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Why Standard Model Physics?

Search for deviations from SM: 

- Many new physics models reveal deviations from SM similar to the ones from NLO or NNLO QCD


  Example: contact interactions as opposed to bump-hunting search


Establish:

- Understanding of backgrounds to new physics searches


- Improved proton PDFs


Explore the SM self consistency:

Measure its parameters with high-precision
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...in the era of the Higgs Boson
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Detailed Picture: latest Gfitter results III 
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• Compare full SM fit (without m(H)) and 
world average m(H) value from Sept 2012. 
Agreement is excellent ! 
 

• Note from EWK parameter fitting point of 
view, m(H) experimental precision already 
far exceeds what is needed. 

• Compare full SM fit (without m(W), m(Top) 
= blue ellipse) and individual best m(W) 
and m(Top) measurements (data point). 

• Width of ellipse projected along m(W) axis 
has many small contributions, but the 4 
MeV theory uncertainty (HO corrections) is 
dominant. 
 

• Agreement is excellent. Projected errors on 
ellipse are about ± 10 MeV in m(W) 
direction and ± 2 GeV in m(Top), setting 
scale for experimental improvements. 
 

After the Higgs discovery, 
measuring the top and W mass precise 

enough is an enduring challenge



How we do it?

3
��$

SU
��0

D\ ��-X
Q

��-X
O

��$
XJ

��6
HS ��2

FW
��1

RY
��'

HF

'DWH��87&�

�

��

��

��

��

7R
WD
O�LQ

WH
JU
DW
HG
�OX
P
LQ
RV
LW\
��I
Eೋ
{�


���

&06 ��������7H9�������SEೋ{
��������7H9������IEೋ{
��������7H9�������IEೋ{
���������7H9������IEೋ{
���������7H9�������IEೋ{
���������7H9�������IEೋ{
���������7H9�������IEೋ{
�����������7H9�������IEೋ{
�����������7H9�������IEೋ{

LHC:

Similar 
for ATLAS

First papers (2010): Ltotal ~ nb-1 Now (2023): Ltotal integrated ~ 260 fb-1

Beam size at 

interaction point (IP)

Number of collisions 
that can be produced 
in one detector per 
cm2 and per second

Number of protons


per bunch
Number 


of bunches

Pile-up



How we do it?
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Jets 
inclusive


dijets

multijets


jet sub-structure

HF production

W/Z Bosons 
inclusive

V+jets


Ratio W/Z + jets

W and Z + HF

Physics
Probes Probes

Combine analyses, e.g. to obtain the most information about PDFs

Photons 
inclusive


diphotons

γ + jets

γ + HF

Hadrons

Perturbative QCD

Proton PDF 
Valence, strange quarks


Gluons

Non-perturbative 
 QCD

Electroweak  
parameters

EWK corrections

Higgs

Dibosons 
WW, WZ, ZZ, Wγ, Zγ


VV+jets

Top quark



How we do it?
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Jets 
inclusive


dijets

multijets


jet sub-structure

HF production

Perturbative QCD

Proton PDF 
Valence, strange quarks


Gluons
Photons 

inclusive

diphotons

γ + jets

γ + HF

W/Z Bosons 
inclusive

V+jets


Ratio W/Z + jets

W and Z + HF

Dibosons 
WW, WZ, ZZ, Wγ, Zγ


VV+jets

Physics
Probes Probes

Combine analyses, e.g. to obtain the most information about PDFs

Top quark

Non-perturbative 
 QCD

Electroweak  
parameters

Many topics left out:

SM Higgs production

Heavy-flavour physics (B-physics)

Heavy-ion physics (physics in dense media)

Hadrons Higgs

EWK corrections

Will give emphasis to most recent results



Overview of Standard Model measurements at LHC
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CMS has similar plots (see)
and explored similar phase space

15 orders
of magnitude

Publication list

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_01b.png


QCD with Jets and Photons
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Multi-differential measurements of the dijet cross section
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CMS-PAS-SMP-21-008

