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Introduction: a brief history of the Standard Model (up to 2024)

1954 Yang & Mills gauge theory of strong interactions. v | 92 evens
. . . . . . o \ QCD - background Lo
1956 M.me Wu parity violation in weak interaction. g o FHE pose
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1961 Glashow combined the electromagnetic and weak 7T s e B TN AN TER
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1967 Weinberg & Salam incorporated the Higgs mechanism into - / A ’ 24\ PR\ Bt il
electroweak interaction giving it its modern form S A e ee XY L1 i e

1973 discovery of neutral currents from the Z at CERN

1983 discovery of the W and Z bosons at CERN

1989-2000, 11 years of electroweak precision tests at LEP

1995 top quark discovery @ Fermilab 'jJ'\)

2012 Higgs boson discovery @ CERN |

H
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Phenomenology of SM measurements at colliders: the initial state

L HC p-p collisions /s = 13 TeV (Run 1) and 13.6 TeV (Run I1l) Up to 63 simultaneous

collisions/event

JLdt = =~137/fb (Run Il) + ~100 /fb (Run Il by 2024)
Aiming at >300 fb-1 (Run2+Run3) by the end of 2025
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HL: High-Luminosity Y We are here
LS: Long Shutdown




at the LHC the QCD dominates the initial +

-\W appears everywhere: modelling, tuning...

we need great experimental performances and accurate simulation to reach precision!

EW+QCD radiation
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particle reconstruction and measurement —Cross
section =-SM couplings, SM parameters....




single boson

Mmultiboson
W;(PH Wf(k+
Zp(po) Zr:(kO)

e test of the SM: measurement of key parameters & P

e at the heart of the EW theory: Mw, sin® Oy A

e rare W/Z decay sensitive to new physics via loop

e test of the non-abelian nature of the

/

e powerful test of pQCD:

PDF, scale, strong
coupling

e heavy flavour content of

-\W Interaction the proton

e anomalous gauge couplings experimental contrains

e rare SM processes like WZy, WWZ

e main background of

several Higgs chan

nels +

neavy particle searches,

e critical for higgs physics and searches neavy fermions, susy...



disclaimer!

Standard Model results at the LHC means a huge collection of

extraordinary experimenta
amazing scien

results including
tific achievements are available!

VBS, Higgs, top... a lot of

what comes next

most recent W/Z resu

IS... My persor

s a

al overview of the

13 and 13.60

e\ from ATLAS and CMS

you can have a look at the full gallery of results
from the two experiments here:

M http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html

) https://twiki.cern.ch/twiki/bin/view/Atlas

ATLAS

Public/WebHome#Recent Results A@
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html

14 years plot of Standard Model Physics at CMS

CMS

https: //arX|v orq/abs/2405 18661

Stairway to discovery: a report on the CMS programme of
cross section measurements from millibarns to femtobarns

The CMS Collaboration

!
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95% CL limit at 7
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ATLAS version: https://arxiv.org/abs/2404.06829




Standard Model results with ATLAS and CMS

single boson properties precision measurements

multiboson, couplings & polarization
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W boson mass, width and momentum with ATLAS

‘A/i —> fil/bﬂ
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» After the CDF claim (7o away from

the SM), re-analysis of 7 TeV data
motivated by large discrepancy in
CDF measurement

» Separate measurement of the W

mass and width (first measurement
at the LHC)

* Precision transverse momentum
measurement in a dedicated study

v
0"
¢ . o
oo

* Extended improvements on PDF,
theory predictions, momentum
calibration...

