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Electroweak measurements at hadron colliders
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Electroweak parameters - introduction

* Electroweak sector of the Standard Model has five parameters
Y
» Oem, Gg, My , Mz, Sin B¢
» Only three of them are independent
» Two relations, at tree level:
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Electroweak parameters - introduction

* Tree-level relations are not sufficient when confronting measurements
* Impact of loop corrections included in EW form factors
e Correction factor Ar includes dependence on m? and InM3
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Electroweak parameters - introduction

* Global electroweak fits to LEP and later to Tevatron data allowed prediction of the

H|gg5 boson mass, thanks to Ioop contributions For the first time, the data also give non-trivial bounds
on My: independently of m, CERN-TH. 5817/90:

1.8 GeV < My < 6 TeV (68% C.L.)
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* Fitted value* from 2009: - three years before the Higgs boson discovery at the LHC!
My = 116.4 i_183‘3 GeV arXiv:0811.0009 *including direct searches

» After Higgs boson discovery, global electroweak fits turned into a true SM self-
consistency check
» With a potential to constrain or find new physics!
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https://arxiv.org/pdf/0811.0009.pdf
https://arxiv.org/pdf/1803.01853.pdf
https://cds.cern.ch/record/210563/files/199008402.pdf

W boson mass measurements

Individual EW parameter measurements are of a limited interest
But when put in context can say a lot about the theory consistency!
arXiv:1803.01853
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https://arxiv.org/pdf/1803.01853.pdf

ATLAS W mass reanalysis

Events/1GeV
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Strategy:

» Leptonic (electron and muon) W decays
» Use dilepton pt and mt dependence on my,

ATLAS-CONF-2023-004
ATLAS, 7 TeV, 4.6 fb!

» Use signal MC templates for a range of my,, values - 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 bkg
» Final my;, is a combination of m,;, values obtained from separate pt and mr fits
Reanalysis of the data used for the 2017 m,,, measurement (worlds best at the time);

reanalysis effort started back in 2018
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

ATLAS W mass reanalysis

ATLAS-CONF-2023-004

ATLAS, 7 TeV, 4.6 fb!

* Comparison of approaches between the new and 2017 measurement:

- |ATLAS my, 2017 ATLAS m,, 2023 Effect on

Statistical interpretation

Baseline PDF

Electroweak theory unc.

Multijet background

Detector calibration

x? fit with stat-only
uncertainties,
systematics added
aposteriori

CT10

Evaluated at truth level

Profile max. likelihood (ML) fit -

for the first time in context of
my, measurements; O(1000) NPs -16.3 MeV

reduced to ~200 NPs with PCA

CT18

Evaluated at detector level

+4.6 MeV

2023: Systematic shape variations using PCA, new transfer

function from CR to SR

EW and top background

e New ATLAS result

my = 80360 + 5(stat.) + 15(syst.) = 80360 + 16 MeV

e Supersedes the 2017 result

* New result agrees slightly better with the SM prediction

80370 + 19 MeV

Unchanged
Unchanged

mPd = 80354 + 7 MeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

JHEP 01 (2022) 036
LHCb, 13 TeV, 1.7 fb!

LHCb W mass measurement

* Simultaneous fit of the muon q/pr distribution of a sample of W—>uv decays and the

¢+ distribution of a sample of Z—>pu decays
e Result averaged over three recent PDF sets

mwyw — 80354 + 23stat + 106Xp + l7theory + 9PDF MeV

* First proof-of-principle of a measurement of my;, with the LHCb experiment
» Potential to decrease the statistical uncertainty by using full Run 2 data (3x lumi)
* LHCb acceptance almost orthogonal to the one of ATLAS & CMS

» Partial anti-correlations can reduce PDF uncertainty by a factor of 2
x10°
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-024.html

Events / 0.25 GeV

i f’f y2/dof = 63 / 62 i
40 — a sz =43 %
I Py =70%

20_~ l/ \LLHI

Science 376 (2022) 6589, 170-176

CDF W mass measurement . ocwvssn:

Most precise my, measurement to date
» More precise than all other measurements combined
Uses full Run Il Tevatron data
All experimental aspects controlled by the analysis team:
» Reconstruction, alignment, calibration, simulation, analysis
Significant systematics reduction mainly thanks to using cosmic data in ways not employed
previously:
» Tracking detector alignment & drift model
» Uniformity of the EM calo response and resolution model
Custom detector response simulation (not full simulation unlike LHC experiments)
Six my, values from template fits to mr, prfi and py distributions in e and mu channels
» Final my, is the combination, x?/dof = 7.4/5
x10° x10°
; o=

x?/dof =39/ 48
sz - 79 0/0
Pye=76%

— P T T T L Ty
60 70 80 90 100
Py (GeV) m; (GeV)
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https://www.science.org/doi/10.1126/science.abk1781

Science 376 (2022) 6589, 170-176

CDF W mass measurement . ocwvssn:

e Result:

Mw = 80,433.5 + 9.4 MeV,

e Tension with SM-predicted mW value at the level of 7 standard deviations!

mh = 80354 + 7 MeV

CDF uncertainty breakdown

Table 2. Uncertainties on the combined . Overview of m,, Measurements - :

My result. I LSO, | ATLAS Preliminary ™ o=
,,,,,,,,,,,,,,,,,,,,,,, s=7TeV, 46" =

Lepton energy scale 30 ' '

Lepton energy resolution 12 Shares b s o170 | . -

Recoil energyscale 12~~~ @ |

Recoil energy resolution 1.8 LHob 2022  ———

Lepton efficiency 04 | |

Leptonremoval 12 ATLAS 2017 HI

Backgrounds 33 EPJ-C 78-2, p110 (2018) .Measuremern E -. |

Z ............................................................................................ |:|Stat. Unc. H i ] H

p3 model 1.8 - : aE

W ..... Z .................................................................................... ATLAS 2023 otal Unc. : ]

py/pymodel A3 e ok ""iSM Prediction S —

Parton distributions 39 ... & | ] |

QED radiation 2.7 80200 80300 80400

W boson statistics 64 m,, [MeV]

Total 94
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https://www.science.org/doi/10.1126/science.abk1781

W mass measurements

’ .
Let’s take a step back and look at these results again
; [ T | T T T T I T T T T | l:i T T T | T T :I T I T !L
8 - 68% anld 95% CL contours e :anb%;zz cev E -
—  80.5— Fit w/o M,, and m measurements il --0=046Gev  ® . —
E; E Eitw!owrtw r:;and M, measurements —o=04689 D'SDu’.L:,*:GéV //E
[~ irect M, and m measurements g - P o ,
- o . —] Citations (Apr'23):
S04S CDF 2022 U - a +H - - CDF2022 360 ezl
N i e = = —=A e LHCb 91
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- s ’ - .- . DELPHI 105
— - _ - ALEPH 81
80.3 — - —]
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o PDG2022:

For calculating a new world average, replacing the old CDF Run-II result [3] by the new one [11],
the uncertainties of all results need to be scaled by a factor of about two in order to achieve a y?
per degree of freedom of unity , ,

0 0o A detailed
understanding of the results and their correlations is needed. Corresponding studies are currently
being undertaken by the experiments.

* Tevatron/LHC W-boson mass Combination WG issued a preliminary note (CERN-LPCC-2022-
06) summarizing methodological and modelling considerations towards a combination
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https://pdg.lbl.gov/2022/reviews/rpp2021-rev-w-mass.pdf
https://cds.cern.ch/record/2815187
https://cds.cern.ch/record/2815187

Measurements of sin Ggff

Measured from forward-backward lepton asymmetryin qg —» Z/y — 111~
Tevatron combination gives the most precise measurement from hadron colliders
ATLAS and CMS measurements so far based on Run 1 LHC data only

Expecting improved LHC measurements using Run 2 data and updated PDF

LEP-1 and SLD: Z-pole
LEP-1 and SLD: A_r
SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS: €6 HHM ..
ATLAS: ee

ATLAS: 8 TeV

26.04.2023

ATLAS Preliminary

e+ |0.23152+0.00016
B —e—i | 0.23221+0.00029
B —e— | 0.23098 + 0.00026
B — | 0.23148 + 0.00033 Phys. Rev. D 97, 112007
B R . |0.23142+ 0.00106 JHEP 1511(2015) 190
B —e——f | 0.23101+ 0.00053 Eur. Phys. J. C 78 (2018) 701
B . . | 0.23080 + 0.00120
B e | 0.23119 + 0.00049
B ——te—  |0.23166+0.00043 ATLAS-CONF-2018-037
B — | 0.23140 + 0.00036

