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Experimental SM and Higgs Physics at LHC

Lecture 1: Basic Concepts, the LHC and precision measurements with Drell-Yan W and Z processes.
Lecture 2: Associated and multi- Vector boson production, and top quark

Lecture 3: Higgs Physics

Lecture 4: More Higgs Physics and Global interpretation

- Disclaimer: These lectures will be focused mostly on ATLAS and CMS (LHCb covered by Marco
Gersabeck and QCD and jet physics covered by Peter Uwer)

- Excellent resources for keeping up-to-date with the latest results: Physics Briefings from
ATLAS and CMS.



Vector Boson Production with Jets




QCD Vector boson and Jets
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EW Vector boson and Jets

Essential ingredient for our understanding

05 e "" EW Vector boson production
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https://arxiv.org/pdf/1709.10264

Z boson and 1 or 2 b-jets

Z boson production with b-jets
Essential background in the Higgs to b quarks measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-38/

Multi boson production




Photon-jet Production

Photon-jet production is the largest reducible background in the measurements of the Higgs boson decays to two photons
and is sensitive to gluon PDF!
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https://arxiv.org/pdf/2107.09330.pdf

Diphoton Production Cross Section

Measuring diphoton production is
not only an electromagnetic
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https://arxiv.org/pdf/2107.09330.pdf

Photon Interactions in HlI Events

ATLAS
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https://arxiv.org/pdf/1904.03536.pdf

Tau magnetic moment and yy — 1t Observation in PbPb
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Tau Anomalous Magnetic Moments
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More di-boson measurements at the LHC

Large number of diboson processes measured in QCD and EW production which are key
to probe the electroweak Sector of the Standard Model.

VBS diboson .

This will be further covered tomorrow when discussing Higgs physics. oroduction (VVij)
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First Measurements of di-boson production at Run 3
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First measurements of the diboson processes at Run 3 (with 2022 data)
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EW Vector Boson Scattering

T W Longitudinal-Longitudinal Scattering
H Important additional check of the EWSB sector.
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ATLAS

EXPERIMENT

Boosted ¢ey candidate event



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Triboson W=W*WT observation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Two recent Tri-Boson Observations!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

Tri-boson Summary

Summary (for CMS) of tri-boson processes, with already large number of final states studied!

AI\ug 2023 | | | | | | | | | CMS Rreliminary
CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) -0
Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) -
VVV ‘e 1.02 = os.tgt1 + S.y;: 4 137 b
WWW  +—e—- 1.16 £ 0.30 + 0.28 137 b
WWZ  +—e— 0.85+0.31+0.13 137 fb’
Wzz -+ . 218 +1.47 +0.49 137 fb’
WWy ——e—— 1.30+0.22+0.29 138 1b"
Wyy e 1.03+0.29+0.34 19.4fb"
Wyy e 0.73+0.10+0.22 137 fb’
Zyy et 098 +0.11+0.14 19.4fb™
Zyy o 0.91+0.09+0.11 137 fb’
I N :
All results at: Production Cross Section Ratio: o.,./0

http://cern.ch/go/pNj7 exp theo



Top quark Production




Top pair production Cross Sections at the LHC
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Top pair production Cross Sections at the LHC

Main production diagrams Di-lepton topology: Semi-leptonic topology:
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Top Production Modelling

Excerpts from recent top pair production differential cross section measurements (paper link):

*NLO Monte Carlo generally fail to describe a large fraction of the measured cross sections. The calculations predict the top quark
and antiguark to have harder transverse momentum and more central rapidity distributions than observed in the data.”

*NNLO model provides a data description quality that is on average comparable but not better than that of the NLO MC models”.
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Common TH, ATLAS and CMS effort to address this modelling challenge.


https://cds.cern.ch/record/2889176/files/2402.08486.pdf

Direct Top Mass Measurements

Most precise individual direct top mass measurement
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CMS, dilepton, 13 TeV 17233 £0.70 (0.14 £ 0.69) 35.9 fo™, [17]
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Direct Top Mass Measurements

Most precise individual direct top mass measurement
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Direct Top Mass Measurements

Some basic and key concepts

1.- The correct assignment of b-jets to each top is essential to the measurement of the top mass.