arXiv:2404.06204 , arXiv:0901.0512 11



https://cerncourier.com/a/cdf-sets-w-mass-against-the-standard-model/

arxiv:2404.06204

W boson mass, width and momentum with ATLAS - Xiv.0001 0515
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_____________ . | vl | - ... I |
LEP Combination : DELPHI T :
Phys. Rep. 532 (2013) 119 A TLAS ; -. : ® - Eur. Phys. J. C 47 (2006) 309 A : LAS : — o —
m,, = 80376 + 33 MeV L | : I, = 2404+ 173 MeV g y :
(s=7TeV,46f" | (s=7TeV, 461
------------------------------------------------ i ol B T OPAL : - . ==
DO (Run 2 ] Eur. Phys. J. C 47 (2006) 309 : ;
Phys.(Rev. Lett). 108 (2012) 151804 : -. @ == Iy =1996 £ 140 MeV
m,, = 80375 + 23 MeV K :
! : L3 . . [ . [
o : Eur. F;qyg,oi. 1044217 M(2806) 309 : ;
| : r = + e : :
CDF (Run 2) ]! : w
Science 376 (2022) 6589 Ll e ALEPH
— 80434 + 9 MeV ] : :
Mw ¢ | Eur. Phys. J. C 47 (2006) 309 : : W ® u
____________________________________________________________ :___;________‘____________________ r, =2140+ 108 MeV : :
LHCb 2021 : L Combination : :
JHEP 01 (2022) 036 : e m Phys. Rep. 532 (2013) 119 : : = @O =
mW=80354i32 MeV . : : FW=2195i83 MeV . f
| DO s
ATLAS 2017 Py t ! - : Phys. Rev. Lett. 103 (2009) 231802 : E @ &
Eur. Phys. J. C 78 (2018) 110 gasuremen e . I, =2028+72MeV :
m,, = 80370 + 19 MeV 1 : w @® Measurement :
Stat. Unc. ] CDF Stat. Unc. :
: V] Phys. Rev. Lett. 100 (2008) 071801 m o m
ATLAS 2024 .Total Unc. : | : r, =2032+72MeV .Total Unc. :
This work - 'y = [ - - e Sl ettt ittt
m =~ 80367 + 16 MeV LI SM Prediction 1 - : ATLAS 2% SM Prediction :
: Lo : This work : nOn
_________________________ I ' I, = 2202+ 47 MeV : i

I i |
80400 1500 2000 2500

my =80366.5 + 15.9 MeV ['w=80366.5+ 15.9 MeV

12



arxiv:2404.06204
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W boson mass, width and momentum with ATLAS
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W boson mass, width and momentum with ATLAS - Xiv.0001 0515
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Electroweak mixing angle with CMS

a puzzling past:
- Two most precise measure

- Latest CDF-ll mW has signi

- models that describe CDF

at the heart of the Standard Model ‘SlIl 6’

ments from LEP & SLC differ by ~ 30.
flcant tension

MW prefer lower (SLD) values

= (1 —m%/m

at the LHC the effective mixing angle (leptonic) is

measured using DY events in
do

dcos d

App = 3A,/8 — sin’ 07,

1
~ 14 cos” 0+ —Ay(1
2

Improvements:

the Collin-Soper frame

— 3 cos*60) + A, cos O

Data - Fit

- electrons reco outside tracker acceptance || < 4.36
- rapidity-dependent: no ambiguity in quark direction

- unfolded A4 also measured
Signal generated with

POWHEG MINNLO + Pythia8 + Photos; NLO weak + universal HO corrections

@
=
<C

0.2

arXiv:2408.0/622

CMS 59 b (2018, 13 TeV)
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Electroweak mixing angle with CMS X408.07625
023155 +0.00004
LEpAY [ 7 T g ~ T 7 ] 023099 +0.00053
LEPP. | | 023150 + 0.00041
LEP A | -— | 0.23221 + 0.00029 CMS 138 fb! (20162018, 13 TeV)
LEP A | - | 0.23220 +0.00081 CTigX |~ =
LEP Q2 - . | 02324 +0.0012 CTieA | == - AL
SLD A’ B —— | 023008 +0.00026 CHsz | - e - Agg (n0-prof)
B S P11 L B B S— o
0 1 0 Tev _ 023095 £0.00040  nppRag [ T g
ATLAS 7 TeV : o 0.2308 =+0.0012 NNPDF31 ==
LHCb7+8TeV : ' ‘ : 023142 +0.00106 023 023 sin2g? 0.234
CMS8 TeV —o0 0.23101 = 0.00053 eff
omsrztey [ ] s 00003
0.229 0.23 0.231 0.232 0.233 0.234
sin®e’

most precise at hadron colliders and comparable to LEP and SLD precision

sin? «957 = 0.23157 +0.00010 (stat) +0.00015 (syst) + 0.00009 (theo) + 0.00027(PDF)