023 0231 0232
sine’
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-039.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112007

Single vector boson production - introduction

e Drell-Yan process enables electroweak precision measurements and stress test of

QCD calculations
* One of the best understood processes at LHC
e State of the art theory predictions at NNLO QCD with partial N4LL resummation and

NLO EW corrections
PDI

54 [mn
i \q_ v /\{N\r
/

 pT(V) modelling is so much sensitive to QCD that it enabled the most precise single

o measurement! ATLAS-CONF-2023-015
» Differential cross sections of single W, Z production is the main source of proton PDF

constraints from LHC side - routinely used by PDF fitting groups
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/

Drell-Yan cross section measurements

* Thorough measurements by both ATLAS and CMS at 7, 8, 13 TeV
* LHC provides most precise Drell-Yan cross sections
e Just two examples out of many measurements:

W and Z cross differential cross sections

with sub-percent precision at 7 TeV by
ATLAS, Eur. ths J.CT77 (2017) 367

Drell-Yan cross sections at 13 TeV in the
dilepton mass range 15 to 3000 GeV by
CMS, JHEP 12 (2019) 059
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L 0 JRi4 v o il
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450 __ A MMHT2014 [ Total uncertainty ’ —_
L ow NNPDF3 0 Iumlnosny excluded (+ 1. 8/) —
[ I
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i YZ = e'e,

102k
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105E t
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1.5 ? | stat. unc. Tot. unc. | ¥ Theo. unc. (FEWZ) v
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-001/

Events/bin

Ratio

Pull

o o o o A ted by PLB
Z boson invisible width YT

* First precise measurement of the invisible width of the Z boson at a hadron collider
* The single most precise direct measurement to date
» competitive with the combined result of the direct measurements from the LEP experiments

I';,v = 523 £+ 3 (stat) £ 16 (syst) MeV.

* Obtained from the simultaneous fit to kinematic distributions of two data samples:
» Dominated by invisible Z decays
» Dominated by Z — eeand Z — uu

Dominant systematic
contributions from

o(Z+jets)B(Z — vv) muon ID (2.1%) and jet

I'NzZ —vv)= - I(Z — ¢
( ) o(Z+jets) B(Z — (1) ( ) energy scale (1.9%)
CMS 363 b~ (13 TeV)
L B e L A B B I AL
10° pIiss 4 jets | [ pp+iets 7| ee + jets | "I'". gl\illta}l)re-ﬁt LA ELELELELE B B B
104 [ SM post-fit r SM ]
10 Z(— vv)+j ALEPH | H——— — 450 4 48 MeV
W(— bv) +j C ]
2 Minor bgrd C ;
10 QCD multiet L3 | He—H 498 £ 17 MeV
Z/y (= )+ C ]
| | | | | | OPAL | H——H 539+31MeV
].25: T T -l | 1 E T T | T 1] T | l: :E_ ______________________________ _E
1.00 3 I‘I',"" - u-qqiifﬂﬂ =2 | Fit to the S
0.75 £t Lo ddb 13 hadronic recoll | ovsE b 3523 + 16 MeV
ST T [ 7| distribution U g a3 Tev3es o)
1 .___:_,c_._____:____-_ _.anq____'__'_tz____'__,. TSP S X L . . Co b v v v by s v By vy v by vy 0
1 : T | . [ —| (MET in case of 400 450 500 550 600
-3 500 1000 500 1000 500 1000 | Z->invisible) Liny (MeV)
U (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/

ATLAS: Nature Phys. 17 (2021) 813
W boson R(T/u) CMS: CMS-PAS-SMP-18-011
* All charged leptons couple to W boson equally

LEP combined result has shown 2.60 tension between W decay branching ratio to tv
and v (l=e, p) R 2B(W — 17,)
ET BW — eT,) + B(W — uvy, )

= 1.066 £ 0.025,

e ATLAS measured the ratio with a better precision than LEP using ttbar events, in
consistence with the Standard Model
e CMS confirms lepton universality using events with two or one W boson
CMS Freliminary 35.9fb ' (13TeV)
IIIIIIIII|IIII![I[I|IIII|II[1I ’CMS
ATLAS . P \s= 13TeV, 139 b CMS LU (68%/95% CL)
I ™ 1 LEP
M HP{ W —ev,1{(10.83+0.10)% - LEP LU
B(W—ev) 4
o)
3]
e et e e e e R e e — wi LU
Br(W — 1) = (10.89 + 0.08)%
N . Br(W — h) = (67.32 + 0.23)%
B(W‘WV) | I¥ 5 _ | W—*HV 1 (10.94 £ 0.08)% -
B(W—ev) |4 7 : H
*myZé 2992) 137-145 : l_e_|
|+ CDF S S i
PRPSE)UMJ 1456, PAL. 84 (2000) 5710 § |—.—|
W ~+EHCh... ;
B(W—tv) =P @ ATLAS - this result W TV (107740.21)% =t
B(W—-uv) e ATLAS : Statistical Uncert. !
EPJC. 77 (2017) 367 E Esystemanc Uncert
-e-wfggm%\frages | l _._lTotaI Unciertainty
E— - I0_9I . I‘| - I‘I_‘II . I‘|_2I e 0.100 0.105 0.110 0.115 0.120 0.125 0.130
B(W= V) B(W= Iv") BriW—=1tv)
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/
http://cds.cern.ch/record/2758905

Diboson measurements - introduction

Motivation to measure diboson production:
e Test Standard Model:
» State of the art predictions at NNLO in pQCD, with NLO EW corrections
» Sensitive to anomalous triple gauge boson couplings (aTGC)
* aTGC modify total production cross section as well as kinematic distributions ->
used in data interpretation, typically in form of dimension-6 EFT limits
e TGCs were accessible at LEP -> LHC allows reaching higher +/s

30

—_ T ' | I
A LEP
= arXiv:1302.3415
6
20 _
’ . R -t
A
10+ -
YFSWW/RacoonWW
_...no ZWW vertex (Gentle)
.-:"* .....only v exchange (Gentle)
o
160 180 200

Vs (GeV)


https://arxiv.org/pdf/1302.3415.pdf

W*W- measurement

& [b]

Prediction/Data

ATLAS-CONF-2023-012

ATLAS, 13 TeV, 140 fb!

Most precise measurement of inclusive W*W- q Jﬁ
production at LHC with 3.1% relative uncertainty v
on the fiducial cross section ) -
» No jet veto requirement applied
Dominant top background estimated using data driven b-tag counting method
Excellent agreement with the NNLO QCD + NLO EW prediction
; ATLA'S Prelimir'1ary ‘l Dataalnd Stat. Un;:ertainty e _I ]. e S I I__I___I 'I]'h[eolr IPII'e(]jI([:tI(;n
[ Vs=13TeV, 140 fb” Total Uncertainty E ATLAS Preliminary y _
’ ;  Sherpa2.2.12 3 - PDF Uncertaint
10° L PP — & ViV & MINNLO+Pythia8 * 3 Vs =13 TeV, 140 fb Yy
: ©  MATRIX20nNNLOQCD op — WW- [ ] Total Uncertainty
[-:-r-o-.Dﬂ-- A nNNLO QCD @ NLO EW 3 —— Measurements
*+ Sherpa2.2.2 gg - WW x 1.7 §
1 roemes + Sherpa 2.2.12 EW aq — WWj ] MATRIX 2.0 nNNLO ® NLO EW
10°F 19*'?‘} E 123 + 1 (pdf) + 2 (scale) pb Experimental
: r— E This measurement precision
'\ E 127 + 1 (stat.) + 4 (syst.) pb competitive to
10§ __%'.?_’ _____ - -“: CMS 36 fb-1 [1] those Of NNLO
f R 118 £ 1 (stat.) = 7 (syst.) pb calculation!
1.4F T ’ ’ ’ i ATLAS 36 fb"'[2]
1oL | n 137 + 2 (stat.) + 10 (syst.) pb b e i
1Fe';‘“z'---ﬁ,.-rﬁ"-]’-*’* ------- hﬁ ------- H ------- H+ [1] Phys. Rev. D 102 (2020) 092001
08 | | [2] Eur. Phys. J. C 79 (2019) 884
0-6_ X ] 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 l 1 1 1 1 l 1 1 1 1
0 1 2 3 & 5 80 90 100 110 120 130 140 150

