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Why measuring the SM?

— Qch Most successful theory ever, precision physics also at LHC,
’)_‘ﬁz 7 QED search for deviations, “legacy” measurements
/7 ‘1

— EW

\Qq_ v . » Many new physics models reveal deviations from SM
AN F similar to the ones from NLO or NNLO QCD

/ % » Understanding of backgrounds to new physics searches

N¢, P Explore the SM self consistency: Measure its parameters
with high-precision
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e W/Z precision

Collider endeavours on precision comparisons between yea;:;remeut
. . L. ° VBF/VRS

observations and predictions: o Mulktbogon
& precisely test the Standard Model (cross-sections, measurements

parameters,...)
% search for new physics phenomena (resonances,

deviations) t A "il,mz“fh(_
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% knock on the door to potentially answer outstanding + R -V (@) gt e

o Measurements
semsitive to PDFs

® Measurements using
W/Z recoil

guestions (dark matter, matter-anti-matter
asymmetry, hierarchies, ...)




Overview of Standard Model measurements at ATLAS &
CMS: Physics with electroweak bosons
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EW boson self interactions:

* rare processes to probe SM predictions

- BSM portal to be interpreted through
Effective Field Theories

Vector boson scattering tests details of
electroweak symmetry breaking

4+ ATLAS Public Results
4+ CMS Public Results

Production of EW bosons tests N"LO
generators, PDFs, non-perturbative physics

Standard Model Production Cross Section Measurements Status: February 2022
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cms.cern/org/cms-scientific-results

Global analyses of EW parameters probe the
fundamental consistency of the SM
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https://pdg.lbl.gov/2019/reviews/rpp2019-rev-standard-model.pdf
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-standard-model.pdf

ATLAS W mass measurement

ATLAS W mass reanalysis: Reanalysis follows the same approach as 2017
analysis but using an improved fitting technique and updated PDFs.
Strategy & Updates:

\/
v

v

v

Leptonic (electron and muon) W decays (W—e/u+V)

Use dilepton pt and mt dependence on myy

Use signal MC templates obtained by reweighting the reference MC
according to the Breit-Wigner parameterisation of W

Z, W—1v, VV, top background estimated using MC; data-driven multijet
background

Final my, is obtained from separate pt and my fit considering numerous
event categories

v" Rigorous checks of modelling have been performed:

Previous ATLAS result (2017):
my, = 80370 + 19 MeV

v PDF has been updated

v Updated EW corrections

v" pr(W) validated with a dedicated measurement (see slide 8)
v Updated calibrations and precise detector modelling

DO (Run 2)
PRL 108, p151804 (2012)

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

SM prediction:
mbr°® = 80354 + 7 MeV

LHCb 2022
JHEP 01, 036 (2022)

ATLAS, 7 TeV, 4.6 fb™!
2023 Update: ATLAS-CONF-2023-004

2017 Measurement: Eur. Phys. J. C 78 (2018) 110
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Overview of m, Measurements
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New ATLAS result: [lstat. Une.
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New result agrees slightly better with the SM prediction

80300



https://arxiv.org/abs/1701.07240
https://arxiv.org/abs/1701.07240
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4

Precise measurement of Z invisible width

Phys. Lett. B 842 (2023) 137563 ATL-COM-PHYS-2023-401
CMS, 13 TeV, 36.3 fb ATLAS, 13 TeV, 37 fb*!
X First precise measurement of Z invisible width at a hadron collider from CMS
X Constraint on number of light neutrino species coupling to the Z boson
X Simultaneous fit of the hadronic recoil distribution in Z-> 1l + jets and MET+jets regions
= Fit parameter scales Z->vv process relative to Z% Il

a(Z-i—]ets),'B (Z — 1/1/)
7 (Z+jets)B( Z > - L0)!

Underlying
Event
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https://www.sciencedirect.com/science/article/pii/S0370269322006979?via%3Dihub
https://cds.cern.ch/record/2859054/files/ATL-COM-PHYS-2023-401.pdf

Probing N"LO, resummed models: precise measurement of p(W/Z) spectrum

At LHC W/Z bosons production = sensitive test of Quantum Chromodynamics (QCD)
W/Z transverse momentum arises from higher order corrections to the leading order Drell-Yan processes, and from
non-perturbative effects
» At small pr(W/Z), where soft-gluon radiation is important, a resummation to all orders must be performed in
order to obtain stable theoretical predictions and to describe the measurements
» When pr(W/Z) increases, hard partonic radiation becomes important and associated jets can be measured,
allowing the study of QCD contributions to W/Z production.
v Z-boson pr spectrum =» straightforward through the transverse momentum of the pair of charged decay leptons pr,,
v" W-boson pt spectrum =» much more significant challenge, as the decay neutrino escapes direct detection