CMS: PLB 842 (2023) 137563
ATLAS: Phys. Lett. B 854 (2024) 138705

Measurement of the Z invisible width



http://dx.doi.org/10.1016/j.physletb.2022.137563
https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub
http://dx.doi.org/10.1016/j.physletb.2022.137563
https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub

CMS: PLB 842 (2023) 137563

Measurement of the Z invisible width L AS: P Lot B fea

SM E | | | | | | | | | | | | | | | | | I | | | | | | |
1450 + 48 MeV ATLAS ot ol W Syt | M

Ys=13TeV, 37 fb”
LEP Lineshape 499.0 £+ 1.5 MeV

1498 4+ 17 MeV

498 + 17 MeV

1539431 MeV | : 539 31 MeV

450 + 48 MeV

{523 + 16 MeV
1(13TeV 36.3 fb~1)

_|||||||||||||||||||||- . 506 + 13 MeV

400 450 500 550 600 | l ] | I | ] | ] I ] ] l ] I ] l ] | | | ] ] | | ]
['o (MeV) 350 400 450 500 550 600

[(Z—inv) [MeV]

523 + 16 MeV

use the monojet dark matter strategy as a way to make a precision SM measurement
-jets) B(Z — vi)
-jets) B(Z — £4)

first measurement of the Z invisible width at any hadronic collider

both ATLAS and CMS reach LEP’s level of precision

['(Z — ¢0)



http://dx.doi.org/10.1016/j.physletb.2022.137563
https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub

CMS: PLB 842 (2023) 137563
ATLAS: Phys. Lett. B 854 (2024) 138705

Systematic Uncertainty Impacton I'(Z — inv) in[MeV ] in [%]
S f ; ; . % Muon efliciency 7.4 1.5
ource o SyStematlc uncertalnty Uncertalnty ( O) Renormalisation & factorisation scales 5.9 1.2
Muon identification efficiency (syst.) 2.1 Electron efficiency 4.9 1.0
]et energy scale 1.8=1.9 Detector correction 4.4 0.9
! . . .. ) CD multijet 3.2 0.6
Electron identification efficiency (syst.) 1.6 gmiss S 51 05
. . (o . .« e - T ’ '
Electron identification efficiency (stat.) 1.0 Z(— pu)+jets misid. lepton estimate 1.9 0.4
Pﬂeup 0.9-1.0 Jet energy resolution 1.6 0.3
Electron trigger efﬁciency 0.7 W (— {v)+jets normalisation 1.5 0.3
£ o Pile-up reweighting 1.5 0.3
Ty yeto ciicaency . 0.6-0.7 Non-collision background estimate 1.3 0.3
pT > trigger efficiency (jets plus p7"*° region) 0.7 Jet energy scale 1.3 0.3
pT>° trigger efficiency (Z/v* — puu region) 0.6 y'-correction | 1.0 0.2
Boson pr dependence of QCD corrections 0.5 Z(— ee)+jets misid. lepton estimate L9 02
. Luminosity 1.0 0.2
] et .enel”gy resolution 0.3-0.5 Parton distribution functions + a 0.7 0.1
p1 > trigger efficiency (i +jets region) 0.4 [(Z — ¢0) 0.5 0.1
Muon identification efficiency (stat.) 0.3 Ij‘u energy scale 1 82‘ 8'}
. .« e uon momentum scale . .
Electron reconstruction efficiency (syst.) 0.3 W(— v)+jets misid. lepton estimate 0.3 0.1
Boson Pt dependence of EW corrections 0.3 (Forward) jet vertex tagging 0.2 <0.1
PDFs 0.2 Top subtraction scheme 0.2 <0.1
Renormalization /factorization scale Electron energy scale 0.1 <01
Electron reconstruction efficiency (stat.) Systematic 2 24
Statistical 2 /

Overall Total 13

CMS ATLAS


http://dx.doi.org/10.1016/j.physletb.2022.137563
https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub

Standard Model results with ATLAS and CMS

single boson properties precision measurements

multiboson couplings & polarization

V + |ets

20



Phys. Lett. B 855 (2024) 138764
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https://www.sciencedirect.com/science/article/pii/S0370269324003228