Number of jets (pT > 30 GeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/

JHEP 07 (2021) 005

Four-lepton measurement ... o 1300

* 4 |leptons with two same-flavour opposite-charge dileptons

 Signal includes on- and off-shell ZZ, resonant Z and H decays, tribosons
and ttV (V) events -> broad definition, good for reinterpretations

* Background = non-prompt leptons

X axis logarithmic for m, > 225 GeV

10°

> FATLAS 7 e Da mHoa ]
E-? I Vs=13TeV, 139 fb" o — 4l gg — 4l ]
2 102 vV VVV

L]

Background

=]
*
*
TR
: o~
+
vV
—
o

b=}

A

=
S | 7%y
Z") 2 ] Q09—
vy = %/{% v |
J= 1
2 1 2\QQQ0)—
o r ‘ ‘ g . ‘ . . L i Z(*)/ﬂ\
) 50 100 150 200" 300 500 700 1000 200(
my [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/

JHEP 07 (2021) 005

Four-lepton measurement ... o 1300

* Integrated and differential cross sections (also in different regions of my;)

 Comprehensive interpretation of results:

1. Most precise to date Z — 4l branching ratio measurement
By = (4.41 £+ 0.13 (stat.) + 0.23 (syst.) + 0.09 (theory) 4 0.12 (lumi.)) x 107°

— (4.41 +0.30) x 10~
» Thanks to 130% acceptance gain compared to previous ATLAS measurement

2. EFT dim-6 limits (22 parameters) using Warsaw basis
3. Limits on parameters of a BSM with a spontaneously broken B-L gauge symmetry

ATLAS full model
S=1 3 TeV’ 1 39 fb71 EXPEdEd 95% CL — Observed 95% CL d ‘r TTTT | TTTT | TTTT | TTTT | TTTT TTTT | TTTT | TTTT | T T
Coeff. Observable Draw Scale Obs. 95% interval c 0.7 L ATLAS ]
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Accepted by PLB, 2211.09435

WZ jOint p0|arisati0n ATLAS, 13 TeV, 139 fbL

e Observation of joint polarisation states of W and Z boson in WZ production

Boson polarisations defined in WZ rest frame

4-category DNN score to distinguish between all possible joint polarisation states
Unpolarized WZ prediction available at NLO QCD
Polarized signal templates from 0, 1j @LO merged MG+Pythia

» Missing virtual NLO corrections found to be crucial -> see next page
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https://arxiv.org/abs/2211.09435

Accepted by PLB

WZ joint polarisation ATLAS, 13 Tev, 139 fb*

* LO (up to 1 extra jet) polarised signal templates are reweighted with dedicated DNN scores
to obtain NLO-matched templates

» One DNN per diboson polarization state
» Procedure cross checked with bin-by-bin correction factors

* First observation of Wi Z;, production with a significance of 7.10 (6.20 observed)
» Milestone towards observation of doubly-longitudinal VV final states in VBS-like

configurations!
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Electroweak production of bosons - introduction

Electroweak production:
» Single vector boson -> vector boson fusion (VBF)

» Two vector bosons -> vector boson scattering (VBS)
Sensitive to anomalous triple and quartic gauge boson couplings (aQGC)
Kinematic signature at LHC: (di)boson decay products accompanied by two forward
jets

» Typical “VBS phase space”: m;; > 500 GeV, [Ay;;| > 2

Same-sign WW event display

ATLAS

EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
m33 = 3.8 TeV




Vector boson scattering

* Test electroweak symmetry breaking

Higgs boson contributions regularize amplitude of the Vi I — V.1 scattering (V=W, 2)
QGCs became for the first time within the reach at LHC

Typically, provide most stringent dim-8 EFT limits

WEW2 final state has the largest EW/QCD ratio among other VV VBS processes

w+ W
w+ w+ Wt e W

w+ i
AZ h

w+ w+ W+ E w+

w+

WW,* —> W, 'W," with modified Higgs couplings Phlvs. Rev. Lett. 123 (2019) 161802Il
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2 g \s=13TeV, 36.1 b
_| g.J B Wierj EW ]
- (0 2L |
10° E N E
= W-W7jj EW in the SM 3
- Gauge dependent non-SM calculations |
10 &= no HWW vertex |
B E no WWWW vertex 3
Unitary gauge 7
m no WWWW vertex -
1 Feynman gauge -

_I L1 1 ‘ 1111 I L1 11 I 111 1 L1 11 I L1 11 YI 1 11 {I L1 \1 111 I/I L1 11

'2‘00 : e 3 . o e 0 100 200 300 400 500 600 700 800 900 1000
10 10

Ecw (GeV) m, [GeV]

26.04.2023 O. Kuprash - Electroweak physics: experimental overview 25


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/

Phys.Lett.B 809 (2020) 135710

W+Wi]] and Wiij CMS, 13 TeV, 137 fbl

« WZis the second-largest background to WEW = (after non-prompt lepton background)

* Simultaneous cross section measurement of inclusive (i.e. sum of EW, QCD, and
interference) WtW2 and WZ cross sections

* Absolute and normalized cross sections

* Dim-8 EFT limits at the reconstructed level

do/dm; [fb/GeV]

CMS 137 6™ (13 TeV) MS 137 1" (13 TeV) 137 b (13 TeV)
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Electroweak WEW polarization

Phys. Lett. B 812 (2020) 136018
CMS, 13 TeV, 137 fb?!

* First cross section measurement for polarized same-sign WW scattering
* Different diboson polarization states distinguished with the help of

machine learning

137 fb" (13 TeV)
= CMs  Other bkg. + Data ]
= — : Bkg. unc.

1 04 WLwL k\ ig A
*g W W WWy — W, W ww*
(<) — mwz
0 (AT
@ 10° zz -
[ Nonprompt 3
\\\\\\\\\\\\\\\\\\\\\\\\\ mtvx .

Events / bin

137 fb' (13 TeV)
CMs  MOtherbkg. ¢ Data
— WLWL W Blﬁg. unc.
W W W W — W W ww
— W, W, mwz

[ Nonprompt

Data/SM
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BDT score BDT score
: P Th ical icti
Cross section too low to obserwe r(icesis a Bgi)z eoretical prediction (fb)
Wt ducti WirWr o 032755 0.44 4+ 0.05
Mléas:; rezr;/i(;;ins?ler:al W)EWi 3'06}:%% 519 +0.9
1ed> L Wx S8 Wi W5 1.200,3; 1.63 + 0.18
significance of 2.30 (3.10 expected) W%W% 2.11f8’ﬁ? 1.94 + 0.21
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n

Events /b

Electroweak Wyjj measurement

* Electroweak Wyjj signal observed with a significance of 6.00 (6.80 expected)

» Signal extracted from mijj, mly 2D-fit (2D fit provides better expected significance)
* Differential cross sections of EW-only and EW+QCD Wyjj measured (4 bins)

* Most stringent limits on dim-8 EFT operators M2-5, T6-7

138 b (13 TeV)

Barrel photons
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—e— Data B =W Wy in fiducial
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QCD Wy MisID photon
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727 Stat @ syst
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L

26.04.2023

Accepted by PRD
CMS, 13 TeV, 138 fb!

Out-of-fiducial EW Wyjj
contributions (17% of the
total EW Wyjj) treated as
background
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Evidence for semileptonic WVijj

Events

Data/Expected

Phys. Lett. B 834 (2022) 137438
CMS, 13 TeV, 138 fb'!

First evidence for electroweak production of WVjj — lvgq (V = W, Z) at LHC

Large background & complex topology -> use DNN to separate signal and bkg
» A factor 3 improvement of the sensitivity compared to the most sensitive variable m;;

Two signal regions for resolveollj and boosted event categories
MEw = ‘;—M = 0.85 + 0.12 (stat) *315 (syst) = 0.857033
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Observed
significance 4.4o0
(5.10 expected)

Dominant
systematics
from theory
modelling (LO)
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yy—>1tt and anomalous Tt magnetic moment

* Anomalous magnetic moment of
leptons has unique sensitivity to New
Physics contributions

ar = 5(g¢ —2)
* Interest significantly attracted by a

tension with the SM reported by
Fermilab Muon g-2 experiment

* ATLAS reports observation of the
yvy—>Tt process in Pb+Pb collisions
with a significance exceeding 50 and
uses to set 95% CL limits on a;:

—0.057 < a,< 0.024

In agreement with the Standard Model

arXiv:2204.13478

ATLAS, 5.02 TeV
Pb+Pb, 1.44 nb!

