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Outline

Lecture 1: Basic concepts, QCD, jets and Z production

- Introduction (rather long)

- Luminosity and total cross section

- Jet production measurements and the measurement of the
strong coupling constant

- Drell-Yan Z production and the measurements of the weak
mixing angle and the strong coupling constant

Lecture 2: EW Precision at Hadron Colliders

- Drell-Yan W production and the W mass measurement
- Associated production of vector bosons and jets

- Multi-boson production (W, Z and photons)

- Top production and top properties measurements

Lecture 3: Higgs Physics

Diboson channels for Higgs measurements
Measuring the Yukawa couplings of the Higgs boson
Differential and Simplified Template cross sections
CP properties of the Higgs boson

Invisible Higgs boson decays

Rare Higgs boson decays

Lecture 4: More Higgs Physics and Global interpretation

- Higgs couplings measurements

- The Yukawa coupling of the Higgs boson to charm quarks

- Off shell Higgs boson coupling and Higgs width

- Di-Higgs boson production and Higgs boson trilinear self coupling
- Precision EW Fit

- SMEFT Gilobal fits

- Challenges for Run-3 and the HL-LHC



The AFB Asymmetry... Asymmetry

To illustrate the answer to the question in the previous lecture...
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Forward-Backward asymmetry at LEP

On peak, effect is very small, off peak
measurement are also extremely crucial.




Drell-Yan W boson production




ATLAS

EXPERIMENT

Run: 183081
Event: 101291517
2011-06-05 17:09:02 CEST




Inclusive Precision Vector Boson Production at the LHC
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https://atlas.cern/updates/briefing/run2-luminosity

Events /2

Inclusive Precision Vector Boson Production at the LHC
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With a dataset of only 4.6 fb-1 at 7 TeV,
approximately 15.5 M W+ events and 10.4 W-
events (electrons and muons). Low PU !

Cross section measurement (as a function of
rapidity) the uncertainty completely dominated
by luminosity uncertainty of 1.8% - Now
reached less than 1% (see ATLAS briefing) !!!

3 3

500?1IOI | [N LI | T T T T | T T | T T | T T | [ I: > 3<I1IIOI | T T | T T T T | T T | T T | T T | [ I_
- ATLAS + oae - S ., ATLAS + oae :
- (s=7TeV, 461" % N ] N - (s=7TeV, 46" % N .
400 NEYYE -— * Y — —~ - + + _:MV 7
- W —uv Bl 2 —un . 2 600-W" — u'v Bl 2y —u —
350 [ Multijet - CIC) - [ ] W—tv -
- [ ] W—tv ] > C [ ] Multijet ]
3001 E LLJ 500E :
2501 = 4001 =
200 E 300F =
150 = - .
u N 200_— ]
100 E - ]
50F E 100} =
m """ . m E

40 50 60 70 80 90 100 1 1 0 120 40 50 60 70 80 90 100 1 1 O 120
m; [GeV] m; [GeV]
[ ATLAS Q%*=1.9 GeV? ‘8 0.95 ATLAS Q?=1.9 GeV? S [ amas Q%=1.9 GeV? S
ATLAS-epWZ16 | X [ ATLAS-epWZ16 x 0.5[ ATLAS-epWZ16 | X
g | 708 CEEEw | % — g | %

ATLAS delivers most precise luminosity measurement at
rags: LHC
s 24 January 2023 | By ATLAS Collaboration
R —
ATLAS Q? = 1.9 GeV? . .
ATLAS-epWZ16 Using these cross section
e:ét% 'L‘RS."“'

measurements and the the
Deep Inelastic Scattering data
from Hera new set of PDFs can

be estimated (ATLAS-epWZ16
same was done in CMS).

10"
X


https://atlas.cern/updates/briefing/run2-luminosity

Inclusive Vector Boson Production at LHCDb

Precision W production measurements (at 8 TeV) complement the pseudo-rapidity

LHCb distribution of the leptons in the [2-5] region.
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Important complementarity for PDF fits.




ATLAS W Mass Measurement

Milestone measurement demonstrating the LHC capabilities in precision measurements!

Analysis strategy based on two kinematic distributions fitted in several categories

Decay channel W — ev W — uv
Kinematic distributions peT, mr pgT, mT
Charge categories W+, W- W+, W~
Ine| categories 0,0.6], [0.6,1.2], [1.8,2.4] [0,0.8], [0.8,1.4], [1.4,2.0], [2.0, 2.4]
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Prediction

- Reweighted fully simulated events using Powheg v1 — Pythia 8.170 — CT10 for HS (and CTEQG6L1 for PS) with AZNLO tune (QED ISR with
Pythia 8 and FSR with Photos) —
- Three steps reweighting procedure using factorized fully differential cross section:

NLO EW effects not taken into account in baseline but uncertainty taken into account)
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- First reweight rapidity distribution to DYNNLO with CT10nnlo

- Then at given rapidity reweight in pT to Pythia 8 AZ tune

Uncertainty added for the small

- Finally reweight to angular (A) coefficients estimated at O(as?) disagreement in A2
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Experimental Setup

Dataset
- 7 TeV only, 4.6 fb-1 (electrons) and 4.1 fb-1 (muons) well probed data at moderate PU

- e, 4 with pseudo-rapidity of 2.4 with transverse momentum > 30 GeV (MT > 60 GeV, MET > 30 GeV, recoil < 30 GeV)

- MISS

pr == (ﬁf + LTT) mr = \/Zp,fpmlss(l cos Ag)

- Specific improved calibration of leptons (precision dominated by muons - relatively low pT)

- Specific calibration of the recoil energy

- First equalise PU multiplicities
- Then correct for residual differences based on Z events
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ATLAS W Mass Measurement

A Milestone measurement!

my = 80369.5 &= 18.5 MeV

-6.8 (Stat) 4+ 10.6 (Exp) + 13.6(Mod) MeV

e e
ALEPH ATLAS Preliminary °
DELPHI ®
L3 ®
OPAL °
CDF '
DO s
ATLAS W* =
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ATLAS W am Stat. Uncertainty
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Modeling QCD and PDFs

W-boson charge W+ W= Combined
Kinematic distribution pfr mr pfr mr pfr mr
dmw [MeV

Fixed-order PDF uncertainty 13.1 149 120 14.2

tune .U ¥ .U 4 .U L
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower pp with heavy-flavour decorrelation 5.0 6.9 50 6.9 50 6.9
Parton shower PDF uncertainty 3.6 40 26 24 1.0 1.6
Angular coeflicients 58 53 58 53 58 53
Total 159 181 14.8 17.2 11.6 129

PDF uncertainties: full CT10 variations but taking only effects
affecting the W/Z ratio

Modeling EW

FSR and weak corrections sub-dominant

Experimental

Uncertainties dominated by lepton energy and momentum scale,
and reconstruction and identification efficiencies

Sensitivity dominated by pT (individually 18.7 MeV
uncertainty) w.r.t. MT (ind. 25.1 MeV uncertainty).