AN

CMS-SMP-21-003 CMS Measurement of Z+jet production cross section

Vs =13TeVL=36.3 b Cross section as a function of AQ(jj»)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-003/

Probing N"LO, resummed models: precise measurement of pt(W/Z) spectrum
ATLAS ATLAS-CONF-2023-028

L= 255 pb' at Vs =5.02 TeV; L=338 pb' at Vs =13 TeV

Precise modelling of pr(W) is important in reducing the
uncertainty for my: hadronic recoil is the main limitation in
pt(W) measurements and recoil resolution degrades with pileup

Underlying
Event
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E ATLAS Online, 13 TeV del=146.9 b
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Hadronic Recoil

Precision measurements of pr(W*, W-, Z) and ratios at 13 and 5.02
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v' MC predictions show common deficiencies for W/Z cross sections.
v DYTURBO resummed predictions show best overall agreement, matching the data ~few percent level


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

Arxiv:2205.0489

CMS Drell-Yan measurement
/s =13 TeV, L=36.3 fb!

Double differential cross sections in my, pr, and ¢; = tan( )sm(e 2 ha
* Inclusive and >= 1 jet categories
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Measurement compared to large variety of theory predictions
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https://arxiv.org/pdf/2205.04897.pdf

The strong coupling strength a.

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

Impacts physics at the Planck scale:

X EW vacuum stability, Grand Unification

X Is among the dominant uncertainties of several
precision measurements at colliders

X Higgs couplings at the LHC

X EW precision observables at e+e- colliders

World Average (PDG): ag(m;) = 0.1179 * 0.0009
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https://pdg.lbl.gov/2022/reviews/rpp2022-rev-qcd.pdf

as from jets: Transverse Energy-Energy Correlation and Asymmetry in in multijet events

L=139 fb" at Vs =13 TeV ATLAS arXiv:2301.09351
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The total uncertainty is found to be of the order of og(my, TEEC) = 0.1175 % 0.0006(exp.)+ 0.0034-0.0017(theo.)

2% for the TEEC and 3% for the ATEEC og(mz, ATEEC) = 0.1185 % 0.0009(exp.)+ 0.0025-0.0012(theo.)


https://arxiv.org/abs/2301.09351

as from jets: Transverse Energy-Energy Correlation and Asymmetry in in multijet events

L=36.3fb'at Vs =13 TeV

Two-point and three-point energy correlator jet substructure 220<p<330GeV

observables (E2C and E3C), using LHC 13 TeV data collected by . CMS Preliminary 36.3 b (13 Tev)
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CMS SMP-22-015

Unfolded data distribution of E3C using jets

1073 102 107 X
X is the largest AR between the -
two or three particles

The fitted slopes of the E3C/E2C ratio data distributions as a function
of jet pr are used to illustrate the dependency of as on jet pr.

The as(mz) value extracted from the ratio of the three-point and
two-point correlators is:

as(myz) = 0.122979,9040

The most significant sources of uncertainty arise from the QCD scale in the
theoretical calculation and the energy scales of the jet constituents.


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-015/index.html

ATLAS-CONF-2023-015 The mOSt preCise aS'. Z (pT) L=20.2fb"' at Vs =8 TeV

80<m,<100GeV & |y|<3.6

First precise measurement at the LHC in the full phase space for pp — Z—t¢(¢ = e or )

at vs = 8 TeV, L=20.2fb" 3 10 ATLASPreiminay ] HHH 4
X Negligible theory uncertainties, no extrapolation to full phase space CRAM S b4 ]jj%ij e
X Statistically limited & O 20<i<24 01075
X Cross sections are parameters in fit to 176 bins of Z pr-rapidity N Sl Loindadl
X Theory prediction from DYTurbo . 1
X The Z-boson transverse-momentum distribution in the Sudakov region is not included E .
in PDF fits, therefore largely reducing the issue of correlation of this ag determination 107F 2,5 —A—:
with simultaneous determination of PDFs and strong-coupling constant 10°F o, T
X Evaluate a x2 that includes experimental and theory uncertainties, and at each value o e e
of as, a reweighting technique is used to get the PDFs that best fit the data 10411: R S
X Expected sensitivity 0.05% p, [GeV]
This is the most precise to date and the first based on N*LLa+N:LO predictions in
perturbative QCD __
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/

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

Atlas WZy observation

@

Triboson production

Test of the SM boson triple @ and quartic interaction @
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» W and Z leptonic decay
» Fiducial x-section measurement

) » Kinematical cuts to reduce FSR
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Fiducial Cross-Section
ATLAS: 2.01 +0.33 fb
Theory: 1.05 +0.06 fb
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The background-only hypothesis is rejected
with an observed and expected significance

of 5.6 standard deviations
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-33/

CMS-PAS-SMP-22-006

Triboson production

CMS WWy observation

Test of the SM boson triple @ and quartic interaction @

a

Events /bin

o
o

Data/Pred.

