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Why Standard Model Physics?

...in the era of the Higgs Boson

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 x A o

- Improved proton PDFs

Explore the SM self consistency:

Fit w/o M___ and m, measurements
FitwoM_ , m and M, measurements

Measure its parameters with high-precision Direct M, -and m measurements

After the Higgs discovery,
measuring the top and W mass precise
enough is an enduring challenge
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How we do it?

Probes Probes
Physics
Jets Non-perturbative W/Z Bosons
Inclusive Inclusive
dijets QCD V+ets
nES Ratio W/Z + jets
jet sub-structure Perturbative QCD Wand Z + HF
HF production
Proton PDF Top quark
PhOtonS Valence, strange quarks
Inslusii e Dibosons
I -
HIis EWK corrections WW, WZ, ZZ, Wy, Zy
y + jets WVt
+]ets
v + HF
Electroweak
Hadrons parameters Higgs

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



How we do it?

Probes Probes
Physics
Jets Non-perturbative W/Z Bosons
Inclusive Inclusive
dijets QCD V+jets
multijets Ratio W/Z + jets
jet sub-structure Perturbative QCD W and Z + HF
HF production
Proton PDF Top quark
PhOtOnS Valence, strange quarks
ol e Dibosons
il EWK corrections WW, WZ, ZZ, Wy, Zy
7w VV-+jets
v + HF
Electroweak
Hadrons parameters Higgs

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

Many topics left out:
SM Higgs production

Heavy-flavour physics (B-physics) Will give emphasis to most recent results
Heavy-ion physics (physics in dense media)



Overview of Standard Model measurements at LHC

Standard Model Production Cross Section Measurements

Publication list

Sidluary Mouel FIouucuui Lross Secuoll Measuremens ATLAS Preliminary

15 orders
of magnitude

CMS has similar plots (see)
and explored similar phase space

Status: February 2022
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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



Multi-differential measurements of the dijet cross section

CMS-PAS-SMP-21-008

Double-differential (2D) measurements
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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

CMS-PAS-SMP-21-008
CMS Preliminary 33.5fb" (13 TeV)
Double-differential (2D) measurements i Total exp.unc.
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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

CMS-PAS-SMP-21-008
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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

CMS-PAS-SMP-21-008
. . . CMS Preliminary 29.6 fb~' (13 TeV)
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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
PDF fits from HERA DIS and CMS 3D dijet data CNS-PAS-SMP-21-008
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Extraction of Strong Coupling Constant (as)

PDF fit repeated with as as a free parameter

: a (my) = 0.1201 £ 0.0010 (fit) £ 0.0005 (scale) + 0.0008 (model) + 0.0006 (param.) About 15 from

. ay(my) = 0.1201 % 0.0012 (fit) + 0.0008 (scale) =+ 0.0008 (model) + 0.0005 (param.) [EAAEEALEI L
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html

Measurement of primary Lund Jet Plane density

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

Representation of the phase space of 1 = 2
partonic splittings inside jets Anti-Kr 4 Jets
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of primary Lund Jet Plane density

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

Representation of the phase space of 1 = 2
partonic splittings inside jets Anti-Kr 8 Jets

CMS Prellmlnafy 138 fb' (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of primary Lund Jet Plane density

CMS PAS SMP-22-007

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

Different Pythia tunes Different parton showers
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Similar studies from ATLAS published: Phys. Rev. Lett. 124, 222002 15



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

JHEP 11 (2021) 169

direct photons fragmentation non-prompt
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https://link.springer.com/article/10.1007/JHEP11(2021)169

The strong coupling strength o

The strong force is still the least well known
interaction of nature
as uncertainty ~ 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 ete- colliders

World Average (PDG): as (mz) =0.1179 + 0.0009
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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

arXiv:2301.09351
Energy—energy correlation (EEC): event-shape observable, infrared safe
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https://arxiv.org/abs/2301.09351

Determination of the strong coupling constant from transverse energy correlations
arXiv:2301.09351

TEEC (ATEEC) distributions are fitted to extract as other as(Mz) measurements
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https://arxiv.org/abs/2301.09351

W and Z boson production physics



Drell-Yan process and measurement of SM parameters

The Drell-Yan process is a standard candle for precision measurements at the LHC
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The pr of the W, Z bosons comes from
from higher order corrections to the
leading order Drell-Yan processes...

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

Used to measure:
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Production properties of the Z-boson In the full phase space of the decay leptons

ATLAS-CONF-2023-013

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

i J35U+L (

2
1+cos>0+ Y Ai(y, pr,m)P;(cos b, Cb))

dpdg  dptdydm -

A, angular coefficients: dynamics lepton angular cos 6 and ¢

Fiducial cuts removed by analytic integration of (cos 6, ¢) in the full distributions in the Collins-Soper frame
phase space of the decay leptons through the measured Ai coefficients

Rapidity Transverse Momentum

S Tev, 2021 Run-1 8 TeV dataonly [N e -

stat. ® syst.

—_— negligible theoretical | .
—e— Data N . . _

- s — uncertainties for all
stat. @ syst. @ lumi
B Scale variations
|| PDF uncertainty
First comparison to N3LO _

QCD predictions
and N4LL resummation s et

P, [GeV] p. [GeV] P2

—
l\)

Ratio to data

Ratio to data

o
(00)



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

Determination of a;(mz) from Z pr at 8 TeV

ATLAS-CONF-2023-015

/!

Take advantage of this fantastic precision of Z pr '
measurement to extract a,(mz)

' )l

Z bosons produced in hadron collisions recoil 2/
against QCD initial-state radiation:
ISR gluons will boost the Z in the transverse plane
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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
ATLAS-CONF-2023-028

ATLAS Online, 13 TeV ﬂ_dt=148.5 fo

2015: <u>=13.4
2016: <u> = 25.1
2017: <u>=37.8
2018: <u>=37.0
Total: <u>=34.2
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Pile-up events add energy to the recoil and hinder the experimental extraction of W pT

Take dataset with very low multiple hard interactions per bunch crossing
ATLAS collected such dataset at Vs =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
ATLAS-CONF-2023-028

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

Vs =5 TeV

Compared to DYTURBO predictions

with different PDE sets Compared with different MC predictions
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DYTURBO resummed predictions show the best agreement and generally match the data at the percent level ..


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
ATLAS-CONF-2023-028

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

Vs =13 TeV

Compared to DYTURBO predictions
with different PDF sets
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ATLAS Preliminary
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Compared with different MC predictions
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DYTURBO resummed predictions show the best agreement and generally match the data at the percent level


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

New W mass measurement from ATLAS

ATLAS-CONF-2023-004

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

Mw shift = = 50 MeV
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Revisited measurement from 2017, using the same data, but with more advanced physic:
model and profile likelihood fitting:

s Advantage: Reduce systematic uncertainties during the fit

= Disadvantage: Computational expensive, challenging to investigate systematics ..