LHCb Measurement of the W Mass

13

Measurement done using the g/p distribution (dominant in ATLAS as well) for W tan((m — Ag)/2)  pZ

¢ ~
events and simultaneously the Collins-Soper ¢* distribution for the Z events: cosh(An/2) M
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As for the case of ATLAS this measurement relies on the fine calibration of the lepton energy M Ot pt 1 9
scale, savvy methods elaborated to correct for charge dependent curvature (sagitta) bias _ p pr_'}‘:( — CO5 )

corrections using a pseudo mass definition.
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CDF Mass Measurement
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Parton distributions

QED radiation g Since an update of the W mass measurement was

W boson statistics .....% D made by ATLAS...




W Mass Update - ATLAS

Improved ATLAS result weighs in on W boson

An improved ATLAS measurement of the W boson mass is in line with the Standard Model of particle physics

Press release | Physics | 23 March, 2023

Several small improvements, but mostly relying
on the huge analysis effort of the first 7 TeV
result but reformulated using the profile
likelihood paradigm.

CERN press release

Observed shift 10 MeV and precision improved by 16 MeV!

Overview of m,,, Measurements

I LEP Combination | ATLAS Preliminary =~ = e
s=7TeV,4.6f" 1k

oo (2 e

cOF fung) | - The tension with the CDF W mass increases to 4¢
B e

Where do we go from here?
ATLAS 2017 : o K :
arXiv:1701.07240 ® Measurement : - [
DStat. Unc. | ) o _ _

ATLAS 2023 M Total Unc L Significant evidence of measurement systematic

s werk ~ 1SM Prediction 5 — . - -
%%%%%%%%%%%%%%%%%%%%%% s 1 bias: need a collective effort to understand this

80200 80300 80400 puzzle!

m,, [MeV]
Mw = 80300£5(stat) £15¢syst) = 80360 £16 MeV

mw = 80370 +£19 MeV


https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson

Reach at HL-LHC in EW Precision measurements

EW Mixing angle W Mass

With the increased luminosity and muon acceptance - Need for low PU (~2)

in CMS (from eta 2.4 to 2.8 - for this study)
- Need from ~200 pb™ (already a good start only
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Vector Boson Production with Jets




QCD Vector boson and Jets
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EW Vector boson and Jets

. . understanding of color singlet EW
S ) ! Nor:jtrl\;!al to isolate from QCD production with forward tagging jets
prodauction and Central Jet Veto.
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Z boson and 1 or 2 b-jets

Z boson production with b-jets
Essential background in the Higgs to b quarks measurements —

2003.11960
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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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Photon Interactions in HlI Events

Observation of Light-by-light scattering (Central

T , Exclusive Production)
A LAS un: 366778 Phys. Rev. Lett. 123 (2019) 052001
Event: 453765663
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Tau magnetic moment and yy — 1t Observation in PbPb
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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
for 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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EW Vector Boson Scattering

Longitudinal-Longitudinal Scattering
Important additional check of the EWSB sector.

Suppressed from Higgs cancellation however with very large
statistics and polarisation sensitive variables, there is

EW Vector Boson Scattering process T |
sensitivity to SM LL signal almost 30 for CMS alone.
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ATLAS
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Boosted ¢ey candidate event



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

Triboson W=W*WT observation

Search for three W bosons production

Last year shown observation of four top-quark production (see talk)!

—q—b—'vvvvw»W W
Y q, 2/r*
M )

Y
Y
——r AN ]
q
———— NN
7 4%
q W
W W
q

First observation of WEW¥W¥ at 8.2 (5.4¢ expected)!

Measured cross section:

o(pp = WWW) = 820 + 100 (stat.) + 80 (syst.) fb

Events

Data / Pred.

45
4oF 5=13TeV, 139 fb" Wz

20
15

10

— —h

o O

- SR 3l mOther ~~ Uncertainty - SR ptput WOther 7~ Uncertainty
35 Post-Fit --- Pre-Fit Bkgd. — 100}— Post-Fit --- Pre-Fit Bkgd.
301 ] i

n 80—
251

» oLy PO
I

29

wn
T ATLAS Preliminary e Data  OJWWW(@u=1.661] &
@Non-prompt  § >

| ATLAS Preliminary @ Data  [JWWW(u=1.66)-

120_ _ -1 i
@y conv. [@MCharge-flip | Vs=13TeV, 139 fo" [@WZ  [@Non-prompt

%)

191—' """""""""""""""""""""""" -
1.2} + 1
1
8
6

-

0 041 02 03 04 05 06 07 08 09 1
31 BDT output

Same sign 2-lepton channel

W/ﬁ/ﬂ/%///+//+ﬂ?/%//i/ﬂtmé

Data / Pred.

0 01 02 03 04 05 06 07 08 09 1
21 BDT output

3-lepton channel

A VAN A
Predictions: pp—=W W W~ 76 t‘§ (scale) + 2 (PDF) tb

511+ 18 fh pp— W W'W* 136 *¢ (scale) + 4 (PDF) fb
pp — WH — WWW* 293} (scale) *2 (PDF) + 3 (a,) fb

Compatibility 2.60


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
https://indico.cern.ch/event/1047066/

Two recent Tri-Boson Observations!