2.- Observables are either the mass of the 3-jet ggb system or the £b system depending on the W decay.

3.- The W mass can be used to calibrate in-situ the jets from the hadronic W decays.

4.- The b-jet energy scale is a key element in the measurement of the top mass.

Taking a closer look at the top mass table!

1.- |-jets channels have reached excellent statistical precision.

2.- The di-lepton channel also the statistical uncertainty is now sub-dominant.

3.- There are significant differences in systematic uncertainties between ATLAS and CMS.
4.- New channels for the ‘direct’ mass measurement are investigated (single-top production, boosted top).
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Boosted jet reconstruction with substructure has become a very active
and exciting field! (See this summer’s Boost conference in Genoval)

First introduced for Higgs boson reconstruction (Butterworth, Davison,
Rubin and Salam - paper)
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Tagging of hadronically decaying boosted heavy particles (W, Z, Higgs and top) has led to large improvements in the
performance of the reconstruction of these objects and subsequently in a vast number of measurements and searches!
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https://agenda.infn.it/event/37093/
https://arxiv.org/pdf/0802.2470.pdf

Digression on the Profiling Paradigm

CMS

JEC flavor bottom
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1.- The dominant systematic uncertainties are b-JES
and modelling.

2.- Impact of MC uncertainties or limited MC stats
(this is a growingly important issue in a large number
of analyses!)

3.- Profiling paradigm is a subject of debate (different
approaches between ATLAS and CMS).

Personal view on profiling: as long as a single
parameter is not overwhelmingly dominating the
uncertainty, the specific distribution chosen should
not matter so much (in the limit of large number of
parameters, the central limit theorem should correctly
lead to a gaussian distribution of the overall
uncertainty). In the case of an outstanding systematic,
there is no problem in not profiling it.



Digression on the Mass Measurement

Colour connection

| | through hadronisation
The relation between the Monte Carlo template used to fit the mass spectrum l

and the Field Theoretical parameter of the pole mass is not straightforward.

)

9 /
The top is coloured, so it is impossible to unambiguously associate every / / b
object in the final state to it!

These ambiguities lead to an uncertainty on the top mass measurement
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Top Mass from Cross-Section Measurements

ATLAS+CMS Preliminary

Myop from cross-section measurements

LHCiopWG June 2023
- m,,, T tot (stat + syst + theo) Ref.

total sta

o(tt) inclusive, NNLO+NNLL

ATLAS, 7+8 TeV : L1729 5% (1)

CMS, 748 TeV 173.8 %'y 2

CMS, 13 TeV e 169.9 57 (0.1£1.5 %5) [3)

ATLAS, 13 TeV 1731 57 4

LHC comb., 7+8 TeV 173.4 58 5

o(tt+1j) differential, NLO

ATLAS, 7 TeV 1737 51 (1.5 = 1.4 %5) G

CMS, 8 TeV (*) | 169.9 57 (1.1 57 %) 7

ATLAS, 8 TeV 171.1 %5 (0.4 0.9 0%) 9

CMS, 13 TeV 172.9 %3 (1.3 ) 9

o(tt) n-differential, NLO
ATLAS, n=1,8 TeV
CMS, n=3, 13 TeV

1732+1.6(0.9+0.8+1.2)
170.5 + 0.8

[10]
[11]

m,,, from top quark decay
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CMS, 7+8 TeV comb. [10]
ATLAS, 7+8 TeV comb. [11]
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Measurements from cross sections will be limited
by prediction uncertainties and luminosity.
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Study of the reach in precision at HL-LHC
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Top Pair Production at 5.02 TeV