PhysRevlLett.126.141801

BNL g-2 + L 3
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aren e o
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Expected ——.——
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26.04.2023 O. Kuprash - Electroweak physics: experimental overview 30


https://arxiv.org/abs/2204.13478
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801

Triboson production - introduction

* Similarly to VBS, sensitive to aQGC, but typically to a lower extent

 SM does not allow fully neutral QGC (not necessarily true for BSM)
» SM processes sensitive to QGC will contain at least one W boson

 LHC allowed observing heavy triboson production for the first time

* Almost all triboson combinations observed at LHC already
» With the exception of ZZy and 777



WZy: ATLAS-CONF-2023-014

Triboson W2y & Wyy observation wy anascone2023.005

ATLAS, 13 TeV, 140 fb! ¢

q
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pHwzy = 1.34 £0.21 (stat.) £ 0.10 (syst.) + 0.07 (theory) H=1Ul_§1¢
Process SR Z7Z~ CR ZZ(e —~) CR Source SR TopCR ¥
W Z~ 92 415 0.21 +0.07 0.56 £0.14 Wy 410£60 28£5
Z 7y 10.7 £ 2.3 23 +5 1.8 £0.4 Non-prompt 7 — 7 420 £ 50 42420
ZZ(e =) 3.0 £ 06 0.028£0.020 30 =*6 Misidentified e — ~ 155+11 120+£9
Zvy 1054+ 032 0.5 £006  0.2940.10 Multiboson (W H (vv), WW~, Zvy) 76+13 52417
Non-prompt background 30 =+ 6 - - Non-prompt j — £ 35+10 -
Pile-up v 19 + 07 - - Top (tty, tWH, tqy) 3047  136+32
Total prediction 139 +12 23 +5 33 46 Pileup 10£5 -
Dot 139 23 33 Total 1136 £34 332418
& Data 1136 333
3 i by oo TS § i Py oo e .
R 0wy me EEE I Rt o E Statistical 83
PR Wzz(e-y) ] @B 14f ZZyCR Wzz(e-1) - Total 17
a [ Post-Fi - = - Post-Fit z 1
§ 505 Fos =|Z’?;;-UDY . L%J 12 .,U}:certaimy 3 TopCR . TopVR . SR
@ gof HFake 3 of E g ATLAS Preliminary | ; v
: Uncerainty ] E z fs=13TeV, 1400 : Ot
30 3 8F Wi(=h)yy Oe—v
g + ] sk 3 Post-Fit mi-!
20} - [ ] [ Multiboson
- ] 4 = B Tor
10 ﬁ 2: ----------------------------- @l Pileup
= ¢ 4 o 10
E 1.250 + ? T 2 b E 1.25 o 14 = Data/Post-Fit
& TR o & v FREI : : b
=0.75 ,+ f 1 Viiziz 4 @ 0.75F o 1 S 3 PR S N Uresrarty
@ 05 o 05 0.8 : \‘f&\ ' 1 pre-FivpostFit
[m] 50 100 150 200 250 300 O 40 50 60 70 80 90 100 110 120 130 0.6k ' ' | —per
P! [GeV] m, [GeV] 20 40 70 /20 /20 o
! Pl [GeV]

Dominant systematics for both measurements due to misidentified photons and leptons
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Triboson WWYy observation

*  Wwy observed with 5.60 (4.70 expected)

obs.
H combined
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EFT interpretations - introduction

* New physics effects parameterised by extra operators in the
Lagrangian with the mass dimension d > 4
* Generic parameterisation not attached to a specific model

Lambda is the new
physics scale, e.g. Z’

boson mass
1 1 1 1 £, =Y G OE=
— _ — — J— k
LsmerT = Lsm + A£5 + A2£5 + /\3£7 + /\4£8 + ... - . - . -
* Using effective interactions (new resonance integrated out) 5 —
* EFT approximation is only valid far away from the resonance mass ; b i+

* Allows looking for new particles without having them produced

(beyond the centre-of-mass energy reach)

At LHC, mostly
l. Brivio cases of n=6, 8
JRRCR] i S B CRRRUR] i B B are considered
o = EFT sq. i (=] = EFT sq
3 - —— SM+EFTint +5q. 3 I —— SM+EFTint. + sq
a | i |essss Z' model aetin [ I EET T Z' model
= 10° PPt = 102 .
s - ot : 3 -
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ATL-PHYS-PUB-2021-022

EFT interpretation of multibosons

* Combined analysis of ATLAS published measurements:
» Zjj via Vector Boson Fusion (VBF) with 139 fb!, Eur. Phys. J. C 81 (2021) 163
» Diboson WW with 36 fb-1, Eur. Phys. J. C 79 (2019) 884
» Diboson WZ with 36 fb™1, Eur. Phys. J. C 79 (2019) 535
» Inclusive four-lepton with 139 fb-%, JHEP 07 (2021) 005

EFT dimension-6 with 33 CP-even operators, using Warsaw basis
The information contained in data is not sufficient to constrain all 33 operators

Identify sensitive directions from eigenvalue decomposition of the covariance
matrix

» Construct a modified basis with linear combinations of the Warsaw basis operators

» Linear combinations of operators constrained (two Wilson coefficients ¢y, and clggq) and

13 combinations of other Wilson coefficients)
The expansion of the gross section contains linear and quadratic terms in
Wilson coefficients(fgi( ). ( _(6}]2 o ©
3 c - ¢

o o< | Msmer = |[Msm |~ + Z

;i‘l 2Re (Mi(ﬁ}‘;\,{;_\f[) + Z __(;'\4_ )M,-{m‘j . Z 15A4j Re (A/{}ﬁ)M}ﬁ}*) +O (A_J')

[ i<j
* Quadratic terms are of the same order as those of EFT dimension-8 interfering with the SM

» EFT dim-8 not considered in the model -> report limits based on linear and
linear+quadratic fits; difference gives estimate of missing 1/A% terms
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EFT interpretation

ATLAS Preliminary
Vs =13 TeV, 36-139 fb''
Relative Effect of Wilson Coefficient, for A = 1 TeV

Linear Effect of Wilson Coefficient
Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty

0.4 _ H
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)] I _
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1 Cw Chq C s C s Cvs Coqal 4q —
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(3) 1) (0]

¢y = 0.73c,, ~0.28¢yy - 0.48c,,, +0.38¢, "+ 0.13¢;,)
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(
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(18) (31) 38)

ATL-PHYS-PUB-2021-022

Correlation of systematics
between measurements
taken into account

Correlated Uncertainty Source wWw Wz 4¢ VBFZ

Luminosity (correlated part) v v v
Luminosity 2015/16 v v
Luminosity 2017/18

Lepton efficiency (correlated part)

<
SN

Pile-up modelling

Jet energy scale (Pile-up modelling)

N N N

v
e
Pile-up jet suppression v
v
e

Jet energy scale p-inter-calibration

e Limits at 95% CL for linear

and linear+quadratic fits (to
illustrate the effect of
truncation of EFT expansion)

* Fits of individual coefficients

(with others set to zero) as
well as combined fit

* No deviations from SM found
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Step forward
towards global EFT
interpretations!
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EFT interpretation of EW diboson  ATL-?HYs-PUB-2023-002

ATLAS, 13 TeV, 36 fb!

* Joint dim-8 EFT interpretation of partial Run 2 WEW=* and WZ ATLAS results
> WEW=: Reco My, distribution
» WZ: Unfolded cross sections

» Preserving systematic correlations between two measurements
1D and 2D limits

e Also “unitarized” 1D limits, with EFT contributions clipped above 1 TeV

W|thout EFT cllpplng Wlth EFT cllppmg P e
T T T T T T T T T T T T £ F Vs =13TeV, 36.1 fb"' 1
fur A ?;’i‘?:f{&f"é”sﬂ? ;gﬁ;ﬂ."_.i;u fur/A* ?;’5‘1‘?{&?';";??’3 — i 20¢ E
10
fan ,u'A" no unitarization [ fan ,1'1\4 myy cut-off 1TeV 0-
fuo/ A — fuo/AS — 10,
fSI.riA4 f5|,’A4 -20é — obs. 95% CL, comb. t
30~ Bbrepeinpry il
BolM| e N — 20 40 0 10 20 30
-80 -60 -40 -20 0 20 40 60 80 -500 4«0(} 4!00 200 =1 !)(! L] 100 200 300 400 500 4
fuo /A
i L R AR AN LR BRNRE EARAN RARRS
fra/ A fr2/A* : 35?_TLAS Preliminary 3
s =13TeV, 36.1 fb
R 2r
fri/A* S fri/At — 1 E
PNNNNNN... o: = |
fro/A* fro/A* _15 3
3 2 = 0 1 2 30 20 10 0 10 20 30
aQGC Limits @95% C.L. [Tev™] aQGC Limits @95% C.L. [Tev™] -2: -
'3:* ~— obs. 95% CL, comb. =
When clipping EFT contributions, the limits get weaker -> constraints | ieopepoaty
from partial-wave unitarity are stronger than the experimental ones 2 15105 0 08 f‘ /;f’
TO
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First ATLAS global EFT fit

ATL-PHYS-PUB-2022-037

ATLAS, 13 TeV, 36-139 fb!