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

W mass: physics modeling and analysis improvements

Physics modeling Analysis improvements
- Baseline: Pythia AZ tune (based on Z boson) - Multijet Background Estimation
- Z Boson Data, Parton Shower Variations - Systematic shape variations using PCA

- New transfer function from CR to SR

- New Verifications: . Reduction of uncertainty by 2 MeV

- AZ tune describes hadronic recoil spectrum of W’s

in low-pileup data at 5 TeV within . EWK uncertainty evaluated at detector level

experimental uncertainties . increase uncertainty by 1-2 MeV

- DYTurbo (resumed calculation) also agrees with AZ

Tune. . Recovering data in the electron channel
- Treatment of angular coefficients unchanged . Increased statistics by 1.5%
- Parton Distribution Functions: . Add W width as NP parameter
- Studied full set of available PDF Sets at
NNLO: CT10, CT14, CT18, MMHT2014, . Improving random generator setup for the
MSHT20, NNPDF3.1, NNPDF4.0 electron energy calibration

- New Baseline CT18
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New W mass measurement from ATLAS

ATLAS-CONF-2023-004

Overview of m ,, Measurements

s, | ATLAS Preliminary = Carids | P o oo

i : | : O~ Preliminary B m =172.84 = 0.70 GeV
/s = A | : B
s=7TeV,461b ' --=-.m, = 125.09 + 0.24 GeV

w= 68/95% CL of m,, and m,

CDF (Run 2)
Science 376, 6589, p170 (2022

1||||||\|||||||||

lll|llll|lll

LHCb 2022

JHE

ATLAS 2017
EPJ-C 78-2, p110 (2018) ® Measurement

Stat. Unc.

= 68/95% CL of Electroweak

Fit w/o and
(Eur. Phys. J. U 74 (2014) 3046)

ATLAS 2023 [l Total Unc.
e e __'SM Prediction

T T T [T 1T
I R

| | | I | | | | | | | | | | l | | | |

80200 80300 ' 165 170 175 180 185
m, [GeV]

mw =80360 + 5 (stat.) £ 15 (syst.) = 80360 + 16 MeV (0.02% uncertainty)

Previous measurement from 2017: m.= 80370 =19 MeV



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

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

— — +
W-e Wre Constrain the ratio between strange and

gs ~909% non-strange sea quark PDFs
— _ 0)
85 95% Probe the level of asymmetry
od 10% between s and s-bar
CKM
p CZ A suppressed

Two different measurement approaches
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Measurement of the production of a W boson in association with a charmed hadron

Two different measurement approaches
Both measure inclusive and differential cross sections

CMS ATLAS
Measure charm content
by tagging charm jets

CMS Preliminary 138 fb' (13 TeV)

Measure charm content
by identifying D(*) mesons

Total uncertainty Parton level
pS’' > 30 GeV, Il < 2.4
Statistical uncertainty p'T > 35 GeV, nl <2.4

W=*+D" (—Krnn)
\'s=13TeV, 140 b’ W*+D*"(—(Kn)r)
R_.=0.971+0.006 (stat.) +0.011 (syst.)
--- Data [ Stat. Unc. Syst. @ Stat.

Pred.. aMC@NLO, full CKM, NNLO PDF

Predictions: NLO MCFM + NLO PDF Data
163.4 + 0.5 (stat.) = 6.2 (syst.) pb

O CT18: 164.9+127 pb

ABMP16_5
A CT18Z: 176.4*132 pb ATLASpdf21_T3
‘ CT18A
C bl e CT18
O MMHT14: 182.9+171 pb om pa rapie preC|S|0n MSHT20

0 PDF4LHC21_40
~1.3% ; NNPDF31
NNPDF31_str
NNPDF40
PDF Unc.

Consistent with ‘ PDF ® QCD @ Other Unc.

w NNPDF3.1: 175.2%J pb = 1 05 1 1 1 1 5 1 2
symmetric strange sea -
R.(W=*+D")

 ABMP16: 183.6 *-9 pb

* NNPDF3.0: 161.9*8% pb

CMS-PAS-SMP-21-005 arXiv:2302.00336 31


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

CMS-PAS-SMP-18-010

Measurement of T polarization can probe underlying electroweak
parameters: A., sin?(0w)

CMS (13 TeV)
36.3 fb™

CMS  Preliminary 36.3fb" (13 TeV)

Preliminary —— ==

o

Result extracted

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

!
O
o
o

from a simultaneous

fit to 11 categories
(leptonic/hadronic)

SLD

L3

|
o
—
O,

DELPHI

AN
D-l'-"
N~
-
O
-+
T
D
) -
©
O
Q.
)
o)
T
p -
>
<

ALEPH

Agrees with SM
expectations

OPAL

0.1 0.15 0.2

0.1468 = 0.0003 = Asymmetry A

4l < 1.3 1.3<mél <22 4l > 2.2

Precision not far from single LEP experiments
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-010/index.html

Search for rare decay of Z = ttuu

¥

Events / GeV

)
-
om0
~
b
)
QO

CMS-PAS-SMP-22-016

1
2 /%" [} First ever search for this rare decay mode, SM BR ~ 106
72+ g Possibly sensitive to new physics
e.g existence of a Z’ could enhance cross section
{

138 fb™' (13 TeV)

CMS | o
Preliminary CMS Upper limits
4 Data VWV Preliminary —— Observed

= A\ Median expected

Z— PP H A :
Nonprompt Total uncertainty 68% expecte
95% expected

- it (+V) Z—TTUM x 6.9 | ——

vV

15 20 25 30
My [GeV] B(Z—212u)/ B(Z—4)

Limit set on the ratio of BR
Z — ttup relative to Z - pppp

Ratio above 6.2 excluded at 95% CL

Corresponds to 6.9x SM expectation
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-016/index.html

Top quark



Top quark pair production

New measurement from ATLAS

INn ey channel at 13 TeV
(Experimental uncertainty: ~1.8%)

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

fe)
k=
-
O
)
O
O
n
7))
N
®
S
@
=
)
P
hn
=
O
=

—
-
w

® 6 [ >» B 4 « + ¢  —

—
-
N

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

| | | | | | | I | | | | |
Tevatron combined 1.96 TeV (L < 8.8 fb™)
ATLAS combined dilepton, |+jets* 5.02 TeV (L = 257 pb'1)
CMS combined ey, l+jets 5.02 TeV (L = 27.4-302 pb™)
LHC combined en 7 TeV (L=5fb")  LHCtopWG
LHC combined ey 8 TeV (L =20 fb™) LHCtopWG
ATLAS ep 13 TeV (L = 140 fb™)
CMS en 13 TeV (L = 35.9 fb™)
ATLAS l+jets 13 TeV (L = 139 fb™)
CMS l+jets 13 TeV (L = 137 fb™)
ATLAS ep* 13.6 TeV (L = 11 fb™)
CMS dilepton, I+jets 13.6 TeV (L = 1.2 fb™)

* Preliminary

—— NNLO+NNLL, PDF4LHC21 (pp)
———— NNLO+NNLL, NNPDF3.0 (pp)

ATLAS+CMS Preliminary
LHCIOp WG June 2023

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

ATLAS+CMS Preliminary
LHCIOpWG

G summary, Vs=13TeV June 2023

NNLO+NNLL PRL 110 (2013) 252004

PDFALHC21, m _=172.5 GeV, OCS(MZ) = 0.118+0.001

scale uncertaintyop
scale ® PDF ® o uncertainty

ATLAS, dilepton ep
arXiv:2303.15340, L =140 fb’

ATLAS, l+jets
PLB 810 (2020) 135797, L =139 fio

ATLAS, all-jets
JHEP 01 (2021) 033, L = 36.1 fo!

CMS, dilepton epn
EPJC 79 (2019) 368, L =35.9 fb!

CMS, dilepton t+e/p
JHEP 02 (2020) 191, L =359 fo

CMS, l+jets
JHEP 09 (2017) 051, L =22 fio™
I

CMS, all-jets *
CMS-PAS-TOP-16-013, L =253 fo!