Top pair production cross section measurement at 5.02 TeV

o7 = 67.5+0.9 (stat.) + 2.3 (syst.)
+ 1.1 (lumi.) + 0.2 (beam) pb

In excellent agreement with the NNLO-NNLL ToOP++ prediction
+1.9
68.2 + 4.8*1-2 pb

New lepton-jets measurement and combination with earlier di-lepton
channel in low PU runs at 5.02 TeV

Excellent precision reached with small dataset of 0.26 b
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Important feedback to improve Higgs precision measurements
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Single-top production Cross Sections
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More Intricate Processes and Top Properties




Four top Production at LHC

ATLAS and CMS observe

El o t
simultaneous production of four top gw/ g
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(Independent) Observation by ATLAS and CMS of 4
top production!

6.1 (4.3) 0 observed (expected)

5.5 (4.9) o observed (expected)
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Top Polarisation in Single Top production

V-A coupling induces polarised X' . .
. . _ > Use semi-leptonic top decays!
production of single top quarks:
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Top Pair Associated Production

Very important ancillary measurements for many Higgs measurements (e.g. ttH ML) and searches!
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Associated production with a photon sensitive to the top quark charge.



Top Associated Production

37

ATLAS Measurement of the ttW inclusive and differential cross sections (in 2 same sign leptons channel
and 3 leptons)

- Long standing discrepancies
- Critical ancillary measurement for very large number of measurements (e.g. ttH)
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Single Top Associated Production

ATLAS+CMS Preliminar _
LHCIOPWG y Vs = 13 TeV, June 2023
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Rare single top production

Rare single top process observation S-channel single top production ! t
. More challenging at higher energies to the W
tqy Single-top quark and a photon smaller relative increase w.r.t. top pairs
q q’
q b

Powerful probe of top-EW Lowest cross-section measurement of all single-top processes!

coupling (and constraints
on new physics)

Same sensitivity as Run 1 with 7 times more data!
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Top FCNC Decays

Looking for top quarks going against the current! ATLAS+CMS Preliminary 952%CL upper limits <@ ATLAS <—@ CMS Prokminery
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https://atlas.cern/updates/briefing/top-quark-currents

Measurement of Lepton Universality, W’s from top

W boson decays to taus and muons
Probing a long standing 2.7 standard deviation discrepancy (since LEP)
See ATLAS press release

Using top pair production as a pure source of

: W bosons and investigating those tau decays
= oL ATLAS Preliminary # Data ] to muons (from their impact parameter).
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https://atlas.cern/updates/atlas-news/highlights-LHCP2020

Top Charge Asymmetry

While at the Tevatron there is a forward-backward asymmetry between 7 and 1 at the LHC the asymmetry
in charge makes 7 to be produced more centrally and f more forward. See ATLAS Briefing.

The charge asymmetry arises from the interference at tree level gg — ttg (between ISR and FSR) and in
gqg — 1t in the interference between the s-channel lowest level diagram and the box. The effect grows with the
invariant mass of the #f system.
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Very subtle effect observed at the 45 level Ac = 0.0060 + 0.0015
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Top Exclusive Production

CMS central detector Roman Pots
| LHC sector 56 & » : : o :
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Quantum Information at High Energies

In top pair production at the LHC, top quarks are not produced polarised, however
in the gluon dominated production (90%) a spin correlation exists.

Spin correlations pp — tt already measured, however could be used to demonstrate that
the two tops are in a non separable state (i.e. entangled).

The lifetime of the top quark is shorter than the timescale for hadronisation (~1 0 s) and much
shorter than the spin decorrelation time (~1O'21 s) the spin information of the top quark is therefore

Measure of entanglement level: ek,
The trace of the three dimensional v AN
The spin configurations at threshold spin correlation matrix C (in the base p B T
production i.e. §, ~ O the gg — ffis llustrate here) iune f/{\// -
dominated by the “singlet” spin \ aurene
configuration, which is a pure, D = tI‘[C] /3 < _1/3
superposed and maximally entangled
Bell state: Analysis by ATLAS using fully leptonic electron/muon top pair events

measuring D at the particle level in the near-threshold region [340, 380] GeV
D = —0.547 £ 0.002 (stat) £ 0.021 (syst)

Unambiguous observation of entanglement!