Dijet invariance mass

Double-differential (2D) measurements

Measurement with jet algorithms:
anti-kt R=0.4
anti-kt R=0.8

Measured as a function of the kinematic 
properties of the two jets with largest 

transverse momenta

anti-kt R=0.8

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html


Multi-differential measurements of the dijet cross section
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Double-differential (2D) measurements

Measurement with jet algorithms:
anti-kt R=0.4
anti-kt R=0.8

Comparison to fixed-order theory calculations at NNLO,
for different PDF predictions:

CT18
ABMP16
MSHT20

NNPDF3.1 

anti-kt R=0.8

CMS-PAS-SMP-21-008

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html


Multi-differential measurements of the dijet cross section
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Average dijet transverse momentum

Triple-differential (3D) measurements

Measurement with jet algorithms:
anti-kt R=0.4
anti-kt R=0.8
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1 Introduction
The pairwise production of hadronic jets is one of the fundamental processes at hadron collid-
ers. Dijet events with high transverse momenta can be described by parton-parton scattering
in the context of quantum chromodynamics (QCD). Measurements of dijet cross sections can
be used to thoroughly test predictions of perturbative QCD (pQCD) at high energies and to
constrain the parton distribution functions (PDFs). Earlier measurements of dijet cross sec-
tions in proton-(anti)proton collisions have been performed as a function of dijet mass at the
SPPS, ISR, and Tevatron colliders [1–6]. At the LHC, dijet measurements as a function of di-
jet mass have been reported in Refs. [7–11]. Alternatively, dijet events have also been studied
triple-differentially in transverse energy, and the pseudorapidities h1 and h2 of the two leading
jets [12, 13].

In this paper, a measurement of triple-differential dijet cross sections is presented. The cross
sections are measured as a function of the average transverse momentum pT,avg = 1

2 (pT,1 + pT,2)
of the two leading jets, half their rapidity separation y

⇤ = 1
2 |y1 � y2|, and the boost of the dijet

system, yb = 1
2 |y1 + y2|. The corresponding dijet event topologies are illustrated in Fig. 1.
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Figure 1: Illustration of the dijet event topologies in the y
⇤ and yb kinematic plane. The dijet

system can be classified as a same-side or opposite-side jet event according to the boost yb of
the two leading jets providing insight into the parton kinematics.

The relation of the dijet rapidities and the parton momentum fractions x1,2 at leading order (LO)
is given by x1,2 = pTp

s
(e±y1 + e

±y2). For large values of yb, the momentum fractions carried by
the incoming partons must correspond to one large and one small value, while for small yb the
momentum fractions must be approximately equal. In addition, for high transverse momenta
of the dijets, x values beyond 0.1 are probed, where the proton PDFs are not well known yet.

The decomposition of the dijet cross sections into the contributing partonic subprocesses is
shown at next-to-leading-order (NLO) accuracy from NLOJET++ [14, 15] in Fig. 2. At small
yb and in particular large pT,avg a significant portion of the cross section corresponds to quark-
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yb: total boost of dijet system

CMS-PAS-SMP-21-008

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html


Multi-differential measurements of the dijet cross section
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Triple-differential (3D) measurements

Measurement with jet algorithms:
anti-kt R=0.4
anti-kt R=0.8

Comparison to fixed-order theory calculations at NNLO,
for different PDF predictions:

CT18
ABMP16
MSHT20

NNPDF3.1 

Total of 15 rapidity regions

CMS-PAS-SMP-21-008

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html


Multi-differential measurements of the dijet cross section
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CMS+HERA:
χ2 /ndof = ~1.17

PDF fits from HERA DIS and CMS 3D dijet data

gluon u-valence quark

Extraction of Strong Coupling Constant (αS)
PDF fit repeated with αS as a free parameter

2D: 

3D: 

About 1  from
world average

σ

CMS-PAS-SMP-21-008

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html


Measurement of primary Lund Jet Plane density
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Representation of the phase space of 1 → 2 
partonic splittings inside jets 

Lund Jet Plane: representing QCD radiation in parton shower/internal structure of jets

Splitting angle of the branching ∆R 
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Anti-KT 4 Jets