Including ATLAS, LEP and SLC data

* Global dim-6 EFT interpretation of multiple measurements:

» Higgs boson production and decay in form of STXS; differential cross sections of weak
boson production; electroweak precision observables from LEP and SLC
e Constraints on 28 Wilson coefficients and their linear combinations

ATLAS only

ATLAS + LEP, SLC precision EW

ATLAS Preliminary e BestFit M Higgs ATLAS Preliminary e BestFit M Higgs
/8=13TeV, 36.1-138 fb~' g:nf;’gt EW V5 =13TeV,36.1-139fb ! —— 68 % CL W EWPO
------- 95 % SMEFT A = 1 TeV s 95 % CL EW
SMEFT A =1TeV :;:gquuad Linear parameterisation
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No signs for
BSM
contributions
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Predicting future is hard... CERN/AC/93-03(LHC)

8 November 1993
LEP is almost certainly the last in the line of circular machines of colliding leptons. Lepton
beams emit energy while following a circular path. This synchrotron radiation, though it
has extraordinarily useful properties for other applications, is a great drain in the operation
of machines for particle physics. It increases dramatically as the beam energy rises and a
machine like LEP would be extremely expensive to operate much above 100 GeV per beam.

. L » ORIGINAL RESEARCH
:' frontiers ‘ Frontiers in Physics published: 09 June 2022

'_) ‘\( 4 . . doi: 10.3389/fphy.2022.888078
3 SO g{% Future Circular Collider: Integrated
Programme and Feasibility Study

=\ C Michael Benedikt* and Frank Zimmermann
\[ Lé
e » k- CERN, Geneva, Switzerland
e G
-vg—[:— - The Future Circular Collider (FCC) Integrated Project foresees, in a first stage, a high-
(NN | /]

luminosity high-energy electron-positron collider, serving as Higgs, top and electroweak
factory, and, in a second stage, an energy frontier hadron collider, with a centre-of-mass
energy of at least 100 TeV. This programme well matches the highest priority future
requests issued by the 2020 Update of the European Strategy for Particle Physics. In
2021, with the support of the CERN Council, a five-year FCC Feasibility Study was
launched. In this article, we present the FCC integrated project and the preparations for the

... but in either case...
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Summary

* Electroweak measurements provide a powerful way to explore nature

* my, measurements is certainly one of the largest excitements of the decade in HEP

* LHC entered precision race with LEP measuring electroweak observables

* Reach spectrum of single- and multiple electroweak boson production measurements at LHC:
» Single W, Z -> electroweak parameters, PDF, ag
» Diboson -> NNLO QCD, polarized diboson final states, aTGC limits
» Electroweak single & double V production; triboson -> aTGC and aQGC limits

* EFT interpretation is a compelling method for model-independent searches of New Physics

Standard Model Production Cross Section Measurements Status: February 2022

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

Theory

LHC pp V5 = 13 TeV

_ Data 3.2 - 139fb

LHC pp +s =8 TeV

A Data 20 20.3fb

LHC pp Vs =7 TeV

HL-LHC will extend the
vertical axis range of this plot
by two orders of magnitude

Improved statistics of weak
boson production

+

New rare processes within
reach

New knowledge
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Observation of yy=>WW

* Opposite-sign, opposite-flavour eiuJ_r

* Intact or dissociated protons

* Exclusive production; exclusivity
defined using central detector cuts,
Ntk = 0, D1 track > 500 MeV

* At LO, process only proceeds via EW
gauge boson self-couplings

* Largest background: inclusive qq —
Www

* Proton dissociation not included in
the signal model -> data-driven
correction

26.04.2023

7y
/

-2

Events

Data / Pred.

1200

1000
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14
1.2

0.8
0.6

experimental overview

Phys. Lett. B 816 (2021) 136190

ATLAS, 13 TeV, 139 fb'!

W+ o

~

W=

! |
ATLAS

I
—&— Data
Ww = .
] (e Vs=13TeV, 139 fb”
B gg—WW p?” > 30 GeV
I Other qq initiated
I Non-prompt
I Drell-Yan

=== Total uncertainty

*-—-—n

O. Kuprash - Electroweak physics:

Number of reconstructed tracks, n.
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Electroweak parameters

* Multibosons: two or more electroweak bosons -W, Z, y

* Why measure multibosons?

» Test Standard Model predictions
— State of the art theory is at NNLO QCD, with NLO EW corrections

» Check for BSM effects
— BSM typically formulated in the Ianguage of EFT

Lger = Lgy + Z A2 656) 2 Ad @ES) +.

— Concentrate on operators modifying TGCs and QGCs

Dibosons Tribosons



Diboson measurements overview

ATL-PHYS-PUB-2021-032

Diboson Cross Section Measurements

Status: July 2021

Yy
Wy F
YH= o
Zy—tty ATLAS Preliminary
~ [Py = 0] V5=7,813TeV
—Zyswy NNLO QCD
S NoacD
~WWosep, [mjec = 0] LHC pp V5= 13 TeV
“WWosel e "‘—:;{}' Data
- —ejr, n];: 2 g:{:g syst
Wz LHC pp V5= 8 TeV
—WIZEver =B sz-)t:-'tﬁ
2z LHCpp V5=7 TeW
- 4! Inclushe (B0 GaV «<mdf 200 GaV) - ’ DEJ.'.G
St ——
—ZZtvy G — stat@ syst
—LI*=4F
WV = fvjj
WV vl
VH - -
—H-bb -
- H = 7Y | . oA I : ] : : :
0.6 0.8 1.0 1.2 1.4 1.6
data/theory

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

CMSPublic/PhysicsResultsCombined

May 2021 CMS Preliminary

CMS measurements 7 TeV CMS measurement (stat stat+sys)  +—o——
vs. NNLO nLoj theory 8 TeV CMS measurement (stat stat+sys)  —a—

13 TeV CMS measurement (stat stat+sys) =+
Y S 106+001+£012 501"
W, (NLO th.) —+—— 1.16+003+013 50"
Wy, (nLo ) —e— 101+000+005 137"
ZY, (NLO th)) (T 098+001+005 50"
ZY, (NLO th) —e— 098+001+005 195"
WW+WZ — 101£013+£014 49"
Www F—t—o—t— 107+004+009 49"
ww e 100+£002+008 194"
WW Lo 100+001+006 359!
WZ H——o—H 105+007+006 49"
WZ ——a— 102+004+007 196"
WZ e 100+£002+003 137"
27 H————H 097 £013+007 49"
77 i 097 +006+008 196"
77 e 104 £002+£0.04 137"

55 1 _ 75 : 5
P clicorw dur OO Production Cross Section Ratio: G, / Ojpe,

* Remarkable agreement between measured diboson cross sections and

NNLO QCD predictions

26.04.2023
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WW + 21 jet

etut, m(ep) > 85 GeV
b-jet veto (20 GeV)
>=1 jet (35 GeV)

Extra jet: enhance EFT-SM
interference

Robust estimate of the
(dominant) ttbar background
using b-jet counting method in 1-
and 2 b-jet regions

* Precise measurement: 10%
fiducial cross section uncertainty

» Dominant systematic uncertainty:
jet calibration (6%)

* Measurement agrees with state-
of-the art theory predictions

26.04.2023

JHEP 06 (2021) 003

ATLAS, 13 TeV, 139 fb!

q 7
g g W
| I I I I | I I I I I I I I I I I | I I I
ATLAS — Data
Vs=13TeV, 139 b ] stat. Unc.
PP — €UV ] [_]Tot. Unc.