1
ﬁ(lTl>—|H>)
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Quantum Information at High Energies

Initially measured near threshold where it is easier!

CMS went beyond with: - At high mw with 11 — b7 vbqgq events, (phase

. space dominated 90% by space-like events)
- At production threshold in 1 — bZvb{’v events
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Very important elements (space-like) to go beyond entanglement

| . | | towards the violation of Bell Inequalities! (With higher sensitivity)
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Overview and Global PDF Fit




Cross Section Measurements

Standard Model Production Cross Section Measurements Status: February 2022
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Cross Section Measurements

Overview of CMS cross section results
CMS preliminary

3ub™1-138fb!(2.76,5.02,7,8,13,13.6 TeV)

inelastic 7 Tev Phys. Lett. B 722 (2013) 5 . o(inelastic) = 6e+10 fb
inelastic 13 TeV  JHEP 07 (2018) 161 | olinelastic) = 6.8e+10 fb
Jet 7 TeV PRD 90 (2014) 072006 ®  o(et) = 42e+09 fb
Y 7 TeV PRD 84 052011 (2011) - 0(y) = 4e+07 fb
w 2.76 TeV  PLB 715 (2012) 66 afl  o(W) =35e+07 b
w 5.02 eV SMP-20-004 I o(W) = 6.8e+07 fb
w 7 TeV JHEP 10 (2011) 132 b o(W) = 9.5e+07 fb
w 8 TeV PRL 112 (2014) 191802 1 o(W)=11e+08 b
w 13TeV  SMP-20-004 i1 o(W) = 1.9e+08 fb
z 2.76 TeV  JHEP 03 (2015) 022 | o(2)=8.9e+06 fb
z 5.02TeV  SMP-20-004 | 0(2) = 2e+07 fb
z 7 TeV JHEP 10 (2011) 132 4 0(2) = 2.9e+07 fb
z 8 TeV PRL 112 (2014) 191802 i 0(2) =3.4e+07fb
z 13TeV  SMP-20-004 i1 0(z) = 6e+07 fb
z 13.6 TeV  SMP-22-017 I 0(2) = 6e+07 fb
Wy 7 Tev PRD 89 (2014) 092005 sl 0(Wy) = 3.4e+05 fb
Wy 13TeV  PRL 126 252002 (2021) # 0o(Wy) =1.4e+05fb
zy 7 TeV PRD 89 (2014) 092005 #  0(Zy) = 1.6e+05fb
zy 8 Tev JHEP 04 (2015) 164 ®  0(Zy) = 1.9e+05fb
ww 5.027TeV  PRL 127 (2021) 191801 Wl o(WW) = 3.7e+04 fb
ww 7 TeV EPJC 73 (2013) 2610 i o(Ww) =52e+04 fb
ww 8 TeV EPJC 76 (2016) 401 B o(WW) = 6e+04 fb