CMS PAS SMP-22-007 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html


Measurement of primary Lund Jet Plane density

14Splitting angle of the branching ∆R 
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Anti-KT 8 Jets
Representation of the phase space of 1 → 2 

partonic splittings inside jets 

Lund Jet Plane: representing QCD radiation in parton shower/internal structure of jets
CMS PAS SMP-22-007 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html


Measurement of primary Lund Jet Plane density
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Measurement can be used as an input to improve the description from event generators and for 
future developments of parton showers with corrections beyond leading-logarithmic accuracy

Slice of Lund Plane Slice of Lund Plane

Different parton showersDifferent Pythia tunes

Similar studies from ATLAS published: Phys. Rev. Lett. 124, 222002

CMS PAS SMP-22-007 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html


Production cross section of pairs of isolated photons
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JHEP 11 (2021) 169direct photons fragmentation non-prompt

after hadronization

Higher order corrections at NNLO
necessary to describe the data

https://link.springer.com/article/10.1007/JHEP11(2021)169


The strong coupling strength αs

17

The strong force is still the least well known 
interaction of nature
αs uncertainty ~ 1%  

World Average (PDG): αs	(mZ)	=	0.1179 ± 0.0009 
Conventionally determined at the reference scale Q = mZ 
Decreases (“runs”) as αs~ln(Q2 / /\2)-1 

• Impacts physics at the Planck scale: 
• EW vacuum stability, Grand Unification 

• Is among the dominant uncertainties of several precision 
measurements at colliders 
• Higgs couplings at the LHC 
• EW precision observables at e+e- colliders 

PDG

https://pdg.lbl.gov/2022/reviews/rpp2022-rev-qcd.pdf
https://pdg.lbl.gov/2022/reviews/rpp2022-rev-qcd.pdf


Determination of the strong coupling constant from transverse energy correlations
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Energy–energy correlation (EEC): event-shape observable, infrared safe

TEEC:

ATEEC:
Generalization 

for hadronic collider

arXiv:2301.09351

Dependence on
αs variation of

± 0.001

https://arxiv.org/abs/2301.09351


Determination of the strong coupling constant from transverse energy correlations
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Running of αS(Q) obtained using 
MMHT 2014 NNLO PDF set

arXiv:2301.09351

)
Z

(MSα
0.1 0.12 0.14 0.16 0.18 0.2

World Average : Prog. Theor. Exp. Phys. 083C01(2020)

CMS Incl. Jets 13TeV : JHEP 22:142 (2022)NNLO

 13TeV : EPJC 80:658 (2020)tCMS multi-diff t

 cross section 13TeV : EPJC 79:368 (2019)tCMS tNNLO

 8TeV : CMS-PAS-SMP-16-008 (2017)32CMS R

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

 cross section 7TeV : PLB 728:496 (2014)tCMS tNNLO

 7TeV : EPJC 73:2604 (2013)32CMS R

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS TEEC 7TeV : PLB 750:427 (2015)

 7TeV : ATLAS-CONF-2013-041 (2013)32ATLAS N

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

 : arXiv:2203.05394 (2022)
T

CDF Z pN3LO

D0 ang. correl. : PLB 718:56 (2012)

D0 incl. jets : PRD 80:111107 (2009)

CDF Incl. Jets : PRL 88:042001 (2002)

 : EPJC 67:1 (2010)2H1 multijets at low Q

p : NPB 864:1 (2012)*
γZEUS incl. jets in 

 : arXiv 1406.4709 (2014)2H1 multijets at high Q

H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)

H1 incl. & dijet : EPJC 77:791 (2017)NNLO

Highest Q2 measurement

other αs(MZ) measurements

ATEEC: 𝛼(mZ ) = 0.1185 ± 0.0009 (exp.)+0.0025-0.0012 (theo.) 