Diboson with ATLAS and CMS at y/s=13.6 TeV: ZZ

do/dm,, [fb/GeV]

Prediction/Data

—
o

107"

1072

10°°

—
O

O
&)

T T T T T T T T I
= ATLAS 4 Data E
— p ¢ Sherpa qqNLO+ggLOx1.7(— ZZ) (*) —
C Vs=13.6TeV,29f6" & SherpaqqNLOXNLO EWJ+ggLOx1 75 Z2) ()
- 77 4] ¥ MATRIX ggNNLO+ggNLO(—> Z2) (*) =
| A MATRIX qg[NNLOXNLO EW]+ggNLO(— Z2) (*) __|
= (*) + Powheg qqNLO ZZjj) =
— oA —
s T o -
i %%ﬁ -
= & =
— Xg& ]
L )oa;#(vxzx —]
S g: Va =
| 2 | v ;
B | 1 | | | 1 | | | ]
7 —x
0 A A #
\/ A T

.'-A,' I A .I 00.5,0000 OESN0E oooo:::::: :::::::‘0’0‘0’0’0‘0’0’0’0’0’0‘0’0’0‘ PO
BB AR T T e T S SR S T e

Qf A it LR IR BRI RS RRR R SRR R R R S SRRIRARRARKS

il %A .I u 1] A RARRIBARAS

o
2 2 2 3
2x10 3x10° 4x10 10
m,, [GeV]

inclusive cross section extrapolated to the total phase space (66<mZ<116) GeV for
both Z bosons, vielding (16.8+1.1) pb , accuracy up to NNLO QCD + NLO EW

6% [pb]

27 — 40(C = u,e)

Phys. Lett. B 855 (2024) 138764

25 //\,\ﬂ.\""‘s.L
| LHC Data 2022 ys=13.6 TeV . s
| e ATLAS ZZ— il (m 66-116 GeV) 29 fb"

- |LHC Data Vs = 13 TeV ATLAS
— m CMS ZZ— llll (m 60-120 GeV) 137 fb’ g Z

20— e ATLAS ZZ— Il (m” 66-116 GeV) 36.1 fb" /

" LHC Data Vs = 8 TeV
m CMS ZZ— Illl (m 60-120 GeV) 19.6 fb" H.
o ATLAS ZZ— li(ll/vv) (m 66-116 GeV) 20.3 fb 1

15— | LHC Data ys = 7 TeV
| m CMS ZZ— Il (m 60-120 GeV) 5.0 fb”
| e ATLAS ZZ— || I1/v) (m 66-116 GeV) 4.6 fb
— Tevatron Data Vs = 1.96 TeV g Z
— w CDF ZZ-s lI(ll/vv) (on-shell) 9.7 fb”

10{— e DO ZZ— li(ll/vv) (m 60-120 GeV) 8.6 fb”
| q1 q3
B Z

. - MATRIX CT14 NNLO
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https://www.sciencedirect.com/science/article/pii/S0370269324003228

Diboson with ATLAS and CMS at 1/s=13.6 TeV: WW oL g5 o) 1087

CMS 34.8 b (13.6 TeV)

’ Z_‘ B | T
q W W g W g W o 0.8 + Data _
\M O i s POWHEG+PYTHIA }
O B —— MATRIX _
> ® —— MIiNNLO+PYTHIA |
(’[" 4 \ Y & Suececceaes S~ ]
. H — i |
(1/»\/\/\/\%\ - W _qﬁ LLL'IH - ) % 04 B __
_ RN -
Observable Requirement 0.2 B T
Lepton origin Direct decay of a W boson i u
Lepton definition Dressed—leptons (e:t]»l:{:) fiducial phase Space — | —
Leading lepton pr ptmax > 25GeV 14 E _ ] =
Trailing lepton py pr™" > 20 GeV ?, 1.2 E's Theoretical prediotion | measurement =
77| of leptons 7| <2.5 : i e S R S L I
Dilepton mass my > 85GeV Inclusive and normalized = ;E W
Jet pr. pr > 30GeV xsec measurement = | | —=
|17| of jets |77]| <25 "7 E . Theoretical uncertainty + =
Jet-lepton removal AR(j, £) > 0.4 cls  1° [ # Theoretical prediction /measurement A TNEE
|5 ] S N N N e T RS
*  E ; MIHIONN
1.4 F . — ’ =
O —  Theoretical uncertainty =
- ——— ————— e — =|= 1.2 [ o Theoretical prediction’/ measurement . —
| =a 1E . ¢ i =
- Qobs = 125.7 + 2.3(stat) + 4.8(syst) £ 1.8(lumi) pb = o8 E | | =
L f __ R — 0 1 >?