ww 13TeV  PRD 102 092001 (2020) ¥ o(WW) = 12e+05fb
wz 5.02TeV  PRL127 (2021) 191801 P ¢ o(W2) = 6.4e+03 fb
wz 7 TeV EPJC 77 (2017) 236 B o(wz) =2e+04 b
wz 8 TeV EPJC 77 (2017) 236 B o(Wz) =24e+04 b
wz 13TeV  JHEP 07 (2022) 032 ¥ o(W2) =5.1e+04 b
7z 5.02 TeV  PRL127 (2021) 191801 I 0(z2) = 5.3e+03 fb
zz 7 TeV JHEP 01 (2013) 063 B o0(z2) =62e+03
zz 8 TeV PLB 740 (2015) 250 B o(z2)=77e+03fb
7z 13TeV  EPJC 81 (2021) 200 § 0(22) = 1.7e+04 fb
VW 13TeV  PRL 125151802 (2020) Bl o(VW) = le+03 fb
www 13TeV  PRL 125151802 (2020) il o(Www) = 5.9e+02 fb
wwz 13TeV  PRL 125 151802 (2020) B o(WW2) = 3e+02 fb
c wzz 13TeV  PRL 125 151802 (2020) S  o(WZZ) = 2e+02 fb
8 pr24 13TeV  PRL 125151802 (2020) =(zzz) <2e+02 fb
] wvy 8 TeV PRD 90 032008 (2014) o(WVy) < 3.1e+02 fb
= wwy 13TeV  SMP-22-006 afls owwy)=6fb
* Wyy 8 TeV JHEP 10 (2017) 072 miEls  o(Wyy) =490
Wyy 13TeV  JHEP 10 (2021) 174 milis  o(Wyy) =14fb
Zyy 8 Tev JHEP 10 (2017) 072 = o(Zyy) =13fb
Zyy 13TeV  JHEP 10 (2021) 174 il ozyy) =5.41b
VBF W 8 TeV JHEP 11 (2016) 147 mlls o(VBF W) = 4.2e+02 fb
VBF W 13TeV  EPJC 80 (2020) 43 B O(VBF W) = 6.2e+03 fb
VBF Z 7 TeV JHEP 10 (2013) 101 mallim  o(VBF 2) = 1.5e+02 fb
VBF Z 8 TeV EPJC 75 (2015) 66 mil= Oo(VBF 2) = 17e+02 fb
VBF Z 13TeV  EPJC 78 (2018) 589 M O(VBFZ) =53e+02fb
EWWV  13TeV  PLB 834 (2022) 137438 mlls o(EW WV) = 1.9e+03 fb
ex. yy > WW8 TeV JHEP 08 (2016) 119 S o(ex. yy->WW) =22fb
EW qgqWy 8 TeV JHEP 06 (2017) 106 =S O(EW qaWy) = 11 fb
EWqgqWy 13TeV  PRD 108 032017 s O(EW qqWy) =24 1b
EWosWW 13TeV  PLB 841 (2023) 137495 Ml o(EW 0os WW) = 10 fb
EW ss WW 8 TeV PRL 114 051801 (2015) -  o(EW ss WW) = 4 fb
EWssWW 13TeV  PLB 809 (2020) 135710 wfl  O(EW ss WW) = 4 fb
EWqaZy 8TeV PLB 770 (2017) 380 mEE o(EWqaZy) = 1.9 fb
EWqaZy 13TeV  PRD 104 072001 (2021) i O(EW qqzZy) =521b
EWqqWzZ 13TeV  PLB 809 (2020) 135710 w=lll O(EW qqW2) = 1.8 fb
EWqqZZ 13TeV  PLB 812 (2020) 135992 B o(EWqqZz) = 0.33fb
tt 5.02TeV  JHEP 04 (2022) 144 § ot =63e+041b