TEEC (ATEEC) distributions are fitted to extract αs 

https://arxiv.org/abs/2301.09351


W and Z boson production physics
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Drell-Yan process and measurement of SM parameters

21

The pT of the W, Z bosons comes from 
from higher order corrections to the 
leading order Drell–Yan processes…

P
Ease

Ignite

s

PITHER

The Drell-Yan process is a standard candle for precision measurements at the LHC 

peart

mn w
a

L

P
Iotapa q

x

• W-boson	mass

• sin2(θW)

• PDFs

• αs(mZ)	

Used to measure: {

….. and from non-perturbative effects 
such as the primordial kT of the 
incoming partons.



Production properties of the Z-boson in the full phase space of the decay leptons
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ATLAS-CONF-2023-013

Stefano Camarda 4

Anatomy of Drell-Yan differential cross sections

A convenient way of expressing the radiation-inclusive DY cross section is through the 
factorisation of the production dynamic and the decay kinematic properties of the dilepton 
system

Decomposition of (cosq,f) into 9 helicity cross 
sections → basis of spherical harmonics

Spin 0 (Higgs) Spin 1 (W,Z,g*) Spin 2

l = 0
n = 1

l ≤ 2
n = 1+3+5 = 9

l ≤ 4
n = 1+3+5+7+9 = 25

ds/dpT: transverse dynamics

ds/dy: longitudinal dynamics (PDFs) 

Rich physics program of perturbative 
and non-perturbative QCD

l denotes the degree of the spherical harmonics

Why 9?

Factorize the production dynamic and the decay kinematic properties of the dilepton system

lepton angular cos 𝜃 and 𝜙 
distributions in the Collins-Soper frame 

𝐴𝑖 angular coefficients: dynamics 
Fiducial cuts removed by analytic integration of (cos θ, 𝜙) in the full 
phase space of the decay leptons through the measured Ai coefficients 

negligible theoretical 
uncertainties for all 

measurements 

Stefano Camarda 9

Full-lepton phase space rapidity cross section

Exquisite permille level precision in the 
central region

Subpercent uncertainties up to |y| < 3.6 
thanks to dedicated forward electron 
calibration

First comparison to N3LO QCD 
predictions

Enables precise and unambiguous PDF 
interpretation with QCD scale variations 
now smaller than PDF uncertainties

Run-1 8 TeV data only

First comparison to N3LO 
QCD predictions 

and N4LL resummation

Rapidity Transverse Momentum

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


Determination of αs(mZ) from Z pT at 8 TeV 
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ATLAS-CONF-2023-015

Stefano Camarda 16

Outlook

Most precise experimental determination 

of as(mZ), as precise as the PDG and 

Lattice world averages

First as(mZ) determination at N3LO+N4LL

Clean experimental signature (leptons) 

with highest exp sensitivity

as measured directly at mZ scale (as in 

LEP event shapes)

Semi-inclusive observable, which has 

advantages of exclusive (higher exp. 

sensitivity) and inclusive (higher order 

theory, smaller non-pQCD effects)

Determination focusing on the Sudakov 

region (usually avoided to determine as)

Quadratic LQCD/Q power corrections, 

compared to linear in LEP event shapes

Observable not suitable for inclusion in 

PDF fits → no correlation with as(mZ) 

determinations from PDF fits 

as = 0.11828 +0.00084 –0.00088

Most precise experimental 
determination of αs(mZ), 
as precise as the PDG and 
Lattice calculation and  
world averages 

with

g
gig

em

αs = 0.11828+0.00084
−0.00088

First αs(mZ) determination
at N3LO+N4LL 

The position of the Z pT peak 
is sensitive to αs(mZ) 

Take advantage of this fantastic precision of Z pT
measurement to extract αs(mZ) 

Z bosons produced in hadron collisions recoil 
against QCD initial-state radiation: 

ISR gluons will boost the Z in the transverse plane 

(uncertainty ~0.7%)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/


Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV
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ATLAS-CONF-2023-028

W, Z

Pile-up events add energy to the recoil and hinder the experimental extraction of W pT

+ pile-up

Take dataset with very low multiple hard interactions per bunch crossing 
ATLAS collected such dataset at √s = 5  and 13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028


Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV
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ATLAS-CONF-2023-028

Precise measurements and predictions of the spectra for pT < ~30 GeV are particularly 
interesting for future measurement of the W-boson mass at LHC 