000 = 125.8 + 3.7 pb (QCD NNLO anc from




prompt lepton discrimination strategy

accuracy @ NNLO QCD X NLO EWK

~ Source T — Inclusive eee eeu pue HUHU

| Integrated luminosity 1.5 1.5 14 14 15

| Trigger efficiencies 0.5 1.0 1.0 10 07 |

| b tagging 0.1 01 01 01 0.1 |

| Pileup 0.4 06 08 02 04 |
Jet energy scales 0.9 1.3 07 11 07
Electron ID efficiencies 0.7 36 24 1.1 -
Electron reconstruction 1.2 40 29 1.1 -
Electron energy scale 0.1 01 01 00 -
Muon efficiencies 0.7 - 03 08 1.2
Nonprompt normalization 0.7 16 05 07 07
VVV normalization 0.4 04 04 04 04 |
tZq normalization 0.1 01 01 01 0.1
7.7 normalization 0.3 08 07 05 05 |
ttZ normalization 0.3 0.7 06 04 05 |
X 4+ ¥ normalization 0.2 0.7 03 04 02
VH normalization 0.2 02 02 01 02 |
ISR/FSR 0.3 05 02 04 03
WZ theo (ug, yr, PDF) 0.2 02 02 02 02
MC statistical 0.5 19 09 1.0 09
Statistical 2.0 5.3
Total 3.3 8.4

precision compatible with
previous measurements

Diboson with ATLAS and CMS at 4/s=13.6 TeV: WZ

final states eee, eeu, e, Ui

o) o
o o

N
o

Total WZ Cross Section (pb)

24

CMS-PAS-SMP-24-005

W
o

20|

10|

CMS Preliminary

- T 1 < PNNNANNN
5 TeV (0.302 fb-1), PRL 127 (2021) 191801 A q W
Y 7TeV(4.9fb "), EPJC 77 (2017) 236
- L 8TeV (19.6 fb-1), EPJC 77 (2017) 236 - 14
& 13 TeV (137 fo~'), JHEP 07 (2022) 032
¢ 13.6 TeV (34.7 fb~"), CMS-PAS-SMP-24-005 -7 h > tv\/v%/\/\/\,

% ~ pp NNLO QCD x NLO EWK (MATRIX)
op NLO (MATRIX)
A4 A = O
4 6 8 10 12 14
Vs (TeV)

WZ production cross section phase space mZ within 30 GeV:

o, .. (pp = WZ) = 55.2 £ 1.2(star) = 1.2(syst) = 0.8(lumi) £ 0.1(theo)pb



Zy invisible and triple gauge coupling CMS-PAS-SMP-22-009

strategy q a 7
Exactly 1 high-pt (>225 GeV) photon + MET y
. : , , C S i Z/'Y
BDT algorithm to identify high-pt photons (92% efficiency) ,
e — — — — Y
~ True photons bkg: v 1
| vtjets, VV (from MC), W(—=Iv)y (from CR in data) / M
| 14
Fake photons bkg: . y
e—y, jet—y (data-driven)
Particles interacting with ECAL barrel’s APDs (data-driven) CMS  Simulation Preliminary 138 b (13 TeV)
Beam Halo in ECAL endcaps (data-driven) 10°E —— SM

—o— h3=4x10"
—=— hZ=5x10"
—— hy=4x10"
—— hy=5x10"

—_
o
TTTTTT T TT

New BH tagger built using energy deposits
Forward (1.6 < |n| < 2.5) photons included in the analysis for the first time

Events/GeV

=’=
Hypothesis: prompt . :
yp |2 I:v"‘ rom Hypothesis: BH 1o High-pr 2
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Zy Invisible and triple gauge coupling
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Zy invisible and triple gauge coupling CMS-PAS-SMP-22-009