CMS, l+jets
PRD 104 (2021) 092013, L =137 fio!

-+

——
total stat

o, (stat) = (syst) = (lumi)

829+ 1+ 13+ 8 pb

830+ 0.4+ 36+ 14 pb

+

1864 + 4.3+ 126 + 18 pb

803+ 2+ 25+ 20 pb

781+ 7 + 62+ 20 pb

888 + 2+ 26+ 20 pb

| 834+25+ 118+ 23 pb

L | g |
| Ba

-

791+ 1+ 21+ 14 pb

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Myp = 172.5 GeV, ag(M ) = 0.118 + 0.001

* Preliminary

o |
1 O | | | | | | | | | | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200 1400

G, [Pb]
Start constraining gluon PDFs!
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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 ATL-PHYS-PUB-2023-015

Measured in different channels with oo Preliminary Mip SUMMary, s =7-13TeV  June 2023
different technlques World comb. (Mar 2014) [2] T
stat total stat
total uncertainty . m,,, * total (stat + syst + recoil) Vs Ref.
LHC comb. (Sep 2013) LHCtopwG ; 173.29 + 0.95 (0.35 + 0.88) 7 TeV [1]
World comb. (Mar 2014) : 173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, |+jets : 172.33 + 1.27 (0.75 + 1.02) 7 TeV
ATLAS, dilepton : 173.79 + 1.41 (0.54 + 1.30) 7 TeV
ATLAS, all jets : 1751+ 1.8 (1.4 +1.2) 7 TeV
ATLAS, single top 172.2 £ 2.1 (0.7 + 2.0) 8 TeV
ATLAS, dilepton : 172.99 + 0.85 (0.41+ 0.74) 8 TeV
ATLAS, all jets - 173.72 £ 1.15(0.55 + 1.01) 8 TeV
ATLAS, |+jets 172.08 + 0.91 (0.39 + 0.82) 8 TeV
ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25 + 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass 174.41+0.81 (0.39 + 0.66 + 0.25) 13 TeV [9]
ATLAS, dilepton (*) 172.21+ 0.80 (0.20 + 0.67 + 0.39) 13 TeV [10]
CMS, l+jets : 173.49 + 1.06 (0.43 + 0.97)
CMS, dilepton 172,50 + 1.52 (0.43 + 1.46)
CMS, all jets : 173.49 + 1.41 (0.69 + 1.23)
CMS, l+jets 172.35 + 0.51 (0.16 + 0.48)
CMS, dilepton : 172.82 + 1.23 (0.19 + 1.22)
CMS, all jets 172.32 + 0.64 (0.25 + 0.59)
. . CMS, single top ] 172.95 + 1.22 (0.77 + 0.95)
BeSt Sl ngle measu rement IS from CMS comb. (Sep 2015) v 172.44 +0.48 (0.13 + 0.47)
- . - . CMS, l+jets - : 172.25 + 0.63 (0.08 + 0.62)
CMS; |ept0n+]ets PrOfl Ie Ilkel ! hOOd CMS, dilepton —tot— 172.33 £ 0.70 (0.14 + 0.69)
= CMS, all jets —tot—i: 172.34 £ 0.73 (0.20 + 0.70)
new resu It Wlth 1 3 Tev data CMS, single top -+ 172.13 + 0.77 (0.32 + 0.70)
CMS, I+jets el 171.77 £ 0.37
CMS, boosted : 172.76 + 0.81 (0.22 + 0.78
Miop = 171.77 £ 0.37 GeV s e
* Preliminary s|eF 101ATLAS CONE 202205

Uncertainty reached ~ 0.2%
40% improvement relative to previous measurement
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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

Proton '

Proton

t-channel

u-channel

s-channel
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Diboson production cross-section measurements

CMS summaries

Diboson Cross Section Measurements Status: February 2022 JL dt
1 1 LI | | L L [ﬂ)_]

(r_31410112453_} data 139

JHEP 11 (2021) 169
o= 1’%’%20186 %\I gheody)s pb (data) OCOCO
4

NNLO 4 CT10 theory) »’.’.’. AN %% 20.2 PRD 95 (2017) 112005
7= 424) NNLO (the rb id ta) 4.9 JHEP 01, 086 (2013)
=237 Lo % 8% ob (data)

NNLOBSO 55 b (date) ATLAS Preliminary R4 /A

arXiv:1407.1618
] o=17
=% 37i5? M5 4 tb (data)

4.6 PRD 87, 112003 (2013)
Matrix NNLO QCD + NLO EW &) eory% 36.1 JHEP 03 (2020) 054
o =1.507 +0.01 + 0.083 — 0.078 pb (data

— )
o 1O 12 g Vs =78,13 TeV 00 BRTIEH oy

_ NNLO theary) 2, 4.6 arXiv:1407.1618

NNLO (theor
o — PO {theory ;4 pb (data) 46 PRD 87, 112003 (2013)
013Y+ 0.021 pb (data) NNLO QCD 46 PRD 87, 112003 (2013)
g)b (data) Phys. Rev. D 87 (2013) 112001
36.1
LO theor
o = T NE B fb ) 20.3 JHEP 09 (2016) 029
4.6
FM (thegry)
o — 305 MEMe) ec o (data) X2 46 PRD 91, 052005 (2015)
stat ®© syst

NNLO (jtheorg
FM (NNLO) (1 hasry) O P (data) 36.1 JHEP 12 (2018) 010
’% 35 et 20.3 PRD 93, 112002 (2016)
heo
9 88 b (data) 36.1 EPJC 79 (2019) 884
1 5 pb (data) 203 PLB 763, 114 (2016)
¥ w NLO QCD 4.6 arXiv:1408.5243
I (data) EPJC 79 (2019) 884
rox. NNLO (i )
i 12s s 29 fby(data) LHC pp Vs =13 TeV PRD 87, 112001 (2013)
p— 1%@(1) (ithﬁ?%b (data) _ Data
stat
. LHC PP \/E =8 TeV
ta? 2 Data
NLO) #theor?la : -

Reference

Extensive program
both in
ATLAS and CMS
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See plenary talk from
Marcel Vos on Friday

— WW-epu,
— WW-epu,

— WW-epu,
— WW-epu,

WZ

WW

PLB 763, 114 (2016)
ATL-COM-PHYS-2020-574
EPJC 79 (2019) 535

PRD 93, 092004 (2016)
EPJC 72 (2012) 2173
EPJC 79 (2019) 535

PRD 93, 092004 (2016)

W1

—WZ-bvet

stat

4

Y4

N h
. iO.é-(i) t8e6gy()
LO &Sherga NLO (theory)

—-0.4pb (data)

LHC pp Vs =7 TeV

PRD 97 (2018) 032005

JHEP 01, 099 (2017)

JHEP 03, 128 (2013)
PLB 735 (2014) 311

JHEP 07 (2021) 005
JHEP 03, 128 (2013)
JHEP 10 (2019) 127
JHEP 10 (2019) 127
JHEP 03, 128 (2013)
JHEP 07 (2021) 005
PLB 753, 552-572 (2016)
JHEP 03, 128 (2013)
EPJC 77 (2017) 563
JHEP 01, 049 (2015)
EPJC 77 (2017) 563
JHEP 12 (2017) 024
JHEP 12 (2017) 024
ATLAS-CONF-2020-027
ATLAS-CONF-2021-053