WZy observation Wyy observation
Simultaneous fit with pzz,, uzz; data-driven Fake estimated in control regions
WZy observed with 6.3 o WZy observed with 5.6 ¢
— 4 4 L — +2.5 —1
owzy = 2.01+0.30 (stat.) £0.16 (syst.) fb O frig = 12.1*53 b
Process SR ZZy CR ZZ(e — y) CR | SR TopCR
WZy 92+15  021+0.07 0.56+0.14 | WAy 4110+£60 28+5
ZZy 10.7+2.3 23+5 1.8+0.4 Non-prompt 7 — v 420£50 42+ 20
ZZ(e > v) 3006  0.028+0.020 30+6 Misidentified e — ~ 1556 +11 12049
Zyy 1.05+0.32  0.15+£0.06 0.29+0.10 Multiboson (W H (yy), WW#, Z~v) 76+13 52+1.7
Fé.lke background  30+6 - - Non-prompt j — ¢ 354+ 10 .
Pile-up y 1.9+0.7 - - Top (tty, tWr, tqy) 307 136+ 32
Total predicted 139+ 12 23+5 33+6 | Pileup 10£5 =
Data 139 73 33 Total 1136 4+34 332418
Data 1136 333
T [ aias preiminay  #paa 1 © 'Cf ATLAS Preimnay  eData 1 TooCR TooVR SR
g 120 S S 13 Tev, 140 o mwzy g 8 [ Vs=13TeV, 140 fb" mwzy : " oP oP , Oat
N L WoNMZ-NY Wzzy ] & O Wz Wzzy B 1= ATLAS Prellmlnary : q ¢ Daa
~ 100 SR W ZZ(e—y) 4 5 R W ZZ(e—y) . o (S = 13 TeV. 140 fo' | - DYVYY
= | Post-Fit B Zyy € 50 Post-Fit B Zyy - w 10° [ ® = [Ji—v
o 8ol W Pile-up y - o - W Pile-up ¥ . W(-lv)yy ' Cle-vy
w B Fake W 40k [ Fake - Post-Fit :
Uncertainty 7 N Uncertainty i .] = |
60 . 5 102 ) Multiboson
B Top
B Pileup
10
_g 1; gg:%/Post-Fit
? 125 T &%\\K\\%\\ﬁk\\ x Tan
..\g 0.15 : 82 : Sraet;glt/Post -Fit
S %20 20 60 80 100 120 140 S %5750 100 150 200 250 _ 300 20 40 =/20 =120 >

P} [GeV] P [GeV] Py’ [GeV]


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!
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Top quark Production




Top pair production Cross Sections at the LHC

Top palir production is the main » o "
production mode at the LHC V. _
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Top pair production Cross Sections at the LHC

Main production diagrams
At tree level leading order
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Di-lepton topology:

Precise determination of
cross section in the
different flavour electron-
muon channel in
particular. Excellent signal
to background ratio.
Lower stats (4%).
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Top Modelling

Excerpts from recent top pair production differential cross section measurements:

*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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Direct Top Mass Measurements

S _ ATLAS+CMS Preliminary My, SUMMary, \s = 7-13 TeV June 2023
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'E - y: mo%" = 172.5 GeV : ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
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Direct Top Mass Measurements

Most precise individual top mass from CMS

171.77 (£ 0.04 (stat)) £ 0.37 (syst) GeV 165

ATLtAS+CMS Preliminary Miep, SUMMmary, Is = 7-13 TeV September 2017
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¢ +jets [Jttunmatched mmZijets = - ATLAS, dilepton (*) — | 173.09 = 1.63 (0.64 = 1.50) 77TeV 2]
3 351 //;// Bﬁ? (0.43 = 0.97) 7TeV [3]
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ATLAS: 172.69 i 0.25 (Stat) i 0.41 (SYSt) (0.54 :)1-30) 7TeV [8]
4+12 7 TeV [9]
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Boosted (top) Tagging

Boosted jet reconstruction with substructure has become a very active
§86 SR and exciting field! (See this summer’s Boost conference at LBNL)

A e ey SN N First introduced for Higgs boson reconstruction (Butterworth, Davison,
Rubin and Salam - paper)

138 fb' (13 TeV) 138 fb' (13 TeV)
rl_ | L [ | L I 1 l.l I 4 L l o 1T 1 I L J._- % | | | | | | | | | | | | | | | | | | | | | | | i % 8000 | | | | | | | | | | | | | | | | | -
; CMS : & 20000 - CMS ¢ Data p O - CMS ¢ Data
- .. Simulation - S | -tst' ot : 10 - ) Ig_ o _
I .. i y - ingle w6000 F 1 Single _
i » S”pp/eme”ta’y 1 @ 15000 - 3 B W-ets = : . B W-jets
; AN - © [ Il Other SM I 2 I B8 [l Other SM |
; S ; D 40000 f . Totalunc. | W 000l . Totalunc.  _
: e : 5000 | 2000
.o x*‘k M E ol j | - ol
— S : . °XCone - u%- 1.5 - _ Totalunc.  Stat. unc. E L%- 1.5 ‘ mTotaI unc. Stlat unc. | _
- Rq=12N" =2 . - S : : :
: o R]se:b-04 N, =20r3 | ; 1 _+ B e ) A K e - 1F "T'L"."."’.‘.’oooo0110"‘000‘"‘.’?—_
1t l oo bl ier v dy r Lo 1 o] X ¢ *: _8 E { ]
'3 '2 '1 O 1 2 3 O 05 3 Coeooa by oy by oy by E O 05 n A | \ | | . | | . | | . . | | | E

" 0 100 200 300 400 500 0 50 100 150
m o, [GeV] me® [GeV]

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!


https://indico.physics.lbl.gov/event/975/timetable/#20230731
https://arxiv.org/pdf/0802.2470.pdf

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).