CMS Preliminary 138 fb' (13 TeV)
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10& 4 Observed — Predicted (SM) . (p2 2 ) @
" Backgroun + — — vV 2
1 VSR T4 (a1, G2 D) = > { a9’ — 459" s (pg2)g"’ — s’
y 4 y 7 mz Z
1 — hj=3.5x10 — h}=6.8x10 9
10 h
pofBp 4 Ja_pBpo
1 0_2 @ QQp 2 ¢ ppq 0} )
107°
107 CMS Frefim |
S Freliminary 1381 (13 TeV) SOCMS Preliminary 138 fb™' (13 TeV)
O -
O 1.9 20
o 1 + ‘
N 10
400 600 800 1000 1200 1400 ~—~ .
v ' S
p. (GeV) S =
N <t ~—
c =
Parameter | Expected | Observed 10
h! x 10* (-2.8,2.9) | (-3.4, 3.5)
h 4 X 107 (-5.9,6.0) | (-6.8, 6.8) —20

h? x 10* | (-1.8,1.9) | (-2.2,2.2)
hf x 107 | (-37,37) | (-41,4.2)
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Observation of WZy and WWy SR ECIT

. _
(5 120 ATLAS ¢ Data - CMS 138 fb™' (13 TeV)
S [ V/s=13TeV, 140" Wzy - = T e .
N[ WomzZ-lyy mzzy - S [postfit WWv SR vy  [wwy :
ostiit Y . _
& 100~ SR B ZZ(e—) ~ 0 300 E VV Nonprompt !
€ [ PostFit 2y - S _Category =1 jet: _
SR B Pileup v - @ L - [l Top Nonprompt 7 _
1] Nonprompt _ Ll B : 7 N
~ Uncortainty : ool —+— Data 7 C:}tat @® Syst -
: " m,, €(20,150] im,, €(150,250] i m,, € (250:00)
. 100} :
2399
Wi g 1.9F
S ] X 1.0E
91.25 ‘ 05
al 184 S
~— (C
s 0.75F -
© 0.5°
a
6.3 (5.0)c obs.(exp.) 5.6 (4.7)c obs.(exp.)

28



' PRL132 (2024) 021802
Observation of WZy and WWy SR ECIT
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Standard Model results with ATLAS and CMS

single boson properties precision measurements

multiboson couplings & polarization

V + jets
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/+]ets event topology with ATLAS

up/ee (25GeV) + jets: Z + > 1 antik;04 jet pr > 100 GeV |y|<2.5
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/+]ets event topology with ATLAS

Pred. / data
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unfolded jet multiplicity
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/+]|ets event topology with CMS

unfolded differential cross sections

MADGRAPHS aMC@NLO + pythia8

* NLO matrix element up to 2 partons

* FxFx jet merging

* NNPDF3.0 NLO PDF, CUETP8M1 Pythia8 tune Z boson is only

weakly correlated

S | with the leading jet
* Fixed-order perturbative QCD calculation at NLO (2->Z+1)

» PB-NLO-set2 NLO PDF.

MCatNLO-CA3 (Z+2) NLO
* Fixed-order perturbative QCD calculation at NLO (2->Z+2)
* PB-NLO-set2 NLO PDF

* Resummed NNLO+NNLL' calculations for inclusive Z production at NNLO
 NNPDF 3.1, CUETP8M1 Pythia8 tune

Eur. Phys. J. C 83 (2023) 722
pT1(Z) < 10GeV

/
36.3 b (13 TeV) | %% Measurement

i_ CMS —©— MG5_aMC + CA3 (Z+j NLO) * 1.2
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/+]|ets event topology with CMS

unfolded differential cross sections

MADGRAPH5 aMC@NLO + pythia8

* NLO matrix element up to 2 partons

* FxFx jet merging

+ NNPDF3.0 NLO PDF, CUETP8M1 Pythia8 tune Multi-parton
VICAtNLO-CAJS (Z£+7) NLC INteraction

+ Fixed-order perturbative QCD calculation at NLO (2->z+1) ~ contribution Is
+ PB-NLO-set2 NLO PDF. apout 40%