Compared to DYTURBO predictions
with different PDF sets Compared with different MC predictions 

DYTURBO resummed predictions show the best agreement and generally match the data at the percent level 

√s = 5 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028


Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV
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ATLAS-CONF-2023-028

Precise measurements and predictions of the spectra for pT < ~30 GeV are particularly 
interesting for future measurement of the W-boson mass at LHC 

Compared to DYTURBO predictions
with different PDF sets Compared with different MC predictions 

DYTURBO resummed predictions show the best agreement and generally match the data at the percent level 

√s = 13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028


New W mass measurement from ATLAS

27

Determine the W boson mass from the dependence of the leptonic transverse momentum 
(pT) and the transverse mass (mT)

Revisited measurement from 2017, using the same data, but with more advanced physics 
model and profile likelihood fitting:
▪  Advantage: Reduce systematic uncertainties during the fit 
▪  Disadvantage: Computational expensive, challenging to investigate systematics 

ATLAS-CONF-2023-004 

MW shift = ± 50 MeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/


W mass: physics modeling and analysis improvements

• Baseline: Pythia AZ tune (based on Z boson)

• Z Boson Data, Parton Shower Variations 

• New Verifications:

• AZ tune describes hadronic recoil spectrum of W’s 

in low-pileup data at 5 TeV within  

experimental uncertainties


• DYTurbo (resumed calculation) also agrees with AZ 

Tune. 


• Treatment of angular coefficients unchanged


• Parton Distribution Functions: 

• Studied full set of available PDF Sets at  

NNLO: CT10, CT14, CT18, MMHT2014,  
MSHT20, NNPDF3.1, NNPDF4.0 


• New Baseline CT18
28

• Multijet Background Estimation


• Systematic shape variations using PCA


• New transfer function from CR to SR 


• Reduction of uncertainty by 2 MeV  

• EWK uncertainty evaluated at detector level

• increase uncertainty by 1-2 MeV


• Recovering data in the electron channel

• Increased statistics by 1.5%


• Add W width as NP parameter 


• Improving random generator setup for the 

electron energy calibration


Physics modeling Analysis improvements



New W mass measurement from ATLAS

29

mW =80360 ± 5 (stat.) ± 15 (syst.) = 80360 ± 16 MeV

Previous measurement from 2017:  mW = 80370 ± 19 MeV  

ATLAS-CONF-2023-004 

(0.02% uncertainty)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/


Measurement of the production of a 𝑾 boson in association with a charmed hadron 

30

Measuring Wc production probes the strangeness in the proton (PDF)

CKM 
suppressed

Two different measurement approaches

Constrain the ratio between strange and 
non-strange sea quark PDFs 

Probe the level of asymmetry 
between s and s-bar 

→ 
~90%

~95%

10%

 5%

gd

gd̄

gs

gs̄

W−c W+c̄
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Statistical uncertainty
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Predictions: NLO MCFM + NLO PDF

Parton level

Figure 6: Comparison of the experimental measurement of s(W+c), unfolded to the parton
level, with the predictions from the MCFM NLO calculations using different PDF sets.

smaller than the total uncertainty in each of the individual predictions. Theoretical predictions
lie slightly above the measured cross section but are in agreement within the uncertainties, as
depicted in Fig. 6.

Table 7: Predictions for s(W+c) production from MCFM at NLO for the phase space of the
analysis. For every PDF set, the central value of the prediction is given, together with the
uncertainty as prescribed from the PDF set, and the uncertainties associated with the scale
variations and with the value of as. The total uncertainty is given in the last column. The last
row in the table gives the experimental results presented in this document.