» 2 Control Regions: same-sign leptons and > 1 bjet (TOP)
have been defined to constrains experimental background
from non prompt lepton and photon

CE:xtract signal using 2D fit to m{(WW) and m(lly) in SR and

—>

Events /bin

First observation of WWy production at LHC with 5.6
(4.7) o observed (expected) significance

The measured fiducial cross section is:
0=6.0%1.7fb fb
The theoretical prediction for the fiducial cross section is
0=4.61%*0.34 (scale) * 0.05 (PDF) fb NLO QCD MADGRAPH5 aMC@NLO

Data/Pred.
o N
o . oo

L=138fb'at Vs =13 TeV

CMS Preliminary M-I 38 fb” (13 TeV)

> J
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- il
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7 1

Ak s A
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miW [GeV]
CMS preliminary CR-2ljet | 5 ¢, (13 TeV)
C % Stat ® Syst . Vy [94.749.3] . WWy [132.5£27.2] 7
[ —e—Data[916+37] VV [21.6+2.4] Nonprompt [ [77.2+6.5] ]
:_ % Pred. [898+29] . Top [270.9+25.8] Nonprompt v [300.8+24.3] _:
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-006/index.html

STDM-2020-02 Vector boson scattering: Atlas ZZjj E Ei
ZZ+jets production sensitive to both EWK (/W2 and wiwzz self- \ y
interactions) and strong component (accuracy of perturbative VBS enhanced: VBS suppressed

QCD calculations)
+ Final state with 4 leptons in association with two jets

20 ATLAS Work-in-progress

mc16a+d+e L =139 fb”

Events

« EW and QCD components in two different fiducal regions: VBS I GCD (g9)
enhanced and VBS suppressed based on 4| system centrality { =

TR T rSEE T,

_ |yquadruplet - 0.5% (yleading Jet A Ysub-leading jet)l

{ =

|yleading jet — Ysub-leading jetl

+ Differential cross section (unfolded) measurements of
inclusive ZZjj production with full Run 2 data set wrt different type
of observables: my;, my, pr(4l), Adjj, 912, 934, Pr(4ljj)

b bbb b b b b i by

0.2 0.4 0.6 0.8 1 1.2

centrality
Wilson |/\1(<13|2 95% confidence interval [TeV ]
% 102 - ATLAS VBS-Enhanced region, £ < 0.4 ' = %' 1 E ATLAS VBS-Enhanced region, ¢ < 04 3 coefficient Included Expected Observed
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82 10 Strong 41j EW 4ij 1 = 0E U no [-23,17] [-19, 19]
s F Mover  MNonpomet 3 S[E Toalue 3 ExPec'_:ed_ and Fi /AT yes [-12,12] [-1.3,1.3]
W e e T Eewes="rs Z observed limits D-8(6) no [-160,120]  [-140, 140]
o ' i —— < operators on aQGC - R
PN I E e . -74, -63,
. 104F Sarrscasmansonear e 4 from 2D fit in m, and m; Jrs/NTT yes [-25,2.4] [-2.6,2.5]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-02/

CMS-SMP-21-011

Vector boson scattering:

Test of the SM boson triple @ and quartic interaction @

EW TGC

Enahnce EW contribution using m;
and An(jj) cuts

Data driven estimation of backgrouns
from misidentified photon and/or
lepton in CRs (other baground from
MC)

Barrel/Endcap selection

Extract signal using 2D fit to m(jj)
and m(ly) in SR and CRs

First observation of Wyjj production
at LHC with 6 (6.8) o observed
(expected) significance

» Fiducial EW and EW+QCD cross section measurement
— 90+

Differential cross section measurements | jmjts on anomalous quartic gauge cou
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https://cms-results.web.cern.ch/cms-results/public-results/superseded/SMP-21-011/index.html

ATLAS-CONF-2023-023  Vector boson scattering: same sign WWijj
L=139 fb' at Vs =13 TeV

