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Introduction
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Why Precision Measurements Matter

@ Hadron colliders: discovery machines.

@ But what happens if all the "obvious" BSM signals are excluded ?

@ The devil hides in the details!

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
5 \i=18TeV

107 1 Mass scale [TeV]
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The devil is always in the details
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The EW sector of the SM

@ EW sector: 5 parameters = agm, Gr, Mw, Mz, sin?fw
@ Parameters are not independent.
@ Precise predictions = high sensitivity to new physics !

At tree level
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Experimental inputs to the Theory

@ The Standard Model is not o R . ]
self-contained: needs experimental g [m d‘,e€‘g‘Vandzs‘77rg'] ]
inputs! = s0as F | :W: m: 2::252;3 :g;:m hs meagurements 1

L. . it wio M, sin”(@],), M and Z widths measurements B
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The Theory-Experiment feeding loop

Despite being hadron colliders, LHC
and HL-LHC have much more to
bring to the EW sector picture before
the next generation of lepton collider
comes into life.

MC predictions and theory

calculations confronted to new highs
every data-taking year.

Eur. Phys. J. C78, 675 (2018)
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Results of the EW fit

Measurements 68% confidence levels -

T R [T T

Tevatron = PDG ]
$ LHC LEPEW WG .
J Tevaton + LG [ Cfiter.incl. M, 1
(searches or meas.) ]
1 1 Il L L
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EW @ LHC and HL-LHC

@ |[f ILC or CLIC or FCC-ee/CEPC

came into life tomorrow, we would be
in deep trouble for comparing with
theory! Years ahead are crucial to
build the required accuracy.
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EW results shown today

DISCLAIMER

@ Not possible to fully
acknowledge the plethore
of ATLAS and CMS results.

@ Will concentrate on newest
results mainly.

@ Others flashed in summary
plots.
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Outline
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CMS-PAS-SMP-22-017, £ = 5.04 fo—!

August 2023

@ Since their discovery at UA1, excellent

agreement data-MC from 0.63 TeV up to S e
L \ reliminary -
13.6 TeV hadron collisions, using E
DYTURBO@NNLO in QCD + NNPDF4.0. R ]
0.9
. g0s
@ At LHC, special low PU datasets for best For
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W boson mass measurement

Overview of m,, measurements

LEP Combination ATLAS I & S——
L V5 =7TeV, 46"
WEND ==
. cramng, -
@ Leptonic (e,u) decays of the W. el
@ Challenging measurement at hadron —=zim—
colliders. Aruszon J— Lcam
. A Ostat. unc.
@ Reanalysis of data used for 2017 Brvaie
measurement. T o7« 10 T sM prediction - 3' -
80200 80300 80400
° ile likeli i £ :
Profile likelihood fits to p7 and mr m,, [MeV]
@ Signal MC templates for a range of
myy values, reweighted to the 3 [aTiAs o, Coossod s asomer |
. . . . O 805 B = 17252 £ 0.33 GeV -
Breit-Wigner parametrisation of the = s - momioncey
F = 8o CLof m, andm,
W mass. E 8o.as5 4
r E
Statistical interpretation X2 fit with stat-only Profile max. likelihood (ML) fit - 80 4; = |
uncertainties, systematics for the first time in context of my, N m
added aposteriori measurements; 0(1000) NPs (= 3
reduced to ~200 NPs with PCA F -
Baseline PDF cT10 cris 80.35— _—= .|
Electroweak theory unc. Evaluated at truth level Evaluated at detector level == —
Multijet background 2023: Systematic shape variations using PCA, new transfer E 68/95% CL of Electroweak ]
function from CR to SR 80.3— Fit wio my, and m, |
Detector calibration Unchanged £ (B Phys .C 74 (2014 3046) ]
EW and top background Unchanged C ) ) ) ) ) ]
80.25
Courtesy of O. Kuprash 165 170 175 180 185

m, [GeV]
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W boson width measurement

arXiv:2403.1508

@ First measurement of 'y, at LHC.
@ Best single-experiment measurement to date.
@ Modelling (PS tune) and recoil dominate uncertainties.