Data

stat
stat @ syst

- 4[ inclusive (60 GeV <m4{< 200 GeV) )
Powhe

o=254 1 1
M trlx N LO &

N heor
— ZZ—)ffVV 7= QPO\A%é 585 % Sg _8(({1)§eor'(é) B 7

o=12.7+ b(daa

o — gt gt {5

Sher a NLO) th ory)

. 290§/hegBox norm 50 N—N%% %%822% (theory)

Powhe Box & ZZZ theor
o =209+28+45f gci )

o=1. 3%@’8—191 ihg %) pb data SARA

o =130 i@ll)l O§ ft?od}éta) A XS :0 OO
— WV_)KVJ o= 27?§@+ b 89 (data) ARRRRRRRRRK ..’
o= 1 AT *N%%’ EW)zghe8 ¥ pb (data)

VH _— bO 030Dl O( EW thzea)rgg
— H—-bb 7 1F}ogwh(§g Box NLOSOCDE_}(Ttgega){a

Excesses observed years ago H > vy ' .

disappeared once NNLO_QCD 0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4
calculations became available data/theory

Experimental results demanded
higher precision
theoretical calculations

—Z27Z*-4¢
WYV - {vjj



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

ZZ+ |ets differential cross section

CMS PAS SMP-22-001

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

CMS Preliminary 138 fb™' (13 TeV) CMS Preliminary 138 fb™' (13 TeV)
[ ] [ ] = —_—t ?ta(;sa.tunc. =
Precision already enough to test = AT -

e P POWHEG+MCFM+Pythia8
: nNNLO+PS

predictions made recently 3| - 1
available at next-to-next > 10 -
leading order (NNLO) in QCD

NNNLO+PS with MINNLOps

Buonocore

o
2
E
©
(-

Data/Theo.

Better than Madgraph or Powheg

NNNLO+PS

EWK corrections needed to
improve ag reement for My : (NNNLO+PS)x Koy,

100 200 300 400 500 600 700 800 900 1000
ma[GeV]
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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

Rare SM processes
with cross sections
down to < 1 b1

See plenary talk from
Marcel Vos on Friday

CMS summaries

VBF, VBS, and Triboson Cross Section Measurements stawus: February 2022

1844

Lyy—tlyy
— [njer = 0]
Wyy—lvyy
— [Njer = 0]
WWy—-evuvy

WWW, (tot.)

— WWW - £vlvij

— WWW S évlvey
WWZ, (tot.)

Hjj VBF
— H(-»WW)jj VBF
— H(—=yy)i VBF

Wjj EWK M(jj) > 1 Tev)
— M(jj) > 500 GeV

Zjj EWK
Zyij EWK

vy = WW
(WV+2V)jj EWK
W=*W+=jj EWK

W2Zjj EWK
ZZjj EWK

o=72.6+6.5+9.2fb (data)
NNLO (theory)

0 =5.07+0.73 - 0.68 + 0.42 - 0.39 fb (data)
MCFM NLO (theory)

o =3.48+0.61-0.56 4+ 0.3 - 0.26 fb (data)
MCFM NLO (theory)

oc=61+11-1+1.2fb (data)
MCFM NLO (theory)

oc=29+08-0.7+1-0.9 b (data)
MCFM NLO (theory)

o=15+0.9+0.5 fb (data)
VBFNLO+CT14 (NLO) (theory)

o =0.82+0.01 + 0.08 pb (data)
NLO QCD (theory)

o =230+ 200+ 150 — 160 fb (data%
Madgraph5 + aMCNLO (theory

o =0.24+0.39-0.33+0.19 fb (data)
Madgraph5 + aMCNLO (theory)

o =0.31+0.35-0.33 +0.32 - 0.35 fb (data)
Madgraph5 + aMCNLO (theory)

o =0.55+0.14 + 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

oc=4+0.3+40.3-0.4pb (data)
LHC-HXSWG (theory)

o =2.43 + 0.5 - 0.49 + 0.33 — 0.26 pb (data)
LHC-HXSWG YR4 (theory)

0c=0.794+0.11-0.140.16 — 0.12 pb (data)
NNLO QCD and NLO EW (theory)

oc=051+4+0.17-0.15+0.13 - 0.08 pb (data)
LHC-HXSWG (theory)

o=065.2+45+5.6 fb (data)
LHC-HXSWG (theory)

o=425+9.8+ 3.1 - 3fb (data)
LHC-HXSWG (theory)

o =49+ 17 + 6 fb (data)
LHC-HXSWG (theory)

o =435+6+9 fb (data)
Powheg+Pythia8 NLO (theory)

o =159 + 10 + 26 fb (data
Powheg+Pythia8 NLO (theory)

o = 144 + 23 + 26 fb (data
Powheg+Pythia8 NLO (theory)

o =37.4+35+5.5 fb (data)
Herwig7+VBFNLO (theory)

o=10.7+0.9 +1.9 fb (data)
PowhegBox (NLO) (theory)

oc=4.49+0.4 +0.42 fb (data)
Madgraph5 + aMCNLO (theory)

oc=1.1+0.5+0.4fb (data)
VBFNLO (theory)

o =3.13+0.31 + 0.28 fb (data)

ATLAS Preliminary

Vs =7,8,13 TeV

h‘"'l""I""I""I""I

Theory ?

LHC pp Vs =13 TeV

Data
i

stat ® syst
LHC pp Vs =8 TeV

- Data
stat
LHC pp Vs =7 TeV

Data
e

stat & syst

MG5_aMCNLO+Pythia8 x Surv. Fact (0.82) (theory)

o=6.9+22+1.4fb(data)
HERWIG++ (theory)

o =451+8.6+ 15.9-14.6 fb (data
Madgraph5 + aMCNLO + Pythia8 (theory)

o =2.89+0.51-0.48 +0.29 — 0.28 fb (data)
PowhegBox (theory)

oc=15+0.5+0.2 fb (data)
PowhegBox (theory)

o =0.57+0.14-0.13 + 0.07 — 0.05 fb (data)
Sherpa 2.2.2 (theory)

0=0.29+0.14-0.12+0.09 - 0.1 fb (data)
VBFNLO (theory)

o =0.82+0.18 +0.11 fb (data)
Sherpa 2.2.2 (theory)

H...I....I....I....I

0.0 0.5

1.0 15 20 25 3.0 35

data/theory

J£dt

[fb~']
20.2
20.3
20.3
20.3
20.3
20.2
139
20.3
20.3
20.3
79.8
139
20.3
139
20.3
139
20.3
4.5
20.2
20.2
4.7
139
20.3
139
20.3
139
20.2
35.5
36.1
20.3
36.1
20.3
139

Reference
PLB 781 (2018) 55

PRD 93, 112002 (2016)
PRD 93, 112002 (2016)
PRL 115, 031802 (2015)
PRL 115, 031802 (2015)
EPJC 77 (2017) 646
arXiv:2201.13045

EPJC 77 (2017) 141
EPJC 77 (2017) 141
EPJC 77 (2017) 141
PLB 798 (2019) 134913
ATLAS-CONF-2021-053
EPJC 76 (2016) 6
ATLAS-CONF-2021-014
PRD 92, 012006 (2015)
ATLAS-CONF-2019-029
ATLAS-CONF-2015-060