tt 7 TeV JHEP 08 (2016) 029 b o(tt) = 1.7e+05fb
tt 8 TeV JHEP 08 (2016) 029 B oftt) = 2.4e+05 fb
tt 13TeV  PRD 104 (2021) 092013 B o(tt) = 7.9e+05 fb
tt 13.6 TeV  Submitted to JHEP l- o(tt) = 8.8e+05 fb
te-cn 7 Tev JHEP 12 (2012) 035 B olte_cn) =6.7e+04 fb
tecn 8 TeV JHEP 06 (2014) 090 W olti_ch) = 8.4e+04 fb
te—ch 13TeV  PLB 72 (2017) 752 Ml olte_cn) = 2.3e+05 b
tw 7TeV PRL 110 (2013) 022003 Bl ottw) =1.6e+04fb
tw 8 TeV PRL 112 (2014) 231802 Bl o(tw) = 2.3e+04 fb
tw 13TeV  JHEP 10 (2018) 117 M= O(tW) = 6.3e+04 fb
ts—ch 8 TeV JHEP 09 (2016) 027 « wille o(t_c)=13e+04 b
tty 8 Tev JHEP 10 (2017) 006 e o(tty) =35e+03fb
tty 13TeV  JHEP 05 (2022) 091 =—f oO(tty) = 1.2e+03 fb
tZq 8 TeV JHEP 07 (2017) 003 IE  o(tZa) = 2.9e+02 fb
tzq 13TeV  JHEP 02 (2022) 107 B o(tZa) = 8.7e+02 b
ttz 7TeV PRL 110 (2013) 172002 = P o(ttZ) = 2.8¢+02 fb
ttz 8 TeV JHEP 01 (2016) 096 Sl o(tt2) = 2.4e+02 fb
74 13TeV  JHEP 03 (2020) 056 = o(ttZ) = 9.5e+02 fb
ty 13TeV  PRL 121221802 (2018) aflls oty = 1.1e+03fb
tw 8 TeV JHEP 01 (2016) 096 = Il o(ttw) = 3.8e+02 fb
tw 13TeV  JHEP 07 (2023) 219 = O(ttW) = 8.7e+02 fb
twz 13TeV  TOP-22-008 . mills  o(twz) = 37e+02 fb
ttt 13TeV  Submitted to PLB =l o(ttt) = 18
ggH 7 TeV EPJC 75 (2015) 212 =l  o(ggH) = 1.6e+04 fb
ggH 8 TeV EPJC 75 (2015) 212 E= o(ggH) = 1.5e+04 fb
ggH 13TeV  Nature 607 60-68 (2022) # o(ggH) =47e+04fb
VBFqgH 7 Tev EPJC 75 (2015) 212 EB o(VBF qqH) = 2.2e+03 fb
VBF qqH 8 TeV EPJC 75 (2015) 212 IEE o(VBF qaH) = 1.6e+03 fb
VBF qqH 13 Tev Nature 607 60-68 (2022) . »  0o(VBF qgH) = 3e+03 fb
VH 8 TeV EPJC 75 (2015) 212 BEE o(VH) = 1.1e+03 fb
WH 13TeV  Nature 607 60-68 (2022) + lf  o(WH) = 2e+03 fb
ZH 13TeV  Nature 607 60-68 (2022) ol o(zH) = 1.1e+03fb
ttH 8 TeV EPJC 75 (2015) 212 - Bl o(ttH) = 4.2e+02 fb
tH 13 Tev Nature 607 60-68 (2022) B o(ttH) = 47e+02 fb
tH 13TeV  Nature 607 60-68 (2022) ' R  o(tH) = 5.3e+02 fb
HH 13TeV  Nature 607 60-68 (2022) _ o(HH) < 1.1e+02 fb
1 1 1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09 1.0e+11