Data
258 + 4 (stat) £ 25 (syst) fb

MATRIX 2.0 nNNLO
279 + 2 (PDF) + 18 (scale) b

MATRIX 2.0 nNNLO ® NLO EW

278 + 2 (PDF) + 18 (scale) b

Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*

277 + 3 (PDF) + 44 (scale) fb

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*

263 + 3 (PDF) + 16 (scale) b

Powheg MINLO + Pythia8 (0-1j@NLO)*

254 + 3 (PDF) + 21 (scale) b

* + Sherpa & OpenLoops gg—WW

¢ Predictions

100 150 200 250 300
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WW + 21 jet

* Fiducial and differential cross sections (12 variables)

» Also: extra differential cross sections in high-p lead. et (5200 GeV) and high-py lead. lep
(>200 GeV) regions

* Interpreted within the EFT dim-6 using unfolded m,,,
> High-pT,]-e'c region helps to
further enhance SM-EFT
Interference term:

_ 2
o(cw) = o5y + CwOint + CiyOpsu

* Limits on ¢y, for linearized and
guadratic EFT fit

> A=1 TeV
T T | | T T T ‘ T T T ‘ T T
ATLAS —— 68% CL
s=13TeV,1391b" = 95% CL
AT —— Linear
— etyy

> J —— Linear + Quadratic
P > 30 GeV 1

pe' > 200 GeV

—4 -2
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-
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CMS-PAS-SMP-20-014

Inclusive WZ measurement . -y 150
* WZ production at 13 TeV with leptonic final states

e Exhaustive study of WZ production:
» Total and differential cross sections

> lari . f . CMS Prelimnary  137.2fb" (13 TeV
Polarization fractions measurements e F N E
N C —— ]
E POWHEG, NNPDF3.0NLO: #*/NDOF=9.512
10° = a X LONLO: %/NDOF=13. =
» Charge asymmetry measurements s E e e
-~ C Total unc.
CMS Preliminary 137.2 b (13 TeV) CMS Preliminary 137.2 7 (13 TeV) 10 e ator =
T T T | T T T T ‘ T T T T ‘ T T T T T T T ‘ T T T | T T T | T T T | T T T E =
I | | C
| | | c .
1 =
- | - -
I POWHEG [ 107 ;_ -
upe I * {NLO QCD+LO EWK) upe q POWHEG+NNPDF31 E 3
MATRIX =
I (NNLO QCD+LO EWK) | MATRIX+NNPDF31 ‘ -
MATRIX — = MATRIX+PDF4LHC15 G 14E - —
Hi | * (NNLO QCDXNLO EWK) HEL _ MATRIX+CT14 T 2 e — - =
| Bl statistical | B statistical § 08F- * -
. | M systematic . I systematic o 04F
Combined | © y Combined v o 02fF
I Luminosity Luminosity = 0 )
3 v} a
| | | \I 1 | ‘ I | | | ‘ | | | | | | ‘ | | | |I I | | | | | | | | | | 10 M(WZ) [Gev]
40 50 80 1 1.2 14 1.6 1.8 2 o )
o(pp — WZ) / pb a(pp — W+Z) / o(pp = WZ) A factor 2 stronger limits compared to previous

iteration of the analysis thanks to increased statistics

»aTGC limits formulated in =, e o0 CI, Exp. (TeV~2) 95% CI, Obs. (TeV=2) Best fit, Obs. (TevV—2)

dim-6 EFT (5 parameters)  «/A% (~2.05,1.27 —252,0.33] 134
Corn /A [—1.27,1.33] (—1.04,1.19] 0.15

— Using |\/|(WZ) at the Cp/ A2 [—86.0,125.0] [—42.7,113.0] 43.6
Covurne / N2 [—0.76,0.65] [—0.62,0.53] -0.03

reconstructed level e 161461 459 459 0.0
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CMS-PAS-SMP-20-014

Inclusive WZ measurement . -y 150

 First observation of longitudinally polarized W bosons in WZ production

* 5.60 (4.30) observed (expected), studied in helicity frame
do 3

odcosWE 8

(1 cos(0W) 21 + (1 cos(8VE) £ +25in(0W=) £
futfrt+fo=1

.. -1
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@ 2200[ SR Post Fit - 320 o =S N N B
- - e Data iwzves vV E o =
£ 2000F - ]
S Fwz, Mqqzz Xy = E 3
LL>J 1800; wz, [t [ ]Non prompt E 05¢ iy ]
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q, cos(9,,)
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WW,WZandZZat5TeV oo ryoniis

e First measurement of VV cross sections at 5 TeV

» Using pp low-pileup run (reference run for heavy ions)
» Leptonic final states

» Integrated cross sections cMS
f&_ | PP NNLO (I'.JCDx NLO EWK (MATRIX)

e Reduces the gap between N 1T onommrm

§10 == pp NLO (MATRIX)
Tevatron and LHC 2
measurements £ | 41/

* Measurements agree with oS
NNLO QCD NLO EWK wl A e s
predictions S| j R S 9

« Dominant uncertainty ey -
source: limited data % 71
statistics 51 ‘2 P 8 10 12 - 14

Vs (TeV)
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Zy

« etey, ptuy

* NoVZy TGCin SM -> LO diagrams are ISR and FSR

» Small contribution from VBS at higher EW orders

* Pileup photon background estimated using

converted photons

* Integrated and differential cross sections

2.9% precision! | 5337 151 uncorr)

compared to a number of MC and fixed-order
predictions
» Generally good description by MATRIX NNLO

+ 11.6 (corr) £+ 9.1 (lumi)

Pred./Data

SHERPA LO

SHERPA NLO

MADGRAPH NLO

MATRIX NLO

MATRIX NNLO

MaTrIX NNLO x NLO EW
MATRIX NNLO + NLO EW

Ctheory is a parton-to-particle level correction factor (~0.9, obtained from Sherpa) =

+ 0.6 (stat)

26.04.2023

+ 4.3 (Ciheory) £ 8.8 (PDF) 713
+ 5.1 (Cipeory) & 10.8 (PDF) +164
+ 2.7 (Ciheory) £ 10.8 (PDF) 17
+ 2.7 (Ciheory) £ 10.8 (PDF) T4
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< [ib GeV

Pred./Data Pred./Data

JHEP 03 (2020) 054
ATLAS, 13 TeV, 139 fb'!

| ———hAANNAAN i
A Condition
! o m(ll) + m(lly) > 182 GeV
s applied to suppress FSR

ATLAS
Vs= 13 TeV, 139 fb '
Z(=> )y

=== Sherpa NLO
=== Sherpa LO
—— Madgraph NLO

50 100 200 500 1200
Y
E) [GeV]
r

ATLAS
{s= 13 TeV, 139 b
Z(= Iy

=== MATRIX NNLO

=== MATRIX NLO
MATRIX NNLO + EW

~—— = MATRIX NNLO - EW

. e
50 100 200 500 1200
E) [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/

Wy

* Probes WWYy vertex

* Cross section at An(l,y) =
due to interference -> “rad

» BSM processes could make the minimum less

pronounced
» SM NNLO QCD describes

* Interpreted within EFT

dim-6 framework
» Limits are set on C3y,

a.u.

SM-EFT interference term
resurrected by going to a

WYy centre-of-mass frame
and including angular ;
information in the fit

26.04.2023

q

q
0 at LO vanishes
iation valley”
the shape well
Wy 13 TeV
| CMS —Cw =00
81 Simulation Preliminary : gz&: : g;
[ LO <2j MLM —Cyy =04
B_
i =
2
b
1.5F ]
S e e s
¢
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CMS-PAS-SMP-20-005

CMS, 13 TeV, 137 fb?!

1/o Ac/A(AN(ly))

(6—Cp155)Ops

—_—

C,y (TeV?