ATLAS-CONF-2015-060
EPJC 77 (2017) 474

EPJC 77 (2017) 474
EPJC 77 (2017) 474
EPJC 81 (2021) 163
JHEP 04, 031 (2014)
ATLAS-CONF-2021-038
JHEP 07 (2017) 107
PLB 816 (2021) 136190
PRD 94 (2016) 032011
PRD 100, 032007 (2019)
PRL 123, 161801 (2019)
PRD 96, 012007 (2017)
PLB 793 (92019) 469
PRD 93, 092004 (2016)
arXiv:2004.10612



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)
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Overview of Standard Model measurements in ATLAS

Standard Model Production Cross Section Measurements

ATLAS Preliminary
\Vs=5,7,8,13 TeV

Reference
PLB 761 (2016) 158
Nucl. Phys. B, 486-548 (2014)
PLB 759 (2016) 601
EPJC 79 (2019) 760
EPJC 77 (2017) 367

Status: February 2022

Model Ecm [TeV] [Ldt[fb™'] Measurement Theory

8 50x10°8 o=296.07+0.18+0.91 mb o =99.55 + 2.14 mb (COMPETE HPR1R2)

7 8x1078 oc=29535+0.38+1.3mb o =97.26 + 2.12 mb (COMPETE HPR1R2)

13 0.081 oc=190.1+02+6.4nb o =184.9+ 6 — 6.1 nb (DYNNLO + CT14NNLO)

8 20.2 o=11269+3.1nb o = 110.919889503 + 3.7 nb (DYNNLO + CT14NNLO) ( )

7 4.6 o = 98.71 + 0.028 + 2.191 nb o =95.9 + 2.9 nb (DYNNLO + CT14NNLO) (2017)

13 3.2 o=5843+0.03+1.66nb o =55.96 + 1.5 - 1.7 nb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117

8 20.2 o=234.24 +0.03+0.92nb o =32.94 4+ 0.8 -0.92 nb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117

7 4.6 o =2953+0.03+0.77 nb o = 28.31 + 0.68 — 0.8 nb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
tt 13 36.1 o = 826.4+3.6+19.6 pb o = 832 + 40 — 45 pb (top++ NNLO+NNLL) EPJC 80 (2020) 528
tt 8 20.2 oc=2429+17+86pb o =252.9 + 13.3 — 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
tt 7 4.6 oc=1829+3.1+6.4pb o =177 + 10 — 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
ti—chan 13 3.2 o=247+6+46 pb o =217 = 10 pb (NLO+NLL) JHEP 04 (2017) 086
ti—chan 8 20.3 oc=89.6+17+72-6.4pb o =287.8+3.4-1.9 pb (NLO+NLL) EPJC 77 (2017) 531
te—chan 7 4.6 o=68+2+8pb o =64.6+ 2.7 -2 pb (NLO+NLL) PRD 90, 112006 (2014)

13 3.2 o=94+10+28-23pb o =71.7 + 3.9 pb (NLO+NNLL) JHEP 01 (2018) 63

8 20.3 oc=23+13+34-37pb o =22.4+1.5pb (NLO+NLL) JHEP 01, 064 (2016)

7 2.0 oc=168+29+39pb o =157+ 1.1pb (NLO+NLL) PLB 716, 142-159 (2012)
o =55.6+2.5pb (LHC-HXSWG YR4 ) ATLAS-CONF-2022-002
o =245+ 1.3-1.8 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
o =19.2+1—-1.4 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
oc=4+03+03-04pb o = 3.51 +£0.07 pb (LHC-HXSWG) ATLAS-CONF-2021-053
oc=243+05-0.49+033-0.26pb o =1.6+0.04 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
oc=103+037-0.36+0.26-0.21pb o =1.12+0.03 pb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
oc=156+02-0.21+0.16-0.18 pb o = 1.203 + 0.024 pb (Powheg Box NLO(QCD)) ATLAS-CONF-2021-053
oc=07+013+0.1-0.12pb o = 0.795 + 0.03 pb (Powheg Box NLO(QCD)) ATLAS-CONF-2021-053
o=5060+80+70-80fb o =580 = 50 fb (LHCHXSWG NLO QCD + NLO EW) ATLAS-CONF-2021-053
oc=220+100+70fb o =133+ 8- 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
o =130.04+1.7 +10.6 pb o = 128.4 + 3.2 = 2.9 pb (NNLO) EPJC 79 (2019) 884
oc=682+12+46pb o =65+ 1.2—-1.1 pb (NNLO) PLB 763, 114 (2016)
oc=519+2+4.4pb o =49.04 + 1.03 - 0.88 pb (NNLO) Phys. Rev. D 87 (2013) 112001, arXiv:1408.5243
oc=51+08+23pb o =49.1+ 1.1 -1 pb (MATRIX (NNLO)) EPJC 79 (2019) 535
oc=243+06+09pb o =23.92 + 0.4 pb (MATRIX (NNLO)) PRD 93, 092004 (2016)
oc=19+14-13+1pb o =19.34 + 0.3 - 0.4 pb (MATRIX (NNLO)) EPJC 72 (2012) 2173
o=17.3+0.6+0.8pb o =16.9 + 0.6 — 0.5 pb (Matrix (NNLO) & Sherpa (NLO)) PRD 97 (2018) 032005
oc=73+04+04-03pb o = 8.284 + 0.249 — 0.191 pb (NNLO) JHEP 01, 099 (2017)
oc=67+07+05-04pb o =6.735 + 0.195 — 0.155 pb (NNLO) JHEP 03, 128 (2013), PLB 735 (2014) 311
oc=48+08+16-13pb o =5.61 +0.22 pb (NLO+NNL) LB 756, 228-246 (2016)

oc=555+32+24-22pb
oc=277+3+23-19pb
oc=221+67-53+33-27pb

13 139

8 20.3

7 4.5
H VBF, |yu| < 2.5 13 139
H VBF 8 20.3
VH 8 20.3
WH, lyu| < 2.5 13 139
ZH, lyul < 2.5 13 139
ttH 13 139
ttH 8 20.3
wWw 13 36.1
wWw 8 20.3
Ww 7 4.6
Wz 13 36.1
Wz 8 20.3
Wz 7 4.6
zZ 13 36.1
zz 8 20.3
zz 7 4.6
tschan 8 20.3
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ttW
ttw
ttZ
ttZ
WWW
WWZ
tttt

13
8
13
8
13
13

36.1
20.3
139
20.3
139
79.8
139

o=2870+130+140fb
oc=369+86-79+441b

o =990 + 50 + 80 fb
o=176+52-48 +241b
o=10.82+0.01+0.08pb
oc=055+0.14+0.15-0.13 pb
oc=24+4+5fb

o =600 = 72 fb (Madgraph5 + aMCNLO)
o = 232 + 32 fb (MCFM)

o = 840 + 90 fb (Madgraph5 + aMCNLO)
o = 215 + 30 fb (HELAC-NLO)

o =0.511 £ 0.018 pb (NLO QCD )

o = 0.358 + 0.036 pb (Sherpa 2.2.2)
o=12+2.4f (NLO QCD + EW)

PRD 99, 072009 (2019)
JHEP 11,172 (2015)

Eur. Phys. J. C 81 (2021) 737
JHEP 11,172 (2015)
arXiv:2201.13045

PLB 798 (2019) 134913
JHEP 11 (2021) 118



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

Overview of CMS cross section results

Overview of CMS cross section results
CMS preliminary 18 pb~1-138fb~!(7,8,13,13.6 TeV)