MCatNLO-CA3 (Z+2) NLO
* Fixed-order perturbative QCD calculation at NLO (2->Z+2)
* PB-NLO-set2 NLO PDF

* Resummed NNLO+NNLL' calculations for inclusive Z production at NNLO
 NNPDF 3.1, CUETP8M1 Pythia8 tune

Prediction
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Measurement Measurement

do/dAd(j) [pb]

107"

107°
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0.5

Eur. Phys. J. C 83 (2023) 722

p1(Z) < 10GeV

6.3fb" (13 TeV) % Measurement

3

CMS —o— MG5_aMC + PY8 (< 2] NLO) MPI

5 MG5_aMC + PY8 (< 2j NLO) no MPI

anti-kT (R = O_4)ljets
P > 30 GeV, |y”| < 2.4 -

(]
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Stat [ @ theo[|® PDF & a unc.
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Eur. Phys. J. C 83 (2023) 722

/+]|ets event topology with CMS

/7
36.3 b (13 TeV) | %% Measurement
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NLO matrix element up to 2 partons > p? > 100 GeV -~
© 10 T
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/+]|ets event topology with CMS

unfolded differential cross sections 36.3 fo' (13 TeV) | 8% Measurement

o, E
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Summary, directions and new trends . ATLAS

A discovery machine like LHC turned out to be the most
powerful precision machine tor experimental SM in the world:
huge set of unprecedented high-precision measurements

We're improving our understanding of the Universe with to critical
precision SM measurements (myy, sin’ 6\ but also Higgs, top,
VBS)

() trendsT : achieving new precision with single boson
measurements: PDFs, NNLO predictions, exp methods,
statistics

O trendsZ: multiboson at the tails of distributions: EF
approaches, polarization, VBF & search @ high pr

QO frends3: V+jets, topology, new predictions, flavour (largely
unexplored final states, stat. limited, long standing unsolved
modeling issues)

see Evelin’s talk!
40
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. MadGraph5_aMC@NLO (ME) + PYTHIAS / HERWIG (PS)

- Sherpa (ME + PS) up to NLO

42

Status of theoretical calculations

NNPDF PDFs

- LO: up to 4 partons, KT-MLM matching available at LO and
* NLO

- NLO: up to 2 partons, FxFx merging

. Powheg (ME) + PYTHIAS (PS) up to NLO MMTH PDF set at

NLO
several (CP5)

- Geneva 1.0-RC2 (ME) + PYTHIA8 (PS): PYTHIAS tunes

- NNLO DY production + NNLL higher order resummation

- Only for Z+jets processes . HF treatment

* MCFM (ME) - 4FS, b mass and 4 PDFs
- Z/\W+1 jet NNLO calculations - 5FS b mass=0 and 5 PDFs
Samples 0j 1] 2] 3j 4 j >4 j
LO MG5_aMC LO LO LO LO LO PS
NLO MG5_aMC/Powheg NLO NLO NLO O PS PS
Geneva NLO NLO LO PS PS PS
Z/\W+1 jet @ NNLO - NNLO NLO LO




Data efficiency
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How all of this Is possible

precision SM tests, differential
spectra and sensitivity to very rare
processes are possible exploiting

the ATLAS and CMS excellent

detector performances

41.5fb ' (13 TeV) 2017
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How all of this Is possible
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How all of this Is possible

ATLAS <— Dboth deliver jet energy corrections — CMS

Run2015, 2.1 fb”' (13 TeV)

o
[N

- Data 2015, s =13 TeV

| anti-k, R = 0.4, EM+JES + in situ
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0.08—" [ Total uncertainty
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=» Relative in situ JES

uuuuuuuu Flav. response, inclusive jets

Fractional JES uncertainty
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0.06+— ===« Flav. composition, inclusive jets
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LHCb: ~10-15% for py of 10-100 GeV
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Jet Reconstruction: Strategy

ATLAS

topological
calorimeter-cell
clusters

( (((

Calorimeter jet ,
1 Em. cal.
_ _ Foeweeent

LHCb acceptance
forward direction

& Particle Flow

Had. cal.

anti-kr clustering algorithm CMS
(infrared and collinear safe) particle-flow
ATLAS/CMS: R=0.4 (Run II)

H HCAL

~ Clusters
|| detector

LHCb: R=0.5

o o A2,
d;; = min(k;; ktJP)R—QJ |

¢ particle-flow I

—>

2p
diB = ki; ,

l uses all the sub-detectors
information to reconstruct objects

LHCDb

calo cell ET~10 GeV saturation

l

| use
use the precise — particles!
tracking information (AKs,m,..)