Digression on the Profiling Paradigm

CMS

JEC flavor bottom
FSR PS scale g—qg

FSR PS scale X—Xg
BG QCD multijet

CR: gluon move

CR: QCD inspired

Early resonance decays
BG W+jets

JEC abs. MPF bias
Underlying event
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JEC rel. sample

bJES Bowler-Lund central
Statistical uncertainty
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bJES Peterson

JEC rel. FSR

JEC flavor light quarks
b tagging mis-tag scale
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Pileup
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JEC pileup data/MC
FSR PS scale g—qq

bJES Bowler-Lund
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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

The relation between the Monte Carlo template used to fit the mass spectrum
and the Field Theoretical parameter of the pole mass is not straightforward.

The top Is coloured, so it is Impossible to unambiguously associate every
object in the final state to it!

These ambiguities lead to an uncertainty on the top mass measurement
varying between 1 GeV and 200 MeV.

The pole mass can be measured using observables that are not
dependent on the detailed reconstruction of the top system.

e.g. the pole mass can be measured using the top production cross
section (at the cost of introducing a dependence on the production
prediction).

Cross-section [pb]
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Digression on the Mass Measurement

ATLAS+CMS Preliminary

Miop from cross-section measurements

LHCIopWG June 2023

F ] m,,, T tot (stat + syst + theo) Ref.

total sta

o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV 172.9 *23 1]
CMS, 7+8 TeV 173.8 7y 2]
CMS, 13 TeV —— 169.9 57 (0.1£1.5 55) 3]
ATLAS, 13 TeV 173.1 20 4
LHC comb., 7+8 TeV 173.4 58 5]
o(tt+1j) differential, NLO
ATLAS, 7 TeV 173.7 57 (1.5 + 1.4 §5) 6]
CMS, 8 TeV (*) —t—e 169.9 57 (1.1 57 76 7]
ATLAS, 8 TeV 171.1 55 (0.4 £0.9 %) 8]
CMS, 13 TeV 172.9 %3 (1.3 7)) 9]
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV 1732+1.6(09+08+12) [0
CMS, n=3, 13 TeV o 170.5 + 0.8 [11]

m,,, from top quark decay
CMS, 7+8 TeV comb. [10]
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[8] JHEP 11 (2019) 150

[9] arXiv:2207.02270
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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.)

New lepton-jets measurement and combination with earlier di-lepton N SN
channel in low PU runs at 5.02 TeV + 1.1 (lumi.) + 0.2 (beam) pb

Excellent precision reached with small dataset of 0.26 b In excellent agreement with the NNLO-NNLL TOP++ prediction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030

Single-top production Cross Sections
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More Intricate Processes and Top Properties




Four top Production at LHC

0. :=12.0+2.4 fb

*: normalised to total Bkg.
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http://cdsweb.cern.ch/record/2759644/files/ATLAS-CONF-2021-013.pdf

Four top Production Observation!

(Independent) Observation by ATLAS and CMS of 4 top production!
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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:
d > > u I Definition of a 3D
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U - > d b q
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

Top Polarisation in Single Top production

EFT Wilson coefficients for anomalous Dim. 6 tW coupling

Differential cross sections in cos 6, and cos 6, unfolded to CP conserving and CP violating are fit simultaneously to the

particle level are also measured. unfolded differential cross section measurements.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

Top Pair Associated Production

Very important ancillary measurements for many Higgs measurements (e.g. ttH ML) and searches!

ATLAS+CMS Preliminary

LHCtopWG
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Cmeas T+ (Stat.) + (syst.) ‘Ota'l stat. |
-1
0.89 +£0.05 £ 0.07 pb [ ATI—AS’ Lint= 140 fb
ttw ATLAS-CONF-2023-019°
0.87 +0.04 + 0.05 pb ] CMS, L _=138.0fb
arXiv:2208.06485
0.99 + 0.05 + 0.08 pb :  —t—————i ATLAS, L =139 fb"
ttZ : EPJC 81 (2021) 787 _
0.95 + 0.05 + 0.06 pb : ey CMS, L_=775fb
E JHEP 03 (2020) 056
- _1 .
t 0.0396 +0.0008 *%9%8 pb x 20 - ATLAS, L =139 o™, Vis 1
tt'Y+tWY eu 0.0022 P I—;I-'-I—I HER 00 (2(|)n50) 19
i 0.175 + 0.003 + 0.006 pb x 5 : p—iomt—i CMS, L =138fb", Vis 2
t{Y dilepton - JHEP 05'25022) 091
tty l+jets 0.798 + 0.007 + 0.048 pb M CMS, L_=137fb", Vis 3
: JHEP 12 (2021) 180 *preliminary
] ] ] l ] ] ] | ] ] ] | ] ] | ] ] ] ] ] ] | ] ] ] | ]
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Gy [PD]

Associated production with a photon sensitive to the top quark charge.

Different processes ttW
ISR only and tty (ISR and
FSR)



Top Associated Production

o1

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)

o | | | | | I | | I | | | | | | | | | I | | I | ,.‘Q 200
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120 Post-Fit “/.Uncertainty i | Post-Fit [ HFel [JQMisID | —a— CMS (22
[ ‘ I titt []Other — -1 ( 0806485)
__ E : i __ : W it : \s =13 TeV, 140 fb
o0 g g § ; _ ik Stat. + Syst. — Stat. only
sof 5 i 5 5 - 100~ R
\ : Y : - -
- ' 77 - i i - ;
60} ' : :
: — NLO+NNLL 5 T M
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sepiiissgsddisspditsesiil A5 9y Gezy s, o(ftW) [fb]
ee m eu ue
consistent at 1.50 with theory calculation 5 = 890 + 50 (stat) + 70 (svst) fb
+70 W
o7y = 12272¢ (scale) £7 (PDF) fb  IHEP11(2021) 029 9% relative uncertainty