PDF set s(W+c) [pb] DPDF [pb] Dscales [pb] Das
[pb] Total uncert. [pb]

MMHT14 182.9 +15.4
�11.1

+7.3
�7.9 ±0.01 +17.1

�13.6

CT18 164.9 +11.1
�8.7

+6.1
�6.8

+0.9
�0.8

+12.7
�11.1

CT18Z 176.4 +13.5
�10.5

+7.0
�7.4

+0.6
�0.5

+15.2
�12.8

ABMP16 183.6 ±3.3 +7.2
�7.8

+1.5
�0.9

+8.1
�8.5

NNPDF3.0 161.9 ±6.2 +5.8
�6.7 ±0.01 +8.5

�9.1

NNPDF3.1 175.2 ±6.1 +6.6
�7.3 ±0.01 +9.0

�9.5

CMS 163.4 ± 0.5 (stat) ± 6.2 (syst) pb

The s(W+c) production cross section is also measured differentially as a function of |h`| and
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ATLAS

Two different measurement approaches

Measure charm content 
by identifying D(*) mesons

CMS
Measure charm content 
by tagging charm jets

CMS-PAS-SMP-21-005 arXiv:2302.00336

Wc cross section

W+/W- + charm ratio

Comparable precision
~1.3%

Consistent with
symmetric strange sea

Both measure inclusive and differential cross sections

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-22/


Measurement of tau lepton polarization in Z boson decays
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CMS-PAS-SMP-18-010

22

0.1 0.15 0.2

τ
Asymmetry A

OPAL

ALEPH
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L3

SLD

030001 (2018)
Phys. Rept. D 98
LEP-SLD

arXiv:1709.03490
ATLAS (8 TeV)

-136.3 fb
CMS (13 TeV) Preliminary 

Figure 11: A comparison of the t asymmetry, At measured from t polarization at CMS in this
work and other experiments. The value of At for CMS is obtained from the result of Eq. 24
using Eq. 4. The green band indicates the t polarization value obtained by combining the SLD
measurement [41] with the measurements performed by L3 [5], DELPHI [42], ALEPH [43],
and OPAL [44]. The measurement performed by the ATLAS collaboration at a lower center-of-
mass energy of 8 TeV is documented in Ref. [6]. The CMS measurement refers to the result of
the analysis presented in this note. The inner error bars represent the statistical uncertainly, the
outer bars includes the systematic uncertainty.

of the weak interaction, namely the mixing of the B
0 and the W

0 fields, which is parametrized
by the effective mixing angle, sin2 qeff

W
. In the analysis it is not possible to distinguish between

Z ! tt and g ! tt, as they produce exactly the same final state. The g ! tt process
results in unpolarized t leptons. Because the relative fraction of Z/g ! tt events changes as
a function of the quark-antiquark invariant mass

p
ŝ, the polarization has to be considered as a

function of this mass, the effective mixing angle, and the quark type q, specifying whether the
Z has been produced via a pair of up- or down-type quarks, see Eq. (17). This average has been
accounted for in our procedure described in Section 9 to correct the measured polarization to
the Z pole. This value can be directly used in the relation of Eq. (5) to obtain a value for the
effective electroweak mixing angle:

sin2 qeff
W

= 0.2319 ± 0.0019 = 0.2319 ± 0.0008 (stat) ± 0.0018 (syst). (25)

In comparison the most precise value of the effective weak mixing angle measured in Z ! ll

decays obtained by combination of the LEP and SLD results is sin2 qeff
W

= 0.2315 ± 0.0002 [41].

0.1468 ± 0.0003 =  

Measurement of τ polarization can probe underlying electroweak
parameters: Aτ , sin2(θw)

Result extracted
from a simultaneous 
fit to 11 categories

(leptonic/hadronic)

Precision not far from single LEP experiments

Agrees with SM
expectations

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


Search for rare decay of Z → ττμμ	
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Limit set on the ratio of BR 
 Z → ττμμ	 relative to Z → μμμμ 

Possibly sensitive to new physics
e.g existence of a Z’ could enhance cross section

Ratio above 6.2 excluded at 95% CL

Corresponds to 6.9x SM expectation

CMS-PAS-SMP-22-016

Yaris

First ever search for this rare decay mode, SM BR ~ 10-6

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-016/index.html


Top quark
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Top quark pair production
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New measurement from ATLAS 
in eμ channel at 13 TeV


(Experimental uncertainty: ~1.8%)