Test of the SM boson triple @ and quartic interaction @ 5 fme S torov oo AL EV B E& ]
Q B oq B @ @ @ s e =wzw*ﬂ o )-Non jjo%%é N
v fi A fi h @ - A
Vl 1 _ Vi VS _ Vz 7
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Vs i i g V f
v, " 7— n By fa Vs fa 3 )
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o 7R qa © . . 3
EW VBS TGC EW VBS QGC EW non VBS QCD induced
v' The W*W *j j final state has the largest ratio of electroweak to strong O™ 208 ™ 30685 i 5 ko
production cross sections compared to other VBS diboson processes . m[Cet]

Limits on anomalous quartic gauge couplings

v" The requirement of the presence of two same sign leptons significantly T — — cllpplng e b

reduces SM backgrounds.

Differential cross section measurements < Sy R R
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/

JHEP07(2023)086

L=139 fb"' at Vs =13 TeV

Measurement of inclusive isolated-photon cross section in ATLAS, using 139 fb! data of Run 2

4 Important measurement for test of pQCD

4 Constraints on the PDF (especially for gluon-PDF, thanks to gg — qy )

4 Photon produced through two main processes

X Direct process — what we want to measure
X Fragmentation process — Photons produced inside jets due to neutral mesons decays!

4 Select isolated photons to remove photons from jets = isolation-cone radius ( R ): R= 0.2 and R=0.4
= two isolation radii and a more granular segmentation in photon pseudorapidity = better
determination of the proton parton distribution functions

+ Non-prompt background estimated with ABCD method based on pass/fail ID and isolation criteria

+ Next-to-leading-order QCD predictions from JETPHOX and SHERPA and next-to-next-to-leading-order

QCD predictions from NNLOJET are compared to the measurements, using several parameterisations
of the proton parton distribution functions.
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https://link.springer.com/article/10.1007/JHEP07(2023)086

Conclusions

LHC provides unique environment to test SM from precision measurement of the parameters and
couplings to search for new observations and resonances:
X  Electroweak measurements provide a powerful way to explore nature = LHC entered precision race
with LEP measuring electroweak observables
X QCD process are fundamental for the understanding of the Standard Model = both ATLAS and
CMS have wide and innovative programs to study these processes
X Large dataset from Run 2:
X allows for precise measurements of fundamental aspects, i.e. as or PDFs
X numerous rare processes involving weak bosons are coming into view (all diboson channels,
VBS, even photon-induced processes) = Every first observation is a new laboratory to test
the self consistency of the SM and to search for (in)direct evidence of New Physics

X Input and constraints to QCD theoretical models
X  First observations of tri-boson processes = tightening limits on EFT
X Many more results that could not be presented in the allocated time...please give a look to:

4 ATLAS Public Results
4 CMS Public Results



https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cms.cern/org/cms-scientific-results

BBBBBB




ATLAS, 7 TeV, 4.6 fb™!

ATLAS W mass measurement iz iuscoram,

Strategy: Three observables:
Lepton (electron/muon) + missing transverse energy (p,ss) My, ph, piuss

Z — Il events are used

Underlying to calibrate signal events

Underlying s

Event

= g Hadrz)nic Récoil

Hadroili(,: Recoil

g = B Er ;the vector of the transverse mp = \/Zpip?iss(l — cosA¢p)
r ; Tt energy of cluster i
A¢ = azimuthal opening angle between

smniss _ _(_,{, I ) inbalance in the transverse charged lepton and missing transverse momentum
pr = —r T) plane



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4

Probing N"LO, resummed models: precise measurement of pt(W/Z) spectrum
ATLAS ATLAS-CONF-2023-028
L= 255 pb' at Vs =5.02 TeV; L=338 pb' at Vs =13 TeV

Precise modelling of pr(W) is important in reducing the
uncertainty for my: hadronic recoil is the main limitation in
pt(W) measurements and recoil resolution degrades with pileup

Underlying
Event

(<00 R e B B L B S

E ATLAS Online, 13 TeV del=146.9 fb!
500 2015: <p> = 13.4
E ] 2016: <p> = 25.1
[ 2017:<u>=37.8
] 2018: <u> = 36.1
[ Total: <> = 33.7

Hadronic Recoil

Precision measurements of pr(W*, W-, Z) and ratios at 13 and 5.02

e b b b b e

. . . . (o}
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Unfolded distributions are compared to QCD calculations based on 20 30 40 50 6 70 80
. . Mean Number of Interactions per Crossing
parton shower Monte Carlo generators and analytical resummation
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v' MC predictions show common deficiencies for W/Z cross sections.
v With ATLAS tune for PYTHIA showers the MC describe data reasonably at low pr especially at V/s=5.02 TeV