7 Tev JHEP 10 (2011) 132 . o(W) =9.5e+07 fb

8 TeVv PRL 112 (2014) 191802 o(W) = 1.1e+08 fb

13 Tev SMP-15-004 (] a(W) = 1.8e+08 fb
7 TeVv JHEP 10 (2011) 132 s 0(Z) =2.9e+07 fb

8 TeV PRL 112 (2014) 191802 o(Z) = 3.4e+07 fb

13 TeV SMP-15-011 i 0(Z) =5.6e+07 fb

Electroweak

Wy 7 TeV PRD 89 (2014) 092005 - o(Wy) = 3.4e+05 fb
Wy 13 TeV PRL 126 252002 (2021) m o(Wy) =1.4e+05fb
Zy 7 Tev PRD 89 (2014) 092005 m  0(Zy) = 1.6e+05 fb
Zy 8 Tev JHEP 04 (2015) 164 m 0(Zy) = 1.9e+05fb
ww 7 Tev EPJC 73 (2013) 2610 ag(WW) = 5.2e+04 fb

ww 8 TeV EPJC 76 (2016) 401 ag(WW) = 6e+04 fb

ww 13 TeV PRD 102 092001 (2020) [] o(WW) = 1.2e+05 fb

wz 7 TeV EPJC 77 (2017) 236 o(WZ) = 2e+04 fb

wz 8 TeVv EPJC 77 (2017) 236 o(WZ) = 2.4e+04 fb

wz 13 TeV JHEP 07 (2022) 032 (] o(WZ) = 5.1e+04 fb

zZ 7 Tev JHEP 01 (2013) 063 o(ZZ) = 6.2e+03 fb

zZ 8 TeV PLB 740 (2015) 250 o(ZZ) = 7.7e+03 fb

zz 13 TeV EPJC 81 (2021) 200 L] o(ZZ) = 1.7e+04 fb

VW 13 Tev PRL 125 151802 (2020) a(VVV) = 1le+03 fb
www 13 TeV PRL 125 151802 (2020) og(WWW) = 5.9e+02 fb
wwz 13 TeV PRL 125 151802 (2020) og(WW2Z) = 3e+02 fb

wzz 13 TeV PRL 125 151802 (2020) o(WzZ) = 2e+02 fb

277 13 TeV PRL 125 151802 (2020) o(ZZZ) < 2e+02 fb

WVy 8 TeV PRD 90 032008 (2014) a(WVy) < 3.1e+02 fb

Wwy 13 TeV SMP-22-006 a(WWy) = 6 fb

Wyy 8 TeV JHEP 10 (2017) 072 a(Wyy) = 4.9 fb

Wyy 13 TeV JHEP 10 (2021) 174 1 o(Wyy) =14 fb

Zyy 8 TeV JHEP 10 (2017) 072 — o(Zyy) =13 fb

Zyy 13 TeV JHEP 10 (2021) 174 o(Zyy) = 5.4 fb

tri-Boson

VBF W 8 TeV JHEP 11 (2016) 147 - o(VBF W) = 4.2e+02 fb

VBF W 13 TeVv EPJC 80 (2020) 43 - o(VBF W) = 6.2e+03 fb
VBF Z 7 TeV JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 fb

VBF Z 8 TeV EPJC 75 (2015) 66 - o(VBF Z) = 1.7e+02 fb

VBF Z 13 TeV EPJC 78 (2018) 589 - o(VBF Z) = 5.3e+02 fb

EW WV 13 TeV PLB 834 (2022) 137438 - o(EW WV) = 1.9e+03 fb
ex. yy->WWs TeV JHEP 08 (2016) 119 o(ex. yy=»WW) = 22 fb

EW qqWy 8 TeV JHEP 06 (2017) 106 O(EW qqWy) = 11 fb

EW qqWy 13 TeVv Accepted by PRD m O(EW qqWy) = 24 fb

EW os WW 13 TeV Submitted to PLB - o(EW os WW) = 10 fb

EW ss WW 8 TeV PRL 114 051801 (2015) — o(EW ss WW) = 4 fb

EW ss WW 13 TeV PRL 120 081801 (2018) — o(EW ss WW) = 4 fb

EWqaZy 8TeV PLB 770 (2017) 380 o(EW qgZy) = 1.9 fb

EW qqZy 13 TeV PRD 104 072001 (2021) - o(EW qqZy) = 5.2 fb

EW qqWwz 13 TeV PLB 809 (2020) 135710 — o(EW qqWZz) = 1.8 fb

EW qqZZ 13 TeV PLB 812 (2020) 135992 o(EW qqZZ) = 0.33 fb

tt 7 Tev JHEP 08 (2016) 029 = o(tt) = 1.7e+05 fb
tt 8 Tev JHEP 08 (2016) 029 W O(tt) = 2.4e+05 fb
tt 13 TeV PRD 104 (2021) 092013 = O(tt) = 7.9e+05 fb
tt 13.6 TeV  Submitted to JHEP |- o(tt) = 8.8e+05 fb

7 Tev JHEP 12 (2012) 035 o(t;_cn) = 6.7e+04 fb

8 Tev JHEP 06 (2014) 090 o(te—cn) = 8.4e+04 fb

13 TeV PLB 72 (2017) 752 = 0o(te—cn) = 2.3e+05 fb
tw 7 Tev PRL 110 (2013) 022003 o(tW) = 1.6e+04 fb
tw 8 TeV PRL 112 (2014) 231802 o(tW) = 2.3e+04 fb 20 fb~1
tw 13 TeV JHEP 10 (2018) 117 m  O(tW) = 6.3e+04 fb 36 fb!
ts—ch 8 Tev JHEP 09 (2016) 027 = o(ts_cp) = 1.3e+04 fb 20 fb~1
tty 8 TeV JHEP 10 (2017) 006 == O(tty) = 3.5e+03 fb 20 fb~1
tty 13 TeV JHEP 05 (2022) 091 = Otty) = 1.2e+03 fb 138 fb~!
tzq 8 Tev JHEP 07 (2017) 003 o(tZq) = 2.9e+02 fb 20 fb~1
tZq 13 TeV JHEP 02 (2022) 107 & 0(tZg) = 8.7e+02 fb 138 fb!
ttz 7 Tev PRL 110 (2013) 172002 o(ttz) = 2.8e+02 fb 5 fb~1!
ttz 8 TeV JHEP 01 (2016) 096 o(ttz) = 2.4e+02 fb 20 fb~?!
ttz 13 TeV JHEP 03 (2020) 056 - o(ttZ) = 9.5e+02 fb 78 fb~1
ty 13 TeV PRL 121 221802 (2018) = o(ty) = 1.1e+03 fb 36 fb~1
ttw 8 TeV JHEP 01 (2016) 096 o(ttW) = 3.8e+02 fb 20 fb1
ttw 13 TeV Submitted to JHEP — o(ttW) = 8.7e+02 fb 138 fb~!
twz 13 TeV TOP-22-008 o(tWz) = 3.7e+02 fb 138 fb~!
tttt 13 TeV Submitted to PLB of(tttt) = 18 fb 138 fb~!