CMS: arXiv:2303.10680
ATLAS-CONF-2023-006

ATL-PHYS-PUB-2023-014

New top cross section measurements from ATLAS and CMS at 
13.6 TeV, consisted with NNLO+NNLL theoretical predictions

(ATLAS: eμ channel;  CMS: dilepton, lepton+jets)

Start constraining gluon PDFs!

http://arxiv.org/abs/2303.10680
http://arxiv.org/abs/2303.10680
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/


Top quark mass measurements
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Measured in different channels with 
different techniques

Uncertainty reached ~ 0.2%

Best single measurement is from
CMS, lepton+jets profile likelihood 

new result with 13 TeV data

mtop = 171.77 ± 0.37 GeV

ATL-PHYS-PUB-2023-015

CMS-TOP-20-008

40% improvement relative to previous measurement

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-015/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html


Dibosons and tribosons
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Diboson production at the LHC
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Diboson#produc*on#

5#

t-channel 

u-channel 

s-channel 

LO

NLO {t-channel

u-channel

s-channel



Diboson production cross-section measurements
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γγ 
Wγ 

Zγ 

WW 

WZ 

ZZ 

Extensive program
both in 

ATLAS and CMS

Experimental results demanded 
higher precision

theoretical calculations

Excesses observed years ago 
disappeared once NNLO QCD 
calculations became available

See plenary talk from 
Marcel Vos on Friday

CMS summaries

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


ZZ+ jets differential cross section
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CMS PAS SMP-22-001 

Precision already enough to test 
predictions made recently 
available at next-to-next 

leading order (NNLO) in QCD 

Four-lepton production in association with jets (non-resonant production of Z bosons)

nNNLO+PS with MiNNLOPS 
Buonocore 

Better than Madgraph or Powheg

EWK corrections needed to 
improve agreement for m4l

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html
http://www.arXiv.org/abs/2108.05337


Vector boson fusion, vector boson scattering, and triboson production
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Rare SM processes 
with cross sections

down to < 1 fb-1

See plenary talk from 
Marcel Vos on Friday

CMS summaries

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


Closing remarks

The LHC proton-proton runs have produced exceptionally precise Standard Model 
results at 5, 7, 8 and 13 TeV


Ratification of the Standard Model of Particle Physics


      =>  Discovery of the Higgs Boson


      =>  Many precision measurements of ever increasing complexity and exploring smaller 
and smaller cross sections, without finding significant deviations


The LHC Run 3 is at full speed → larger datasets → increased precision


      =>   Potential for significant discoveries and deeper precision measurements


Standard Model measurements and direct searches will continue playing complementary 

roles in the search for new physics at LHC and at future colliders (ILC, FCC-ee, CEPC)
42



Extra Slides
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Overview of Standard Model measurements in ATLAS
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Overview of CMS cross section results
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Overview of CMS X+jets cross section results
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Determination of the strong coupling constant from CMS
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Cambridge/Aachen algorithm and Lund plane
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Cambridge/Aachen primary declustering tree of a jet → the emissions are angular ordered 

Lund planes have been used for the development 
of parton shower algorithms and for calculations 
with resummation at all-orders in αS 

ΔR 
large ΔR 

small
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Appendix

Figure 9 compares the PLH fit results of the individual measurement categories as well as the combination
of all between the PDF set CT10 and CT18.
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Figure 9: Overview of the mW fit results in all categories for the p
`
T (left) and the mT (right) distributions, with the

CT10nnlo and CT18 PDF set. Also shown is the result when using all categories simultaneously.

Figure 10 shows the ten nuisance parameters with the largest post-fit impact on mW in the combined PLH
fits with the CT18 PDF set.

Figure 11 shows the post-fit normalization factors for the signal sample for di�erent PDF sets including
their postfit uncertainties. The central values of the normalization factors without PDF profiling in the
combined PLH fit are also indicated.

Figures 12, 13 and 14 show W ! µ⌫ candidate events.

22

Comparison of the PLH fit results of the individual measurement categories as well as the 
combination of all between the PDF set CT10 and CT18 
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Results are determined using a PLH approach and in comparison with a χ2-minimization 
approach using statistical uncertainties only 