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

CMS DY measurement Arxiv:2205.0489
/s =13 TeV, L=36.3 fb-1

Double differential cross sections in my, pr, and ¢,
* Inclusive and >= 1 jet categories
*5 my bins. Fiducial region: p; > 25 (20) GeV for leading
(subleading) lepton, |n| < 2.4
Measurement compared to large variety of theory predictions

H ; H i CMS 36.3 fo' (13 TeV
Differential cross sections in p; (€€) e Sholsrey CcMS 363 1" (13 TeV)
CMS 36.3fb™! (13 TeV) | 50 <y < 76 GeV [ & scale :zzt;:'za'
F b . & QED unc. [ 50 <mgy <76 GeV
8000 —— Measurement gE"z’ . No QED . ‘ @ resum. unc.
7000;_ —— MG5_aMC(0,1,2j)+PY8 %’%1.0==__‘=- e § f
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4000~ 3 _[g1.2F 108<me <170 GeV 12 106 <m<170Gev
F % 8510 5[81 08
3000(- - E % - 3
i . 20.81 ‘ L . &
2000:— i _[E1.2F 170 <mg < 350 GeV 170 < mee < 350 GeV
[ 5 8
1000 -t g g -
L 76.<my < 106 GeV : E -
L — .
L P | L Lol L T - Ll Ll L
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The variable A is the opening angle between the leptons in the plane pr(ee) [GeV] pr(2E) [GeV]

transverse to the beam axis. The variable 6+, is the scattering angle of the . , L. .
dileptons with respect to the beam in the longitudinally boosted frame Measurement compared with TMD basedpred’Ctlons (Parton-BranCh’ng

where the leptons are back to back. with CASCADE3, ArTeMiDe) and resummed predictions with Geneva


https://arxiv.org/pdf/2205.04897.pdf

as from jets: Transverse Energy-Energy Correlation and Asymmetry in in multijet events

arXiv:2301.09351
Transverse-energy distribution of azimuthal difference between jet pairs o
1 dz dor TET
TEEC: i35 Z [ Sieerg ey = Z > T 5(cos ¢~ cos i)
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as from jets: Transverse Energy-Energy Correlation (and Asymmetry)
Energy—energy correlation (EEC): event-shape observable, infrared safe

Transverse-energy Weighted distribution of azimuthal difference between jet pairs ~ arXiv:2301.09351
E A E A
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as from jets: Transverse Energy-Energy Correlation and Asymmetry in in multijet events
ATLAS L=139 fb-' at Vs = 13 TeV
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Leaving the value of a, as a free parameter, it can be fitted as a function of Hy (using Q = H/2), show its
running and obtain final combined values:
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atas-conr2023-015 ATLAS full phase space Z measurement

First precise measurement at the LHC in the full phase space for

pp — Z—4£(¢ =e or ) at Vs =8 TeV, L=20.2fb’!

X Negligible theory uncertainties, no extrapolation to full phase space
Statistically limited
X Cross sections are parameters in fit to 176 bins of Z p-rapidity
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Vector boson scattering: Atlas EFT interpretation WWjj and WZzjj
ATLAS PUB-2023-002 L=36.1 fb'atVs =13 TeV

Combined EFT interpretation of WWijj (same-sign WW) and WZjj fully leptonic channels with partial Run2 dataset
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Representation of the phase space of
1 = 2 partonic splittings inside jets
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Measurement of the primary Lund jevt plane density
s=13 TeV

Lund Jet Plane: representing QCD radiation in parton shower/internal structure of jets
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ATLAS: STDM-2019-22
Cle- SMP-21-005 W+c Measurement . )

P Constraints s-quark component of PDF = \W+c major background in some measurements and
searches at the LHC like VH—cc searches s
P Precise measurements of W+c production used to verify the theoretical calculation and its g -y
modelling in the currently available Monte Carlo (MC) event generators. . -
»  Signal (W* + ¢ or W~ + c): W boson and charm quark always have opposite-sign electric charges
»  Background (like heavy-flavor pair production or b-hadron production from ttbar events): equal .
rates for the production of leptons and D) with opposite-sign (OS) or same-sign (SS) charges
P signal obtained as the difference of the numbers of OS and SS candidates, and extrapolating the g .
background estimate from SS candidates
P Measurements suggest s-sbar asymmetry is small in the probed x,Q? region  F " aTLAS | WD (oK)
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