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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CMS X+)ets cross section results

CMS preliminary 3 pb~t-138fb~1(2.76,5.02,7,8,13,13.6 TeV)

JHEP 06 (2014) 009 . 0(yj) = 8e+06 fb 2 b1
PLB 715 (2012) 66 i o(W) =3.5e+07 fb 231 nb?
SMP-20-004 I o(W) = 6.8e+07 fb 298 pb~!
JHEP 10 (2011) 132 b o(W) =9.5e+07 fb 36 pb~!
PRL 112 (2014) 191802 i o(W)=1.1e+08fb 18 pb~?t
SMP-20-004 q o(W) = 1.9e+08 fb 201 pb~?
PLB 741 (2015) 12 §  o(Wj) = 4.8e+05fb 5 fb~?
PRD 95 052002 (2017) | o(Wj) = 6.3e+05 fb 20 fb~t
PRD 96 (2017) 072005 = o(Wj) =1.1e+06 fb 2 fb~t
PLB 741 (2015) 12 B  ow2)=96e+041b 5 b1
PRD 95 052002 (2017) B 0(W2j) = 1.3e+05 fb 20 fb?
PRD 96 (2017) 072005 B ow2j) =24e+05fb 2 bt
PLB 741 (2015) 12 B oWw3j)=17e+04 b 5 fb1
PRD 95 052002 (2017) - 0(W3)) = 2.4e+04 b 20 fb~t
PRD 96 (2017) 072005 B o(W3)) =5e+04fb 2 fb~t
PLB 741 (2015) 12 =l o(W4j) =2.9e+03 b 5 fb~1
PRD 95 052002 (2017) =—pE 0(W)) = 4.6e+03 fb 20 fb?
PRD 96 (2017) 072005 ol o(W4j) =1.1e+04fb 2 bt
PLB 741 (2015) 12 BE oWws) = 4.5e+02 fb 5 fb1
PRD 95 052002 (2017) = o(W5)) = 7.8e+02 fb 20 fb~t
PRD 96 (2017) 072005 =l o(W5)) = 2.8¢+03 fb 2 bt
PLB 741 (2015) 12 W o(wej) =67 fb 5 fb~1
PRD 95 052002 (2017) s 0(W6)) = 1.2e+02 fb 20 fb~?
PRD 96 (2017) 072005 =l o(W6j) = 5.9e+02 fb 2 bt
JHEP 02 (2014) 013 B o(Wc)=11e+05fb 5 fb~1
EPJC 82 (2022) 1094 = 0o(Wc) = 1.2e+05 fb 20 fb~1
Submitted to EPJC B 0(Wc) = 1.6e+05 fb 138 fb~t
PLB 735 (2014) 204 mils  o(W2b) = 5.3e+02fb 5fb1
EPJC 77 (2017) 92 wmflm  0(W2b) = 62e+02 fb 20 fb~t
JHEP 03 (2015) 022 B 0(2)=8.9e+06 fb 5pb~t
SMP-20-004 i 0(2)=2e+07 b 5 pb~!
JHEP 10 (2011) 132 §  0(2)=2.9e+07 b 36 pb~!
PRL 112 (2014) 191802 4 0(2)=34e+07fb 18 pb~t
SMP-20-004 i 0(2) = 6e+07 fb 201 pb~?!
PRD 91 (2015) 052008 B o@)=61le+04fb 5fbt
JHEP 04 (2017) 022 & 0(Z) =7.6e+04fb 20 fb~t
EPJC 78 (2018) 965 B 0(Z) = 13e+05fb 2 fb~t
PRD 91 (2015) 052008 mi]  0(22)) = 1.3e+04 fb 5 fb~t
JHEP 04 (2017) 022 # 0(z2) = 1.6e+04 b 20 fb~1
EPJC 78 (2018) 965 B 0(Z2) = 2.8e+04 fb 2 bt
PRD 91 (2015) 052008 i 0(Z3j) = 2.5e+03 fb 5fbt
JHEP 04 (2017) 022 —ul  0(Z3j) = 3e+03 fb 20 fb~t
EPJC 78 (2018) 965 W 0(Z3j) = 6e+03 fb 2 fb~1
PRD 91 (2015) 052008 — 0(24)) = 4.7e+02 fb 5 fb~1
JHEP 04 (2017) 022 =@l 0(Z4)) = 5.8e+02 fb 20 fb~?
EPJC 78 (2018) 965 i 0(Z4)) = 1.3e+03fb 2 bt
PRD 91 (2015) 052008 —— 0(Z5)=791b 5 fb1
JHEP 04 (2017) 022 - mjl  0(Z5)) = 1.1e+02 fb 20 fb~t
EPIC 78 (2018) 965 =ml  0(Z5) = 32e+02 b 2fb?
PRD 91 (2015) 052008 — e — - 0(Z6) = 12 fb 5 fb~t
JHEP 04 (2017) 022 =l 0(26) = 17 b 20 fb~1
EPJC 78 (2018) 965 ol 0(Z6) =45 2 bt