S‘ T T T
g ATLAS A Bestfit p=-0.30
: Vs=7TeV, 461" ¥ SM prediction
Overview of I, measurements = 23001~ 7
oELPH ATLAS } = e 'm
Lo 57 TeV, 46"
oPAL = e m
R { 2200/~ E
L3 - e =
ALEH, ¢ 4 ey L i o= 95% CL.
e 2100~ X (80355, 2088) ]
. I I I I I
® Measurement . 80320 80340 80360 80380 80400
| Dstat unc - m,, [MeV]
Wrotai une
. ; en
1550 5060 5500 1 param. fits 2 param. fit
My [Mev] mw |80366.5+ 159 803548 % 16.1 112 MeV
Tw 2202 £47 2198 £49 L4 MeV

Small impact on uncertainties
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Systematic uncertainties

Snowmass report, ATL-PHYS-
PUB 2022-018/CMS- FTR 22-00

g o ATLAS TSlr\r;uIanon Zrellmmary o ATLAS 2024 ]
e = s eV, e Stat. © PDF 200 pb”
o arXivi2403.1508 2 s m rommar <t e oot
mw uncertainties S = or 3
- - ATLAS 2024 3
Unc. [MeV ] | Total Stat. Syst. | PDF  A; Backg. EW ¢ p wr Lumi Ly PS 12 cris 3
P4 162 1.1 118]49 35 17 56 59 54 09 L1 01 15 10 E
mr 244 114 216 | 117 47 41 49 67 60 114 25 02 70 8 3
Combined | 159 98 125 |57 37 20 54 60 54 23 13 01 23 s 3
4 1
2 3

0

CT10 CT14  MMHT2014 HL-LHC LHeC

@ At HL-LHC: increased lepton acceptance.
@ But need a dataset with low instantaneous luminosity.
@ Final precision will depend on PDFs and amount of data.
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The weak mixing angle at the LHC

a(e)

@ Measured via Z/v* — ee, uu asymmetry in lepton
decay angle 6¢s. or (6" > 0) A op—op
@ Fit of data using templates from POWHEG MiNNLO. 08 (6"<0) XFB = Gptop
@ Addition of forward electrons. o STy 7IGOE2018 197e)
@ Use 9 |y times 11 my, bins. o ]
@ 3 measurements: fits to measured Agg(y, m), unfolded F
A4(Y,M) =8/3 Ars(Y, M), observed coscs.
Channel 7] min pkd (GeV) min pil (GeV) r ]
Wi 0.00-2.40 20 10 L ‘ ‘ 7
ee 0.00-2.50 25 15 -
il Ingsl  mingyGev) minpEGev)  To% o U3
eg 0.00-2.50 2.50-2.87 30 20 Bool * I 1
eh 157-2.50 3.14-4.36 30 20 ' " - !

lyl-m bin

A.-M. Magnan EW @ LHC and HL-LHC 12/48



SM parameters
000000e000

Best measurement at hadron collider to date

sir?6; = 0.23157 4 0.00010 (stat) + 0.00015 (exp) == 0.00009 (theo) 4 0.00027 (PDF)

@ Uncertainties dominated by PDF.
@ Exp. systematics: MC stat (0.00008), lepton efficiency (0.00006), calibrations
(0.00006), bkg (0.00004), others (0.00003).
CMS-PAS-SMP-22-010
PDF profiling reduces PDF set differences. ;

LEP +SLD: Ajy - 023221 0.00029
CTi8X = cMS ——— SLD: A, —e— 0.23098 + 0.00026
CTI8A | prefiminary =
CT18Z ——= Arg CTI8Z CDF 2 Tev —e— 0.23221+ 0.00046
cTi18 = 5 A, (0pod) r 1
MSHT20 o w1 A, (o) DO 2 TeV —e— 0.23095 + 0.00040
NNPDF40 e A,
NNPDE31 ATLAS 7 TeV —_—— 0.23080 + 0.00120
0.23 0.231 0.232 0.233 — ]
sinel, LHCb 7+8 TeV — e 023142 + 0.00106
CMS 8 Tev — 1 023101+ 0.00053
ATLAS 8 TeV —r 0.23140 + 0.00036
ATLAS 8 TeV [ATLAS-CONF-2018-037]
P CMS 13 TeV —.— 0.23157 +0.00031
Sin Heff =0.23140 + 0.00036 e 025 0z ozl o2 o2  02a
20
Sin“0 .
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The weak mixing angle at HL-LHC
ATL-PHYS-PUB-2022-018/FTR-

AS: ee only extended to |y| < 4.0 22-001

ATLAS Simulation Preliminary @ New CMS

LEP-1 and SLD: A% ~ 023221+ 0.00029 measurement

s C 02009 + 000028 already better than
oo 78 Tev - ozstsz 000108 expectations in
CMS:BTeV (e 13 roy [ 0.23101 +0.00053

- oz scomas YR2018.