Single Top Associated Production

ATLAS+CMS Preliminary _
LHCIOPWG Vs = 13 TeV, June 2023
D Oy x5 =102"3(tot.) fox 5 S Oy x5=94"tot) fox 5 0, =515"4(tot) fb G x5 =81 4(tot.) fox 5 D opzx2=136"gtot.) fox 2
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Oeas - (Stat.)£ (syst.) t°ta'l stat. | | I
97+13+7fbx5 H———a——H ATLAS, L _=139 fb’
: JHEP 07 (2020) 124
tZg _ )
88 "% "lfbx5 iy CMS, L =138 b
: JHEP 02 (2022) 107
688+ 23 "3 fb E e ATLAS, L_=1391b", Vis 1
_ : arXiv:2302.01283
tqy _ N
115+ 17+ 30 fox 5 —_— — CMS, L_=361fb", Vis 2
- PRL 121 (2018) 221801
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: CMS-PAS-TOP-22-008*
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Rare single top production

i i i i t
Rare single top process observation S-channel single top production
. More challenging at higher energies to the W
tq } Single-top quark and a photon smaller relative increase w.r.t. top pairs
q/
_, A
Powerful probe of top-EW Lowest cross-section measurement of all single-top processes!
coupling (and constraints Same sensitivity as Run 1 with 7 times more data!
on new physics) o | | | | 1. ¢ | l | | :
g | ATLAS  Preliminary ¢ data 4 @ 600 e Data - background ATLAS Preliminary
1L - (s=13TeV, 139 fb s-channel ] @ | signal ls=13TeV, 139 fb -
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2000t = 1fj SR W wy +jets [Zy +ijets — 72 Uncertainty . 300[— / /é W JetS land top
_ _ 1800:— Post-Fit Be—7y [l Other prompt y A 10000 _ E 7 mOdelhng
Search in the semi- 1600F- M-y  [Fakeleptons - ] 2001 |~ / ( .
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- : 1 7 / - 1 and resolution
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3 E Matrix Element Probability for a given 3.30 Observed (3.9 o expected)
a 1.05E event X to be a signal event S P(S|X)
g & Prediction at NLO QCD
S 0.95F :
0O e Measurement dominated by

- +3 SM _
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-031
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/

Top FCNC Decays

Looking for top quarks going against the current! ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS  pigiiminary
_ _ , — - LHCIopWG [1] arXiv:2208.11415 2] PRL 129 (2022) 032001

[3] arXiv:2205.02537 (LH) 4] OMS-PAS-TOP-21-013"
June 2023 1] EP‘P 82 (2022) 334 (LA) [6] JHEP 02 (2017) 028
[7] arXiv:2301.11605 (LH) 18] OMS-PAS-TOP-17-017*
Each limit assumes that [9] JHEP 07 (2017) 003
%, ' . , all other processes are zero Theory predictions —SM [ 12HDM(FV) E2HDM(FC)
(55 O ) ~ from arXiv:1311.2028 MSSM[ZJRPV RS

1]

t—Hc

. | . 2
: . [1]
ATLAS Physics Briefing SHU '
3] |
Rare top quark decays include CKM suppressed 2- t=ye 4
body Ws(d) or N-body decays, FCNC) FCNCs are 3
t—yu
greatly suppressed but could also be strongly 4
enhanced due to BSM physics! tgc ol
[6]
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t—gu o
71
_ _ t—Zc 8]
t e KL 7
t—Zu NSRS
| 1l L L L L L L I |\ \ l N 0e%e%e%¢ I L ‘._I'. L L |[gl
107'° 10777 107" 107 107 107

Branching ratio


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

= S A A A A AR AR RS- W bosons and investigating those tau decays
: sl ATLAS Preliminary ¢ Data - to muons (from their impact parameter).
S s =13 TeV, 139 fb™ Prompt u (top) =
> Signal Region Bt — u (top) N
c eu, 20<p'<250 GeV u (hadron decay) 3 o . —_g— LEP (Phys.Rept. 532 119)
2 Post-Fit | WZ - - ATLAS Preliminary ATLAS - this result
[ Other SM processes Vs =13 TeV, 139 ' | Statistical Error
10 7 Uncertainty : T et S
102 _ H——
_ : —_——-—-— e e
10 :

: 1 ..|...i...|...|...|...|...|
® 1.05 ’ 0.98 1 1.02 1.04 1.06 1.08 1.1
- 1 B % //-/////-//////////%////%///(%////%///%////%//// ' R(t/u)=BR(W—1v)/BR(W—uv)
% 0.Ogglllllllll|IIIIIlllllllllllIIIIlIIIlIIIlIlIIIIIIII
A 0 005 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 05

Id';I [mm]


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
qg — tt in the interference between the s-channel lowest level diagram and the box. The effect grows with the
invariant mass of the #f system.

0.07¢ _

< 0.065—- NNLO QCD + NLO EW AITLAS Préliminarg

0.05 §_- Powheg+Pythia8 \s =13 TeV, 139 fb™ _E

14”T = N(A 4 > O) _ N(A Y < O) 0.042— ¢ Data (stat./total) =
3 © N y|>0) + NA|y| <O0) .03
E 0.02F
) 0.01F

Alyl = ly:| = |yl Oz_i__‘__},

~0.01E-
-0.02F

005560 l[500,750] I[750,10001 I[1000,1500]l 1500

y m; [GeV]

Effect observed at the 4 s.d. level Ac = 0.0060 = 0.0015



https://atlas.cern/updates/briefing/evidence-charge-asymmetry-top-quark-pairs

Top Exclusive Production

CMS central detector Roman Pots
LHC sector 56 T L LR : : . :
=l & OIS Example of exclusive measurement in pp collisions with
S [ /| | ToLs rots - rols > . . . . . .
g I 1S ool R, g e e e _
G e e ool ol ol tagged protons in high luminosity running using CT-PPS
osserm o — (CMS-TOTEM Precision Proton Spectrometer)
sector 45 | . 215'078m215.71m o1 o
(not to scale) >
CMS-TOTEM preliminary 29.4 fb™ (2017, 13 TeV)
S 107 29.4fb'1(13TeV) L Y N L B L B B
C ECMS-TOTEMPre'fmmafy + dat j With discrimination form the
0 10° &~ +iets channel I ttbar _ :
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104'5_ — — \/ E
My 56162 5
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R R R R .,..;iﬁ This process is sensitive to o oheorves
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84 06 08 1 12 14 mx1 o the top quark. 1 2 ; o CE . 5 [pb;s
° f

Y=



Global PDF Fit
Putting Everything Together...