Heavy flavor tagging at collider

recipe

e & & @

reconstruct jets with the anti-kTO5 algorithm
tagging using b- and c- inclusive tagger
reconstruct the two-body vertices in the event

merge SV n-body by linking tracks and vertices associated

associate vertices/jets requiring AR(SV, jet) < 0.5

BDT trained on SV/] properties to separate heavy/light

o 71— T
< t b-jets |
E i
m 0.5
0F
_05:_ ..... B
LHCb simulation _
PR SR TR SR N SN TN SO T AN TR SO SN S N SN SN N
1 -0.5 0 0.5 1
BDT(bcludsg)

BDT(blc)
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0.5}
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i I B B B L B

- c-jets
- LHCDb simulation _
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light-jet mistag rate < 1% for b-tag efficiency of 65% and c-tag efficiency of 25%
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Heavy flavor tagging at collider

& several taggers:

track based (Impact parameter tag)
soft muon (discriminate y from b decays)
vertex based

& high-level taggers: MVA using all the information BDT
available to maximize the b-tag performance <

)

ATLAS

EXPERIMENT

ATL-PHYS-PUB-2017-013

ATLAS-FTAG-2017-003

trained on top + Z'bb events
(hybrid training)

Deep Learning Neural Network

combine inputs from track, particle and vertex-based physics taggers using multivariate classifier
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Heavy flavor tagging at collider

¢ several taggers CERN-CMS-DP-2017-005
Jet Probability: likelihood that jets is coming CMS-PAS-BTV-15-001

fro m p r | m a ry Ve rtex u S I n g traC kS Tagger operating point discriminator value € (%)

JPL 0.245 ~ 82

Combined (CSV): combination of JetProbability (P) o 0760 e

JPT 0.760

dlsplaced traCkS Wlth SV lnfo aSSOClated Combined Secondary Vertex (CSVv2) ((I:SS\\/]\YZZIS/I 8388 :23

. . CSVv2T 0.935 ~ 49
to the jet using an MVA MVAVZL 0715 ~ 5
Combined MVA (cMVAv2) cMVAv2M 0.185 ~~ 72

cMVAvV2T 0.875 ~ 53

CSVv2 cvolution of CSV using neural
networks deepCSV: based on CSVv2 &

cMVAvz combines all the taggers + more charged particles, based on deep NN
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Observation of WZy and WWy

W

W

ql

SR: 0 and >0 jet, ey channel only

e SSWWy and TOP+y by control regions,

e data-driven non-prompt backgrounds

Events /bin

e maximum likelihood fit of 2D binned distributions.

Gyw, = 0.0 £ 0.8(star) £ 0.7(sys?) £ 0.6(mode

Data/EXxp.

Process

o upper limits obs. (exp.) [{b]
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132 (2024) 121901

PRL132 (2024) 021802
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A Y 7

CMS 138 fo' (13 TeV)
' ' ' [ ' ' ' | ' ' ' | ' ' ' ' ' ' ' ' ' ' !
B : V WW
-Postfit WWy SR Wy wwy
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Category >1 jet
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—+ Data 7/ Stat ® Syst
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= T 94 2 = &T® 949 20 =2 &2 49 =
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mYW [GeV]

Kq limits obs. (exp.) at95% CL  «, limits obs. (exp.) at 95% CL

uua — H+vy = epvy,y
dd = H+vy — eUV VY
ss > H+v —euvev,y

cc > H+vy —epvoy,y

85 (67)
72 (58)
68 (49)
87 (67)

x,| < 16000 (13000)
Kq| < 17000 (14000)
k.| <1700 (1300)
k.| <200 (110) 3

0

x| <7.5(6.1)

Ky| < 16.6 (14.7)
x| < 32.8(25.2)
K.| < 45.4 (25.0)

Sensitive to Higgs couplings
with light quarks (no gluon
fusion contribution due to
Furry’s theorem)