ggH 7 Tev EPJC 75 (2015) 212 - o(ggH) = 1.6e+04 fb 5 fpb~1
ggH 8 TeV EPJC 75 (2015) 212 ®m=  0(ggH) = 1.5e+04 fb 20 fb~ !
ggH 13 TeV Nature 607 60-68 (2022) = o0(ggH) = 4.7e+04 fb 139 fb~!
VBF qqH 7 TeV EPJC 75 (2015) 212 o(VBF qqH) = 2.2e+03 fb 5 fp-1
VBFqgH 8 TeV EPJC 75 (2015) 212 o(VBF qgH) = 1.6e+03 fb 20 fb!
VBFqgH 13 TeV Nature 607 60-68 (2022) = O(VBF qqH) = 3e+03 fb 138 fb~!
VH 8 TeV EPJC 75 (2015) 212 o(VH) = 1.1e+03 fb 20 fb~?!
WH 13 TeV Nature 607 60-68 (2022) o(WH) = 2e+03 fb 138 fb~!
ZH 13 TeV Nature 607 60-68 (2022) u 0(ZH) = 1.1e+03 fb 138 fb~1
8 TeV EPJC 75 (2015) 212 o(ttH) = 4.2e+02 fb 20 fb?!
13 TeV Nature 607 60-68 (2022) o(ttH) = 4.8e+02 fb 138 fb~!
13 TeV Nature 607 60-68 (2022) o(tH) = 5.4e+02 fb 138 fb~!
13 TeV Nature 607 60-68 (2022) o(HH) < 1.1e+02 fb 138 fb~1!

1.0e-01 1.0e+01 1.0e+03 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] September 2022
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See here for all cross section summary plots Light colored bars: 7 TeV, Medium: 8 TeV, Dark: 13 TeV, Darkest: 13.6 TeV, Black bars: theory prediction




Overview of CMS X+jets cross section results

CMS X+Jets cross section results
18 pb~!-138 fb~! (7,8,13 TeV)

JHEP 10 (2011) 132 ' o(W) =9.5e+07 fb

PRL 112 (2014) 191802 i o(W)=1.1e+08 fb
SMP-15-004 B o(W)=18e+08fb
PLB 741 (2015) 12 = o(Wj) = 4.8e+05 fb

PRD 95 052002 (2017) o(Wj) = 6.3e+05 fb

PRD 96 (2017) 072005 = owj) =11e+06fb

PLB 741 (2015) 12 o(W2j) = 9.6e+04 fb

PRD 95 052002 (2017) o(W2j) = 1.3e+05 fb

PRD 96 (2017) 072005 B o(w2j) =24e+051

PLB 741 (2015) 12 = o(W3j) = 1.7e+04 fb

PRD 95 052002 (2017) - o(W3j) = 2.4e+04 fb

PRD 96 (2017) 072005 B ow3j) =5e+04 b

PLB 741 (2015) 12 o(W4j) = 2.9e+03 fb

PRD 95 052002 (2017) o(Wj) = 4.6e+03 fb

PRD 96 (2017) 072005 Bl o(W4j) =1.1e+04 b

PLB 741 (2015) 12 .
PRD 95 052002 (2017) -
PRD 96 (2017) 072005
PLB 741 (2015) 12 .
PRD 95 052002 (2017) o(W6j) = 1.2e+02 fb

PRD 96 (2017) 072005 = o(W6j) = 5.9e+02 fb

JHEP 02 (2014) 013 =
Submitted to EPJC -

CMS preliminary

7 TeV
8 TeV
13 TeVv
7 TeV
8 TeV
13 TeVv
7 TeV
8 TeV
13 TeV
7 TeV
8 TeVv
13 TeV
7 TeV
8 Tev
13 TeV
7 TeV
8 TeV
13 TeVv
7 TeV
8 TeV
13 Tev
7 TeV
8 TeV
13 TeV

o(W5j) = 4.5e+02 fb
o(W5j) = 7.8e+02 fb
=l  o(W5j) =2.8e+03 fb
o(W6j) = 67 fb

o(Wc) = 1.1e+05 fb
o(Wc) = 1.2e+05 fb

7 TeV
8 TeV

EPJC 79 (2019) 269
PLB 735 (2014) 204
EPJC 77 (2017) 92

o(W2b) = 5.3e+02 fb
a(W2b) = 6.2e+02 fb

B o(Wc) = 1e+06 fb

7 TeV
8 TeV
13 TeVv
7 TeV
8 TeV
13 TeV
7 TeV
8 TeV
13 TeV
7 TeV
8 TeV
13 TeV
7 TeV
8 TeV
13 TeV
7 TeV
8 TeV
13 Tev
7 TeV
8 TeV
13 Tev
13 TeVv
Zc 8 TeVv
Zc 13 TeVv
Z1lb 7 TeV
Zlb 8 TeV
Zlb 13 TeVv
Z2b 7 TeV
Z2b 8 TeV
Z2b 13 TeVv

JHEP 10 (2011) 132 .
PRL 112 (2014) 191802 .
SMP-15-011 []
PRD 91 (2015) 052008 = 0(Zj) = 6.1e+04 fb

JHEP 04 (2017) 022 & 0(Zj) = 7.6e+04 fb

EPJC 78 (2018) 965 B 0(Zj) =1.3e+05fb

PRD 91 (2015) 052008 0(Z2j) = 1.3e+04 fb

JHEP 04 (2017) 022 0(Z2j) = 1.6e+04 fb

EPJC 78 (2018) 965 B 0(Z2)) = 2.8e+04 fb

PRD 91 (2015) 052008 0(Z3j) = 2.5e+03 fb

JHEP 04 (2017) 022 0(Z3j) = 3e+03 fb

EPJC 78 (2018) 965 B 0(Z3)) = 6e+03 fb

PRD 91 (2015) 052008 0(Z4j) = 4.7e+02 fb

JHEP 04 (2017) 022 0(Z4j) = 5.8e+02 fb

EPJC 78 (2018) 965 = 0(Z4) = 1.3e+03 b

PRD 91 (2015) 052008 o(z5j) = 79 fb

JHEP 04 (2017) 022 -— 0(Z5j) = 1.1e+02 fb

EPJC 78 (2018) 965 walll  0(Z5) = 3.2e+02 b

PRD 91 (2015) 052008 o(Z6j) = 12 fb

JHEP 04 (2017) 022 — o(Z6j) = 17 fb

EPJC 78 (2018) 965 = o(26) = 45 b

JHEP 04 (2017) 022 =l o(z7) =23

EPJC 78 (2018) 287 -
JHEP 04 (2021) 109
JHEP 06 (2014) 120 -
EPJC 77 (2017) 751 -
Submitted to Phys. Rev. D -
JHEP 06 (2014) 120 — 0(Z2b) = 3.6e+02 fb

EPJC 77 (2017) 751 M= 0(Z2b) = 3.3e+02 fb

Submitted to Phys. Rev. D = 0(z2b) = 6.5e+02 fb

o(Z) = 2.9e+07 fb
o(Z) = 3.4e+07 fb
o(Z) = 5.6e+07 fb

Electroweak

(
(

(
(
—
(
(

o(Zc) = 8.8e+03 fb

B 0(Zc) = 1.4e+04 fb
0(Z1b) = 3.9e+03 fb

0(Z1b) = 3.6e+03 fb

0(Z1b) = 6.5e+03 fb

Wy2j
Zy2j
WZ0j
WZj
WZz2j

13 TeVv
13 TeVv
8 TeV
8 TeVv
8 TeVv
Z20j 8 TeV
ZZ0j 13 TeVv
ZZj 8 TeV
ZZj 13 Tev
272j 8 TeV
27Z2j 13 Tev
Z7Z3j 8 TeV
ZZ3j 13 Tev