W (Fv)y 137 o' (13 TeV)
CMS + Measured
03 Prelfmfnal’y G5_aMC 8(s1jNLO +PS
&= MATRIX (NNLO QCD)
+
0.2 4 T
o — | = —~
BN
0.1 i
— Jetveto
0 yuram srerarif 0 IR PP IR R B B B e
‘.*“ R R R R REREE R T
05 -
0 I R R
B o e e e I o L S [ T e
-5 4 -3 -2 1 0 1 2 3 4 5
An(ly)
137 b (13 TeV)
L ) L AL
10+ ———— SM+int. only B
- C MS — — — 95% CL SM+int. only
r Preliminary
SM+int. only, no ¢ binning
95% CL SM+int. only, no ¢ binning
5_ -
B  ——— T T =
B e
L~

;:,10X limit improvement

“compared to fit without
-angular info!

p"; cutoff (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-005/index.html

Entries

YY

STDM-2017-30

Submitted
to JHEP

ATLAS, 13 TeV, 139 fb?!
i

 Signal includes direct and fragmentation photons direct fragmentation
* Dominant background: non-prompt photons from hadron decays e o= "O"POMP
* Pileup background normalization from events with double Ty
conversions, by fitting |Az| = |zy1 —zy2| e
. 5L L ATLAS  /5=13TeV, 139 fo' Data —— 1
10— U E ANRARR AR RARRS RN AR AR RN | AR g103; DIPHOX ]
- Vs=13TeV, 58.5 b ﬁ]d“f{“:"z';fac"“’”ve”ed‘f 7 laTLas ~data 2 NNLOJET —— |
10°c ATLAS : D_'ma 4 |(s=13TeV, 139 fo” Ezz’;‘ g 0%k SHERPA =
o ZZ Plep comporen B Sherpa MEPS@NLO - S ot f:
E NNLOJET NNLO - TE
3l 5 Ap, >3 ;
10 : w2 : NNLOJET NLO - 10" E
10;— et —; NNLOJET LO . s 1S
E “'H- E T 12F
B ] , S 1E
1 f Diphox NLO —— }3 8:25:
Eo 1 T I " | SRR R 11 1| I S = R BTN RURTE BT FUUTE ETRE RN DU B o
0 50 100 0 50 100 150 0 10 20 30 40 O'S’ ‘ ‘
Az| [mm] Integrated fiducial cross section [pb] 1o o 1t1—A¢»W [rad]
* Integrated cross section described well by Sherpa NLO and NNLOJET NNLO
» LO and NNLO results differ by a factor of 6!
» Differential cross sections described best by Sherpa
» Fixed-order predictions fail when the photons are back-to-back -> region sensitive to
resummation effects oot El Cohuice.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-30/

Triboson measurements overview

ATL-PHYS-PUB-2021-032

VBEWBS and[Triboson Cross Section Measurements| sass: s 20er

Lyy—tlyy
= e = 0]
Wl =0 e ~2sigma
WWW, (fot) ATLAS Preliminary disagreement
V5=7.813Te&V
between
measurement and
theory for Wyy
and WWW
> No NNLO

calculations (yet)

00 05 10 15 20 25 30 35 40
data/theory
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-032/

WWW observation

ATLAS-CONF-2021-039

ATLAS, 13 TeV, 139 fb!

« IEyltvjj and FEviEviTy R stmgesmnve SRR
» No same-flavour opposite-sign leptons ::giii'ﬁt - Egh Picdan) .
: ' 1 bl
. . 30:_ E q
* Signal from the fit of the BDT score : |
distribution : LN .
W
* Measured cross section 7 ”\‘~<
Off-shell WH is
o(pp = WWW) =850 + 100 (stat.) + 80 (syst.) fb part of the signal W~
* Higher-order predictions: & 12 — Ly ; g W
s o8 W .
> WWW at NLO QCD + NLO EW’ WH at g 0 OI.’I 0;2 0?3 0?4 0;5 0?6 O.I? U.IB O.IQ 1 "
N3LO QCD + NLO EW: ABPToupst 41 v
505 fb (Uncertainty Up tO 6% or ~30 fb) Uncertainty source Ao /o [%]
Data-driven background 53
Fit Observed (expected) significances [o] | p(WWW) f;i”;ﬁ;lzgfﬁ’?'md"gmund modeling | 22
E o E : ' .C )  MC statistics 2.8
e 2? (_1.4.) 1.69 + 0.79 Lepton .
e u 4.6 (31) 1.57 +£ 0.40 Luminosity 1.9
s 5629 2132047 Jamimotine b
2( 6.9 (4 1) 1.80 + 0.33 "Total systematiz uncertainty 9.5
3¢ 48 (3.7) .33 £ 039 Daasaisies 12
WZ normalizations 33
Combined 8.2 (5.4) 1.66 + 0.28 Total statistical uncertainty 11.6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/

2|
~

SMP-19-013 Accepted by JHEP
CMS, 13 TeV, 137 fb?

Observation of Vyy

 First observation of Vyy cross
section at 13 TeV

137 fo' (13 TeV)

* W/Z leptonic decays (electrons and  wevyy e 023702 (stat) *°% (syst)
muons) |

e Probes QGC W(uv)yy ——0.74 7371 (stat) " 0 (syst)

* Results interpreted using dim-8 EFT
using diphoton p+ at the
reconstructed level

W(viyy |3.10! —e—0.73 7010 (stat) " ** (syst.)

I
P SIS ENN T SN SR SN NSRS S SN NN ST SRS NS S S

1 0 1 2 3 4 5
Signal strength pn

137 b (13 TeV)

[e)
=
(7]

(@)

=

77

c  80c 137 fb ™' (13 TeV)
é 705_ Z(— ee)yy —+— Data
%] E EZ’Y’Y Z 073 +0.18 (Stat)+012 (S St)
£ 60 [ Others (ee)yy —— 047 y
> 50E 1 Misid. jets
Yl I — f;/A* =10 Tev*
302 Z(up)yy ~o- 1.06 "0 (stat)+010 (syst.)
205
105 }
. S R e A +0.10 +0.11
3 1,51;— . | Z(llyyy |4.80 —e+ 0.917 5" (stat.) "otz (syst.)
9___0_55— N + I | NN B IR EPEPETEF APV ENEETET AT B
o 0 50 100 150 200 250 300 o 05 1 15 2 25 3 35 4
a P!’ [GeV] Signal strength p
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First Higgs mass prediction

CERN-TH, 5817/90

New bounds on =, and first bounds on My

from precision electroweak data

John Ellis and G. L. Foglif
CERN, CH-1211 Geneva 28, Switzerland

Abstract

We present new results from a global analysis of all the electroweak data including
precision measurements of the Z° mass and decays from LEP. Data from both low—
energy and high—energy experiments indicate independently that the top quark mass
my ~ 100 to 160 GeV. When combined they give

+ 24
my = 127 GeV ,
- 30

for the Higgs mass Mg = Mz. For the first time, the data also give non-trivial bounds
on My: independently of m,

1.8 GeV < My < 6 TeV (68% C.L.),

with the preferred value of My being below Mz. Furthermore, if the top quark were
found below the above central value, the data would provide a stronger upper bound:

My g Ty z
k- 97 — 8. —t . —_t L.
In (MZ) < 3.97 — 8.90 (Mz) + 556(Mz) (68% C.L.),

which gives My < 600 GeV for m.: < 120 GeV.
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Analyses overview (13 TeV)

Signal extraction; precision | Dominant uncertainty

of int. cross. sec.

Signalin  |Dominant background
SR
Wy CMS

50% Non-prompty (25%),
non-prompt 1(5%)

WW +  ATLAS  42% Top (51%)
2] jet
4 ATLAS  96% Non-prompt | (4%): the
only bkg.
Wz CMS 83% Irreducible (ZZ and
ttbar+V, 13%), reducible
(4%)
Zy ATLAS 85% Z+jets faking y (10%),
pileup jets and y (4-5%)
A% ATLAS 60.4% Vi (20%), jy (10%), jj (6%),
electron (2.6%), pileup
(0.6%)
WWW  ATLAS  16% (21), WZ (40%), y conv., fakes
40% (31) in 21; non-prompt (30%),
WZ (18%) in 3l
Vyy CMS 17% (W), Misid.j& e (75%) in W,
59% (2) misid. j (37%) in Z
26.04.2023

Fit signal strength
differentially (5-8%7?)

Data-bkg (10%)

Data-bkg (3.4%)

Fig signal strength and
major bkg normalizations in
SR and CRs (3.6%)

Data-bkg (2.9%)

Fit of signal and bkg.
normalizations in SR and
CRs (7.6%)

Fit of signal and bkg.
normalizations in SR and
CRs using BDT output (15%)

Fit of signal using diphoton
pT (33% W, 16% Z)

O. Kuprash - Electroweak physics:
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Misid. Muon (16-42%),
jet ->y misid (10-45%)

Jet calib. (6.3%),
Top modelling (4.5%)

Syst. (2.6%), lumi (1.7%)

Lumi (2.1%), B-tagging
(1.6%), stat. (1.5%)

Lumi (1.7%), e id eff.
(1.4%), Z+jets bg (1.3%)

Bkg. Estimation (4.3%),
photon isolation (4.1%)

Statistics (11.6%), data-
driven bkg. est. (5.3%)

j-y. misid (21%), stat.
(14%) in W; j-y. misid

(6%), Zy cross. sec. (6%),

stat. (10.7%) in Z

-diff. cross. sec

-radiation amplitude zero
-EFT dim-6

-tot. and diff. cross. sec
-EFT dim-6

-tot. and diff. cross. sec
-EFT dim-6

-Z' and h2 limits

-tot. and diff. cross. sec
-charge asymmetry, PDF

unc. reduction
-EFT dim-6

-int. and diff. cross. sec

-int. and diff. cross. sec

-observation (8.2 sigma)
-int. cross. sec.