JHEP 04 (2017) 022 =l 0(Z7)=23fb 20 fb~?
EPJC 78 (2018) 287 B 0(Zc)=88e+03fb 20 fb~t
JHEP 04 (2021) 109 B+ 0(Zo) =14e+041b 36 fb~t
JHEP 06 (2014) 120 B 0(Z1b) = 3.9e+03 fb 5 fb~?
EPJC 77 (2017) 751 = o(z1b) = 3.6e+03 fb 20 fb~t
PRD 105 (2022) 092014 M= 0(Z1b) = 6.5e+03 fb 137 fb~!
JHEP 06 (2014) 120 mmlll  0(Z2b) = 3.6e+02 fb 5 fb~1
EPJC 77 (2017) 751 B 0(Z2b) = 3.3e+02 fb 20 fb~1
PRD 105 (2022) 092014 o= 0(Z2b) = 6.5e+02 fb 137 fo!
Accepted by PRD W o(Wy2j) = 1.1e+02 b 138 fb~t
PRD 104 072001 (2021) W o@y2) =15 137 fo~!
EPJC 77 (2017) 236 B owzo) =59fb 20 fb~t
EPJC 77 (2017) 236 BB owz)=19f 20 fb~?
EPIC 77 (2017) 236 v I oWz2) =77 20 fb~?
PLB 789 (2019) 19 =il o(zzo)=16 20 fb~1
SMP-22-001 i o@zo)=27fb 138 fb~!
PLB 789 (2019) 19 = o0(zz)=32fb 20 fb~?
SMP-22-001 B o0zz)=73f 138 fb!
PLB 789 (2019) 19 = 0(z22) =08 fb 20 fb~t
SMP-22-001 ol ozz2)=34f 138 fb~1
PLB 789 (2019) 19 S — (723} = 0.14fb 20 fb~?
SMP-22-001 =l ozz3)=2f 138 fb~!
PRD 95 092001 (2017) i o(tt0)) = 9.7e+04 fb 2 fb~t
PRD 95 092001 (2017) | olty) = 7.7e+04 fb 2fb?
PRD 95 092001 (2017) il  o(tt2)) = 3.6e+04 fb 2 fb~1
PRD 95 092001 (2017) e o(tt3)) = 1.3e+04 fb 2fb?
PRD 95 092001 (2017) I o(tt4)) = 5.9e+03 fb 2fb?
PLB 820 (2021) 136565 ol o(tt20) = 8e+03 fb 42 fb=t
PLB 820 (2021) 136565 =gl o(tt2b) = 4.1e+03 fb 36 fb~!
PLB 792 (2019) 369 =l o(HO) =47fb 36 fb~!
PLB 792 (2019) 369 B otH)=11f 36 fb~?
PLB 792 (2019) 369 o(H2j) =3.5fb 36 fb~?
PLB 792 (2019) 369 IS  oH3) =18fb 36 fb~?
PLB 792 (2019) 369 I oY) =127 36 fb~?
1 1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09

See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] August 2023

Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction

Even impossible to include in a legible

way in one slide! See link.


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

Global PDF Fits

ATLAS PDF fit

Using exclusively HERA ep data and selected ATLAS measurements with the addition of W, Z (+jets), tt, jets, photon
differential cross section measurements (fit done at NNLO in QCD, NLO in EW)

Strange quark composition

Light sea-quark contributions See Daper | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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ATLAS data can be used to predict pD fixed target DY cross sections Improvement w.r.t. previous ATLAS PDFs

V+jets data suppresses R, at high x (with effect on

Check relative densities of i and d sea contributions compatible with recent SeaQuest low x), as well as improved low-x parametrisation

data E906 (at high x) than with NuSea (E866)


https://arxiv.org/pdf/2112.11266.pdf
https://arxiv.org/pdf/2112.11266