SMP-20-011 == o(Wy2j) =90 fb
PRD 104 072001 (2021) o o(zy2) =15

EPJC 77 (2017) 236 0(WZ0j) = 59 fb
EPJC 77 (2017) 236 i o(wzj) =191

EPJC 77 (2017) 236 0(WZ2j) = 7.7 fb

PLB 789 (2019) 19 - 0(220j) = 16 fb

PLB 789 (2019) 19 s o(zz0j) =281

PLB 789 (2019) 19 = 0(zZ) =321

PLB 789 (2019) 19 = o(zz)=81

PLB 789 (2019) 19 = 0(ZZ2j) =08 fb

PLB 789 (2019) 19 = o(zz22j)=3fb

PLB 789 (2019) 19 0(zZ3j) = 0.14 fb

PLB 789 (2019) 19 =

0(zZ3)) = 1.3 b

tt2c 13 TeV
tt2b 13 TeV
tt0j 13 TeV
ttj 13 TeV
tt2j 13 TeV
tt3] 13 TeV
tt4j 13 TeV

PLB 820 (2021) 136565 B o(tt2c) = 8e+03 fb

PLB 820 (2021) 136565 el O(tt2b) = 4.1e+03 fb

PRD 95 092001 (2017) B O(tt0)) = 9.7e+04 fb
PRD 95 092001 (2017) = o(tt) = 7.7e+04 fb
PRD 95 092001 (2017) M o(tt2)) = 3.6e+04 b

PRD 95 092001 (2017) mflm-  o(tt3)) = 1.3e+04 fb

PRD 95 092001 (2017) e o(tt4)) = 5.9e+03 fb

36 fb~!
36 fb~!
36 fb~1
36 fb~1
36 fb~1

HOj 13 TeV
Hj 13 TeV
H2j 13 TeV
H3j 13 TeV
H4j 13 TeV

PLB 792 (2019) 369
PLB 792 (2019) 369
PLB 792 (2019) 369
PLB 792 (2019) 369
PLB 792 (2019) 369

-l
BE oH)=111b
=N oH2) =351
I o(3) - 181
[ BECCREER

1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty May 2022

o(HOj) = 47 fb

O
)
=
Ire)
=
O
O
)
=
S
T
@
o
"
9O
7
>
£
&
9O
o)
=
o B
)
=
<
>
Q9
<
=
S
=
<
£
Q
c
P =
)
Q
2
S

1.0e-01
Measured cross sections and exclusion limits at 95% C.L.

See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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Determination of the strong coupling constant from CMS

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

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

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

O
=
N

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

—— CMS Incl.Jet, Vs = 8TeV, ocS(Mz) = 0.11 64tg'_ggig H1 incl. & dijet : EPJC 77:791 (2017)
CMS Incl.Jet, Vs = 8TeV — & CDFIncl. Jets : PRL 88:042001 (2002)
CMS R,,, Vs =7TeV DO incl. jets : PRD 80:111107 (2009)
CMS Incl.Jet, Vs = 7TeV DO ang. correl. : PLB 718:56 (2012)
CMS tt, Vs =7TeV CDF Z p_: arXiv:2203.05394 (2022)

CMS 3-Jet Mass , Vs = 7TeV Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
' = EPJC 72:2041 (2012)

DO Incl. Jet - + ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
DO Angular Correlation

H1
ZEUS
World Avg og(M) = 0.1185 = 0.0006

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

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

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

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

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

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

CMS tt cross section 13TeV : EPJC 79:368 (2019)

CMS multi-diff t 13TeV : EPJC 80:658 (2020)
CMS Incl. Jets 13TeV : JHEP 22:142 (2022)

20 30 40 100 200 1000 2000 World Average : Prog. Theor. Exp. Phys. 083C01(2020)
Q (GeV) ol e b Ly
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Cambridge/Aachen algorithm and Lund plane

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 as

48



Cross checks of W mass measurement

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

u, ml<0.8, q=-1

u, ml<0.8, q=+1

u, 0.8<nl<1.4, g=-1
u, 0.8<nl<1.4, g=+1
u, 1.4<l<2.0, g=-1
u, 1.4<nl<2.0, g=+1
u, 2.0<nl<2.4, g=-1
u, 2.0<nl<2.4, g=+1
e, ml<0.6, g=-1

e, ml<0.6, g=+1

e, 0.6<ml<1.2, g=-1
e, 0.6<nl<1.2, g=+1
e, 1.8<nl<2.4, g=-1
e, 1.8<nl<2.4, g=+1
Combination

ATLAS Preliminary

Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-p! -fits

== (CT10, total unc. CT18, total unc.
—>= CT10, stat. unc. === CT18, stat. unc.

T A B - - i B

80200 80300 80400 80500
m,, [MeV]

u, ml<0.8, q=-1

u, ml<0.8, q=+1

u, 0.8<nl<1.4, g=-1
u, 0.8<nl<1.4, g=+1
u, 1.4<nl<2.0, g=-1
u, 1.4<nl<2.0, q=+1
u, 2.0<nl<2.4, q=-1
u, 2.0<nl<2.4, q=+1
e, ml<0.6, q=-1

e, ml<0.6, g=+1

e, 0.6<ml<1.2, g=-1
e, 0.6<nl<1.2, g=+1
e, 1.8<nl<2.4, g=-1
e, 1.8<nl<2.4, g=+1
Combination

ATLAS Preliminary

Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-m¥fits

== (CT10, total unc. CT18, total unc.
—>= CT10, stat. unc. ==== CT18, stat. unc.

| I | L 1 1 | I I .-I:LI [ 1 1 | | L 1 1 |

80200 80300 80400 80500
m,, [MeV]




Cross checks of W mass measurement

Results are determined using a PLH approach and in comparison with a x2-minimization
approach using statistical uncertainties only

u, ml<0.8,

u, ml<0.8,
, 0.8<nl<1 .4,
, 0.8<nl<1 .4,
, 1.4<n|<2.0,
, 1.4<n|<2.0,
, 2.0<n|<2.4,
, 2.0<n|<2.4,

e, ml<0.6,

e, ml<0.6,
, 0.6<nl<1.2,
, 0.6<nl<1.2,
, 1.8<nl<2.4,
, 1.8<nl<2.4,

Combination

I I | I I I | | | | I I | | I | I | I |

ATLAS Preliminary

Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-p! -fits

=== PLH, total unc. === x2, total unc.

== PLH, stat. unc. = 2, stat. unc.

I T R - =i N I

80200 80300 80400 80500
m,, [MeV]

u, ml<0.8,

u, ml<0.8,
, 0.8<nl<1 .4,
, 0.8<nl<1.4,
, 1.4<n|<2.0,
, 1.4<|<2.0,
, 2.0<nl<2.4,
, 2.0<|<2.4,

e, ml<0.6,

e, ml<0.6,
, 0.6<nl<1.2,
, 0.6<nl<1.2,
, 1.8<nl<2.4,
, 1.8<nl<2.4,

Combination

| I I | I | I | | I | I I | I | [ | [

ATLAS Preliminary

\s=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-m¥-fits

=== PLH, total unc. === x2, total unc.

=== PLH, stat. unc. —<— x?2, stat. unc.

| I | [ 1 1 | I |1 T_-I%-i-l | I I | [ 1

80200 80300 80400 80500
m,, [MeV]