Cross Section Measurements

Standard Model Production Cross Section Measurements Status: February 2022

Vast number of :
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CMS preliminary

Cross Section Measurements

Overview of CMS cross section results

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

inelastic 7 Tev Phys. Lett. B 722 (2013) 5 . a(inelastic) = 6e+10 fb
inelastic 13 TeVv JHEP 07 (2018) 161 | o(inelastic) = 6.8e+10 fb
Jet 7 TeV PRD 90 (2014) 072006 ®  o(et) = 42e+09 fb
14 7 TeV PRD 84 052011 (2011) W= 0(y) = 4e+07 fb
w 2.76 TeV  PLB 715 (2012) 66 il o(W) =35e+07 fb
w 5.027TeV  SMP-20-004 I o(W)=6.8e+07 fb
w 7TeV 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 i o(W) = 1.9e+08 fb
z 2.76 TeV  JHEP 03 (2015) 022 | o(2) =8.9e+06 fb
z 5.027TeV  SMP-20-004 | 0(2)=2e+07 b
z 7 TeV JHEP 10 (2011) 132 } 0(2) = 2.9e+07 fb
z 8 TeV PRL 112 (2014) 191802 § 0(2) =3.4e+07fb
z 13TeV  SMP-20-004 i1 0(z) = 6e+07 fb
z 13.6 eV  SMP-22-017 I 0(2) = 6e+07 fb
wy 7 TeV PRD 89 (2014) 092005 il O0(Wy) = 3.4e+05 fb
Wy 13TeV  PRL 126 252002 (2021) # o(Wy) =1.4e+05fb
zy 7 TeV PRD 89 (2014) 092005 #  0(Zy) = 1.6e+05 fb
zy 8 TeV JHEP 04 (2015) 164 ¥ 0(Zy) = 1.9e+05 b
ww 5.02TeV  PRL127 (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 M o(WW) = 6e+04 fb
ww 13TeV  PRD 102 092001 (2020) ¥ o(WW) = 12e+05fb
wz 5.02TeV  PRL127(2021) 191801 P ¢ 0(W2) = 6.4e+03 fb
wz 7 TeV EPJC 77 (2017) 236 B oWwz) =2e+041b
wz 8 TeV EPJC 77 (2017) 236 B o(Wz) =24e+04 b
wz 13TeV  JHEP 07 (2022) 032 ¥ o(WZ)=5.1e+04fb
7z 5.02TeV  PRL127(2021) 191801 N 0(Z2) = 5.3e+03 fb
7z 7 TeV JHEP 01 (2013) 063 B 0(z2) =62e+03fb
zz 8 TeV PLB 740 (2015) 250 # o(z2)=77e+03fb
zz 13TeV  EPJC 81 (2021) 200 § 0(Z2)=17e+04fb
A 13TeV  PRL 125151802 (2020) B oWV = 1e+03 fb
www 13TeV  PRL 125 151802 (2020) il o(WwWW) = 5.9e+02 fb
wwz 13TeV  PRL 125151802 (2020) B o(wwz) = 3e+02 fb
c wzz 13TeV  PRL 125 151802 (2020) S  o(WZZ) = 2e+02 fb
8 777 13TeV  PRL 125 151802 (2020) 0(222) < 2e+02 fb
& Wvy 8 TeV PRD 90 032008 (2014) a(WVy) < 3.1e+02 fb
= wwy 13TeV  SMP-22-006 alls owwy) =6fb
* Wyy 8 Tev JHEP 10 (2017) 072 m=l o(Wyy) =49fb
Wyy 13TeV  JHEP 10 (2021) 174 milis  o(Wyy) =14fb
Zyy 8 TeV JHEP 10 (2017) 072 = ozyy=13f
Zyy 13TeV  JHEP 10 (2021) 174 Ml oZyy) =541
VBF W 8 TeV JHEP 11 (2016) 147 mll= o(VBF W) = 4.2e+02 fb
VBF W 137eV  EPJC 80 (2020) 43 B O(VBF W) = 6.2e+03 fb
VBF Z 7 TeV JHEP 10 (2013) 101 mull§s  o(VBF 2) = 1.5e+02 fb
VBF Z 8 Tev EPJC 75 (2015) 66 mll= o(VBF 2) = 17e+02 fb
VBF Z 13TeV  EPJC 78 (2018) 589 M O(VBFZ) =53e+02fb
EWWV  13TeV  PLB 834 (2022) 137438 ol o(EWWV) = 1.9e+03 fb
ex. yy->WW8 TeV JHEP 08 (2016) 119 S o(ex. yy-WW) =22fb
EW qqWy 8 TeV JHEP 06 (2017) 106 == O(EW qaWy) = 11 fb
EWqgqWy 13TeV  PRD 108 032017 il Oo(EW qaWy) = 24 b
EWosWW 13TeV  PLB 841 (2023) 137495 Ml o(EW0os WW) = 10 fb
EW ss WW 8 TeV PRL 114 051801 (2015) S  O(EW ssWW) =4 fb
EWssWW 13TeV  PLB 809 (2020) 135710 =i O(EWssWW)=4fb
EWqgZy 8 TeV PLB 770 (2017) 380 mEE o(EWqaZy) = 1.9 fb
EWqaZy 13TeV  PRD 104 072001 (2021) i o(EW qazZy) =521fb
EW qqWZ 13 TeV PLB 809 (2020) 135710 =l O(EW qqWZ) = 1.8 fb
EWqgqZZ 13TeV  PLB 812 (2020) 135992 Bl o(EWqqz2) =033 fb
tt 5.02TeV  JHEP 04 (2022) 144 B oty =63e+04fb
tt 7 TeV JHEP 08 (2016) 029 b o(tt) = 1.7e+05fb
tt 8 Tev JHEP 08 (2016) 029 B oltt) = 2.4e+05 fb
tt 13TeV  PRD 104 (2021) 092013 B o(tt) = 7.9e+05 fb
tt 13.6 TeV  Submitted to JHEP b o(tt) =8.8e+051b
te-cn 7 TeV JHEP 12 (2012) 035 B olte_c) =6.7e+04 fb
te-cn 8 TeV JHEP 06 (2014) 090 W o(t-cn) = 8.4e+04 fb
te-cn 13TeV  PLB 72 (2017) 752 Ml olte_cn) =23e+05 b
tw 7Tev PRL 110 (2013) 022003 Bl ottw) = 1.6e+04fb
tw 8 TeV PRL 112 (2014) 231802 Bl o(tw) =23e+04 b
tw 13TeV  JHEP 10 (2018) 117 = o(tW) = 6.3e+04 fb
ts—cn 8 TeV JHEP 09 (2016) 027 « millll o) = 1.3e+04fb
tty 8 Tev JHEP 10 (2017) 006 e o(tty) = 3.5e+03 fb
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) = 87e+02fb
ttz 7 TeV PRL 110 (2013) 172002 = I o(tt2) = 2.8e+02fb
ttz 8 TeV JHEP 01 (2016) 096 Sl o(tt2) = 2.4e+02 fb
ttZ 13TeV  JHEP 03 (2020) 056 o o(ttZ) = 9.5e+02 fb
ty 13TeV  PRL 121221802 (2018) afllm oty =1.1e+03fb
ttw 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 . miills  o(twz) = 37e+02fb
tett 13TeV  Submitted to PLB = ottt = 18 fb
ggH 7Tev 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) § olggH) = 4.7e+04 fb
VBFqgH 7 Tev EPJC 75 (2015) 212 EIE 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 IEE o(vH) = 1.1e+03fb
WH 13TeV  Nature 607 60-68 (2022) + l  o(WH) = 2e+03 fb
ZH 13TeV  Nature 607 60-68 (2022) il o(zH) = 1.1e+03fb
ttH 8 TeV EPJC 75 (2015) 212 - Bl o(ttH) = 42e+02 fb
ttH 13TeV  Nature 607 60-68 (2022) B o(ttH) = 47e+021b
tH 13TeV  Nature 607 60-68 (2022) ' Ml o(tH) = 5.3e+02fb
HH 13TeV  Nature 607 60-68 (2022) _ o(HH) < 1.1e+02 fb
1

