . . \” 7 -
\ ruth (p.%,y%,m?) bin Angular coefficient Templated polynomial )

05/17/24 ATLAS-CONF-2023-013 28
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ATLAS full phase space Z measurement

» d2g/dptdY measurement

certainty

c

1072

* Uncertai

nties dominated by data statistics
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ATLAS full phase space Z measurement

* pt cross section do/dpr
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* Measurement compared to N3LL/N4LL resummed predictions
matched to O(as3) from MCFM/NNLOJET

 Excellent agreement with data. Crucial input for mw measurements
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Strong effort in LPCC
with benchmarking
studies at N3LL/N4LL

See Francesco’s talk
in QCD section for
the as extraction
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ATLAS full phase space Z measurement

 Rapidity cross section do/dY

* Permille level precision in the central region. Dedicated forward

electron calibration up to |Y| < 3.6
« Comparison to N3LO QCD predictions (DYTurbo) and to different PDFs
« NLO EW corrections with ReneSANCe

80 < mz < 100 GeV, |Y]| < 3.6
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ATLAS W and Z pT with low-pileup data

 Precise measurement of the W pris important in reducing the modeling

uncertainty in the W mass measurements

« Hadronic recoil is the main limitation of the pr W measurements

 Recoil resolution degrades with pileup

» Dedicated low-pileup runs with <p> of about 2 taken in 2017 and 2018

* 255 pb~1 at 5.02 TeV and 338 pb™1 at 13 TeV
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ATLAS W and Z prt with low-pileup data

* Measurements of W+, W-, and Z pr and ratios at 13 and 5.02 TeV
« Z measurement uncertainties dominated by data statistics

W measurement uncertainties dominated by recoil calibration, unfolding,
and data statistics (strong case for future low pileup runs)
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ATLAS W and Z prt with low-pileup data

« W cross sections compared to various Monte-Carlo predictions

* Predictions using the ATLAS tune (used for the W mass measurement
on 7 TeV data) describe data reasonably at low pT especially at
/s=5.02 TeV
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ATLAS W and Z prt with low-pileup data

« Z cross sections compared to various Monte-Carlo predictions

* Predictions using the ATLAS tune (used for the W mass measurement
on 7 TeV data) describe data reasonably at low pT especially at
/s=5.02 TeV
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LHCb forward Z measurements

» Differential cross sections in 'Y, pt, and ¢,*

 Access to PDFs at large and small x
* 5.1fb-1 collected in 2016-18

* Fiducial region:

* Muon pt>20GeY, 2<n<4.5

¢ 60 < Myp < 120 GeV

* Most precise integrated cross sections in

the forward region

* New result at /s=5.02 TeV, 99.86 pb-
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LHCb forward Z measurements

 Z cross sections at 5.02 TeV and 13 TeV
« The most precise measurements in the forward region
* The measurement at 5.02 TeV dominated by statistical uncertainty

5.02 TeV 13 TeV
Stat. Uncertainty
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LHCb paper in preparation .
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LHCb forward Z measurements

* New differential cross section measurements at 5.02 TeV
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LHCb forward Z measurements

* First measurement of angular coefficients in forward region at 13 TeV
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CMS t lepton polarization in Z boson decays

 Leptonic and hadronic t decays used for the measurement

« Optimal observables exploited at LEP utilized
 Polarimetric vector, helicity correlations, etc.

« CMS data at 13 TeV with 36.3 fb-1
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CMS t lepton polarization in Z boson decays

* Measured polarization is in good agreement with the SLD/LEP
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R -1
CMS Preliminary 3631 (13 Tev) . CMS  Preliminary 363" (13 TeV)
nn * JC()MJS” (‘13TeV) — Preliminary S —e— - 0 [ [ I
amn - D e O
) o C
aa, . ATLAS (8 TeV) | |~
pT ———— - S -00s
T - ——e - bﬁf;{i&%g L = T Combined Fit in all channels
el - —— - "
— —
en o - SLD |- 18
ea, |- — - 8 l }
ep — — — L3 — — ® -015 | 1
um ——— - DELPHI — - ©
ua1 | . _ é -0.2
up + e - ALEPH — C
MY - - -1 025
ombined ) L L — OPAL = | | I_ C
-1 -05 0 0 0.1 0.15 0.2 C | | |
Average polarisation ( P m<13  13<m<22 M7>22
gep (P Asymmetry AI

05/17/24 SMP'18'010 41


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-010/index.html

CMS DY measurement

Arxiv:2205.0489

* Double differential cross sections in my, prt, and ¢,*

«/s=13TeV, L=36.3 fb!

* Inclusive and >= 1 jet categories

* 5 my bins. Fiducial region: pr > 25 (20) GeV for leading (subleading)

lepton, [n| < 2.4

* Measurement compared to large variety of theory predictions
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CMS DY measurement  Amxiv:2205.0489

* Measurement compared with MadGraph5_aMC@NLO + PYTHIA 8 and
MiNNLOps : NNLO ME and Pythia8 PS and MPI
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CMS DY measurement

Arxiv:2205.0489

* Measurement compared with TMD based predictions (Parton-Branching

with CASCADE3, ArTeMiDe) and resummed predictions with Geneva
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