-observation (>5 sigma)
-int. cross. sec.
-EFT dim-8
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EFT interpretations overview

EFT dim Operators / Variable Interference | Unitarization
/ EFT validity
coefficients resurrection

6, int, int+ C3yp (WWy) in Unfolded p , Angular info Upper cut
pure Warsaw basis |(Pf| in Wy CoM on pT
frame

WW +21 ATLAS 6, int, int+ ¢y in Warsaw basis  Unfolded m,,, High jet pT -

jet pure region
4-lepton  ATLAS 6, int.int+ 22 coeff.in Warsaw  Unfolded 1d, 2d - -
pure basis comb. of ||,
|‘Ppairs ’
M34, PT 12
WZ CMS 6, int. int + 5 coeff. in HISZ basis M(WZ) reco - Clipping
pure
Vyy CMS 8 10 coeff., Eboli 2006  pr,, reco - -
77->4] CMS 8 4 aTGC param. My reco - -
transformed to dim-
8 EFT param.

Degrande 2014
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Eur. Phys. J. C 80 (2020) 41

WW in DPS CMS, 13 TeV, 77.4 fb!

Same sign WW to eTpt or pfpt
Same-sign leptons -> smaller single-parton scattering (SPS) background
First evidence for WW production via double parton scattering (DPS), 3.90

Dominant background: WZ via SPS -
. . . . . qtpll Ei
Compared to Pythia predictions and factorized scatterings
Measurement statistically limited e
Effective cross section extracted, o,rr = 12.7%3:3 mb s
CMS 77.4 b ' (13 TeV) , CMs 77.4 o' (13 TeV
I ‘€ 200 ¢ Data [WZ [ ]Nonprompt =
-4 Observed Predictions: L%J 180 Wrae [OWy .Dpspvvtwt wut
Mlstat oo PYTHIAS (CP5) 160 (zz
[ ]syst — — Factorization approach 140

—_
n
o
IIIIJIIIJIl\l\l\l\l\l\l\l\l

| : total  stat syst

wp +en | He—e—1 1.96+0.74 (£ 0.54 ,+0.51) pb
|
I :

Wt + et HeeeH | 1.36 + 0.46 (£ 0.33 , + 0.32) pb 0
| 2 25 [ Total background uncertainty
| : = 1.5F —DPS W'w*
et + et | HEee | 1.41+0.40 (£ 0.28 , + 0.28) pb s 7
: 0.5 =
11 (l) 11 1 || “I | 2' [ :|3 | - | 4|- | I | é L1 1 1 é 1 0 21 4- é é 110 1;2 114

. Bin number (uu’)
Inclusive 6ppg iy (PD)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-015/index.html

Observation of yy=>WW

* Opposite-sign, opposite-flavour eiuJ_r

* Intact or dissociated protons

* Exclusive production; exclusivity
defined using central detector cuts,
Ntk = 0, D1 track > 500 MeV

* At LO, process only proceeds via EW
gauge boson self-couplings

* Largest background: inclusive qq —
Www

* Proton dissociation not included in
the signal model -> data-driven
correction

26.04.2023

7y
/

-2

Events

Data / Pred.

1200

1000

800

600

400

200

14
1.2

0.8
0.6

experimental overview

Phys. Lett. B 816 (2021) 136190

ATLAS, 13 TeV, 139 fb'!

W+ o

~

W=

! |
ATLAS

I
—&— Data
Ww = .
] (e Vs=13TeV, 139 fb”
B gg—WW p?” > 30 GeV
I Other qq initiated
I Non-prompt
I Drell-Yan

=== Total uncertainty

*-—-—n

O. Kuprash - Electroweak physics:

Number of reconstructed tracks, n.

W+

W=


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/

o Phys. Lett. B 816 (2021) 136190
Observation of yy>WW .50 0 o

* Many non-standard corrections:

» Vertex definition (ATLAS vertex
reconstruction biased for exclusive
vertices)

» MC beamspot width rescaled to data
» MC pileup mismodelling correction
» Charged particle multiplicity correction — 100

* Fit to data yields in SR and 3 CRs

Observed signal significance: 8.4c

L L T T T
ATLAS

Vs=13TeV, 139 fb’

Ny, = 0

—&— Data

1 vy=Ww

YY—=TT

I Drell-Yan
. B qg->WW
! I Non-prompt
I Other qq initiated
<zzz2 Total uncertainty

150—%

Events /5 GeV

50 i
based on values of and ey 4.
 Measured fiducial cross section e ittt e ]
3.13 +0.31(stat.) +0.28(syst.) fb & oF : iil‘ Fp *9’"///{ :
s

» Agrees with theory corrected fora & %% | ? ﬁﬁﬂﬁ 7 v
proton survival factor 020 40 0 80 100 120
Pt [GeV]
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/

Where do we stand

Quantity/process LHC expected

syst. unc. of mW, MeV 10 15
stat. unc. of sinTheta 0.00015 0.00021
syst. unc. of sinTheta 0.00024 0.00024
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Inputs
to EW

fits

26.04.2023

I 1 Free Results from global EW fits: Complete fit w/o
Parameter Input value in fit Standard fit Complete fit exp. input in line
Mz [GeV] 91.1875+0.0021  yes 911874 +£0.0021  91.1877 +0.0021 91.2001 +)-017d
[z [GeV] 2.4952 + 0.0023 - 2.4959 + 0.0015 2.4955 £+ 0.0015 2.4950 £ 0.0017
o ., [nb] 41.540 + 0.037 - 41.477 £ 0.014 41477 +£0.014 41.468 £+ 0.015
RY 20.767 £ 0.025 — 20.743 £ 0.018 20.742 £ 0.018 20.717 10029
A% 0.0171 £ 0.0010 - 0.01638 £ 0.0002  0.01610 £ 0.9839  0.01616 = 0.0002
Ay ) 0.1499 + 0.0018 - 0.147875 1014 0.1471F) 0oon -

A, 0.670 £ 0.027 - 0.6682 1) o00is 0.6680 F0-000:42 0.6680 00013
Ay 0.923 £+ 0.020 - 0.93470 500013 0.93464 75 000ts 0.93464 70000
ARG 0.0707 £ 0.0035 - 0.0741 £ 0.0006 0.0737 X0 bhos 0.0737 1 hoos
At 0.0992 £ 0.0016 - 0.1036 £ 0.0007 0.1031 ) 5hoe 0.1036 £ 0.0005
RY 0.1721 £ 0.0030 — 017224 £ 0.00006  0.17224 £ 0.00006  0.17225 + 0.00006
RY 0.21629 + 0.00066 - 0.21581 00000 0.21580 £ 0.00006  0.21580 + 0.00006
sin?f! . (Qpg) 0.2324 + 0.0012 ~ 0.23143£0.00013  0.23151 *)-00012 0.23149 F)-00002

: . = A+ Th C3[+28. +30[+Ta
My [GeV] (°) Likelihood ratios ves Sljt,_j'::[l:u} Ilﬁ.dtlT_::ll_ jzllj 8[}_::[:{__11{
My [GeV] 80.399 £ 0.025 - 80.382 70 01e 80.364 £ 0.010 80.359 75 041
Tw [GeV) 2.098 + 0.048 - 2.092 0003 2.091 = 0.001 2.091 F0005
M, [GeV] 1.25 +0.09 ves 1.25 + 0.09 1.25 +0.09 -
iy [GeV] 4.20 +0.07 ves 4.20 £0.07 4.20 +0.07 -
m; [GeV] 1724+ 1.2 yes 172.5+1.2 1729+ 1.2 1782148
Ao (MZ) (12) 2768 + 22 yes 2772 + 22 276775 2722182
oy (M3) - ves 0019270008 011935008 011937000
den My [MeV] [—4, 4]theo ves 1 1 -
by sin?@ g (1) [—4.7, 4.7 theo ves 4.7 1.3 -
denpd, () [=2, 2]theo ves -
6thR£ Ay [ Qr 2]th{!c) yes -

) Average of LEP (A; = 0.1465 + 0.0033) and SLD (A; = 0.1513 + 0.0021) measurements. The complete fit w/o
the LEP (SLD) measurement gives A, = 0.1472 T000% (4, = 0.1463 £ 0.0008 ). °)1p brackets the 2o errors. ('In

units of 107°. “ Rescaled due to a. dependency.
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