1.0e-01

1.0e+01

1 1
1.0e+03 1.0e+05

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 preliminary

CMS X+)ets cross section results
3ub~1-138 b1 (2.76,5.02,7,8,13,13.6 TeV)

vi 7 Tev JHEP 06 (2014) 009 . 0(yj) = 8e+06 fb 2 b1

w 2.76 TeV  PLB 715 (2012) 66 sl (W) = 3.5e+07 fb 231 nb?
w 5.02TeV  SMP-20-004 I o(W) = 6.8e+07 fb 298 pb~!
w 7Tev JHEP 10 (2011) 132 & o(W) = 9.5e+07 fb 36 pb~?!
w 8 TeV PRL 112 (2014) 191802 i o(W)=1.1e+08fb 18 pb~?t
w 13 Tev SMP-20-004 i o(W) = 1.9e+08 fb 201 pb~?
Wj 7 Tev PLB 741 (2015) 12 §  o(Wj) = 4.8e+05fb 5 fb~!
wj 8 TeV PRD 95 052002 (2017) W o(Wj) = 6.3e+05 fb 20 fb~t
wj 13 TeV PRD 96 (2017) 072005 = owj=11e+06 b 2 fb~1
w2j 7 Tev PLB 741 (2015) 12 B  ow2)=96e+041b 5 fb~1
W2j 8 Tev PRD 95 052002 (2017) W o(W2)) = 1.3e+05 fb 20 fb~t
W2j 13 Tev PRD 96 (2017) 072005 B o(w2j) =24e+05 b 2 bt
W3j 7 Tev PLB 741 (2015) 12 B oWwsj)=17e+04fb 5 fb~!
W3j 8 TeV PRD 95 052002 (2017) - 0(W3)) = 2.4e+04 b 20 fb~t
w3j 13TeV  PRD 96 (2017) 072005 B o(W3)) =5e+04fb 2 fb~1
W4j 7 Tev PLB 741 (2015) 12 =l o(W4j) =2.9e+03 b 5fb~1
wj 8 Tev PRD 95 052002 (2017) = 0(Wj) = 4.6e+03 fb 20 fb~1
W4j 13 TeV PRD 96 (2017) 072005 ol o(W4j) =1.1e+04fb 2 bt
WS5j 7 Tev PLB 741 (2015) 12 BE oWws) = 4.5e+02 fb 5 fb1
WS5j 8 TeV PRD 95 052002 (2017) = o(W5)) = 7.8e+02 fb 20 fb~t
W5j 13 Tev PRD 96 (2017) 072005 =l o(W5)) =2.8e+03 fb 2 fb!
W6j 7TeV PLB 741 (2015) 12 s owej) =671 5 fb~1
Wej 8 TeV PRD 95 052002 (2017) s 0(W6)) = 1.2e+02 fb 20 fb~?
wej 13TeV  PRD 96 (2017) 072005 =l o(W6j) = 5.9e+02 fb 2 bt
Wc 7 Tev JHEP 02 (2014) 013 B o(Wo) =1.1e+05fb 5fb~t
Wc 8 TeV EPJC 82 (2022) 1094 = 0o(Wc) = 1.2e+05 fb 20 fb~1
Wc 13TeV  Submitted to EPJC = o(Wc) = 1.6e+05 fb 138 fb~?t
w2b 7TeV PLB 735 (2014) 204 mEm  o(W2b) =5.3e+02fb 5 fb~?
W2b 8 TeV EPJC 77 (2017) 92 wmflm  0(W2b) = 62e+02 fb 20 fb~t
z 2.76 eV JHEP 03 (2015) 022 B 0(2)=8.9e+06 fb 5 pb~t

z 5.02 TeV  SMP-20-004 I 0(2) = 2e+07 fb 5 pb~!

z 7 Tev JHEP 10 (2011) 132 ¥ 0(2) =2.9e+07 fb 36 pb~!
z 8 TeV PRL 112 (2014) 191802 4 0(2)=34e+07fb 18 pb~t
z 13 Tev SMP-20-004 i1 0(2) = 6e+07 fb 201 pb~?!
Zj 7 TeV PRD 91 (2015) 052008 B o@)=61le+04fb 5 fb~!

Zj 8 Tev JHEP 04 (2017) 022 & 0(Z) =7.6e+04fb 20 fb~t
Zj 13TeV  EPJC 78 (2018) 965 B 0(Zj) = 1.3e+05fb 2 b1
22j 7 Tev PRD 91 (2015) 052008 w@  0(22)) = 1.3e+04 fb 5fb~1
22j 8 Tev JHEP 04 (2017) 022 # 0(22)) = 1.6e+04 fb 20 fb~1
22j 13 Tev EPJC 78 (2018) 965 B 0(Z2) = 2.8e+04 fb 2 bt
Z3; 7 TeV PRD 91 (2015) 052008 i 0(Z3j) = 2.5e+03 fb 5fbt
Z3j 8 TeV JHEP 04 (2017) 022 —ul  0(Z3j) = 3e+03 fb 20 fb~t
Z3j 13TeV  EPJC 78 (2018) 965 W 0(Z3)) = 6e+03 fb 2 fb~1
z4j 7TeV PRD 91 (2015) 052008 —]  0(24)) = 4.7e+02fb 5 fb~1
Z4j 8 Tev JHEP 04 (2017) 022 =gl 0(Z4)) = 5.8e+02 fb 20 fb~t
Z4j 13 TeV EPJC 78 (2018) 965 i 0(Z4)) = 1.3e+03fb 2 bt
Z5j 7 Tev PRD 91 (2015) 052008 —— 0(Z5)=791b 5 fb1
75 8 TeV JHEP 04 (2017) 022 - mjl  0(Z5)) = 1.1e+02 fb 20 fb~t
Z5j 13 TeV EPJC 78 (2018) 965 =il 0(Z5) = 32e+02 fb 2 fb~1
Z6j 7Tev PRD 91 (2015) 052008 —— e 0(26]) = 12D 5 fb~t
Z6j 8 TeV JHEP 04 (2017) 022 =l 0(26j) = 17 fb 20 fb~1
Z6j 13 TeV EPJC 78 (2018) 965 ol 0(Z6)=45fb 2 b1
77 13TeV  JHEP 04 (2017) 022 =l 0(Z7)=23fb 20 fb~?
Zc 8 TeV EPJC 78 (2018) 287 = 0(Zc)=88e+03fb 20 fb~t
Zc 13TeV  JHEP 04 (2021) 109 B+ 0(Zo)=14e+04fb 36 fb~?
Z1b 7 Tev JHEP 06 (2014) 120 B 0(Z1b) = 3.9e+03 fb 5fbt
Z1b 8 TeV EPJC 77 (2017) 751 = 0(Z1b) = 3.6e+03 fb 20 fb~t
Z1b 13Tev  PRD 105 (2022) 092014 M= 0(Z1b) = 6.5e+03 fb 137 fb!
Z2b 7 Tev JHEP 06 (2014) 120 mmfl  0(Z2b) = 3.6e+02 fb 5fb~t
Z2b 8 TeV EPJC 77 (2017) 751 e 0(Z2b) =3.3e+021b 20 fb~1
Z2b 13TeV  PRD 105 (2022) 092014 o= 0(Z2b) = 6.5e+02 fb 137 fo!
Wy2j 13 TeV Accepted by PRD W o(Wy2j) = 1.1e+02 fo 138 fb~t
Zy2j 13TeV  PRD 104 072001 (2021) W o@y2) =15 137 fo~!
WZz0j 8 TeV EPJC 77 (2017) 236 B owzo) =59fb 20 fb~t
wzj 8 TeV EPJC 77 (2017) 236 B owz)=19f 20 fb~?
wz2j 8 TeV EPJC 77 (2017) 236 Il o(Wz2)=7.7fb 20 fb~t
Z20j 8 Tev PLB 789 (2019) 19 = 0(zZ0j) =16 fb 20 fb~1
Z20j 13 TeV SMP-22-001 i o@zo)=27fb 138 fb~!
zzj 8 TeV PLB 789 (2019) 19 = o0(zz)=32fb 20 fb~?
z7j 13 TeV SMP-22-001 B o0zz)=73f 138 fb~!
272§ 8 Tev PLB 789 (2019) 19 = 0(z22) =08 fb 20 fb~t
222j 13 TeV SMP-22-001 Ml 0(zz2) =3.41b 138 fb~t
273j 8 Tev PLB 789 (2019) 19 S — (723} = 0.14fb 20 fb~?
773j 13TeV  SMP-22-001 =l o@Zz3)=2f 138 fb~!
ttoj 13TeV  PRD 95 092001 (2017) B o(tt0) = 9.7e+04 fb 2 fb~1

ttj 13TeV  PRD 95 092001 (2017) | olt) = 7.7e+04 fb 2 fb~1
tt2j 13 TeV PRD 95 092001 (2017) il  o(tt2)) = 3.6e+04 fb 2 bt
tt3j 13TeV  PRD 95 092001 (2017) = o(tt3)) = 1.3e+04 b 2 fb~t
tt4j 13 TeV PRD 95 092001 (2017) — 0(tt4)) = 5.9¢+03 fb 2 b1
tt2c 13TeV  PLB 820 (2021) 136565 = o(tt2c) = 8e+03 fb 42 b1
tt2b 13Tev  PLB 820 (2021) 136565 =gl o(tt2b) = 4.1e+03 fb 36 fb~!
HOj 13 TeV PLB 792 (2019) 369 =l oH0) =471 36 fb~!
Hj 13TeV  PLB 792 (2019) 369 B otH)=11f 36 fb~?
H2j 13 TeV PLB 792 (2019) 369 o(H2j) = 3.5fb 36 fb~!
H3j 13TeV  PLB 792 (2019) 369 IS  oH3) =18fb 36 fb~?
Ha4j 13TeV  PLB 792 (2019) 369 I oH4) =12fb 36 fb?
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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 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 ——

. ATLAS Q*=1.9 GeV? x = 0.023
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R,
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