ATLAS Preliminary: 8 TeV [
HL-LHG ATLAS CT14: 14 TeV. [
HL-LHC ATLAS PDFALHC15, [
HL-LHG ATLAS PDFLHeC: 14 TeV [

0.23140 £ 0.00036 b
ozatsa-occors Lob donvises Shodek

14Tev

y
CMS: pu only extended to |y| < 2.8
» CMS Phaso 2 Simuaton Prominary _ T

CMS 13 TeV PDF CT18Z A

0k CMS 13 TeV stat 10
F clen<2s) + ¢ (eta<d.36) —
L Inl<24 Il<28 e X
[ - ssica o Sasica Oﬁfa ';fE”E:; Shials Agssi
|~ NPOFSOMominal - NNPOF3.0 nominal ] ATTY
- o NNPOF PAR SOL- MEME
. I v ) ! [We are never better beaten than
Ly (167

by oneself]
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Exclusive production (p)yy(p)— 7= with CMS

@ Pure QED process.

@ In SM, anomalous magnetic moment
a, = 117721.10~8, electric dipole moment
d, = —7.3.10~38ecm.

@ Combine eu, ery, uth, ThTh-

@ Backgrounds reduced by requiring no track
around di-tau vertex and low acoplanarity
A=1— DG, 1) /7.

@ Corrections for track multiplicity from p0 CRs.

0lem

S0 o T [om]

Events

Events — Bkg.

EW @ LHC and HL-LHC

2000 —CJExcl. bkg. Il VV +tt

arXiv:2406.03975

CMS 138 fb™ (13 TeV)
+ ‘Observed [lily* L l:l‘zly*! eé/pu
[ Jet mis-ID

Uncertainty

E Bkg. unc. ==yy-Tt ¢ Obs. —bkg. 3

MHI

2024, LCWS 2024
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Extraction of the anomalous coupling g, — 2

arXiv:2406.03975

@ First-time observation in p-p collisions !
T +0.17
@ Best-fit u = 0.757 7\, (syst)£0.11(stat).
@ Observed significance: 5.3 (expected 6.5) s.d.
@ Fiducial cross section (Ntracks=0): 3% = 12.4738 fb.
@ Prediction from GAMMA-UPC elastic production, corrected for dissociative prod
using data-CR: o' pred =16.5+1.51b.
CMS 138 b (13 TeV) CMS 138 b7 (13 TeV)
® Observed —68%CL —95% CL ® Observed —68%CL —95% CL
oraL ‘ ‘ opaL rr————
ee - Z - 1ty L F— ee - Z - Tty
PLB 434 (1998) 188 PLB 431 (1998) 188
ég ~Z - Ty —— L3
PLB 434 (1998) 169 ee -~ Ty ———
DELPHI PLB 434 (1998) 169
yy - Tt (y frome) ——— SM
EPJC 35 (2004) 159 - ARGUS
ee - y* - 1

MEAS:  from Pb) ——t PLB 485 (2000) 37
PRL 131 (2023) 151802

Belle

ee - y* - T

MS N,
= 1t (y from Pb) JHEP 04 (2022) 110

vy
PRL 131 (2023) ha03

CMS CMS
y - Tt (y from p) hd yy - 1t (y from p) hd
This result L L This result Ll Lt )10
0.1 -0.05 0.05 -0.40.3-0.20.10 0.10.20.30.40.5

a dr (e cm)
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Triple Gauge Couplings in the SM

@ First evidence from LEP data in WW
aTGC production, confirmation of
non-Abelian nature of EW sector of
SM.

@ Only charged TGC allowed in SM:
WW-~ and WWZ.

@ Fully determined by the structure of 20
the EW sector of SM.

@ Subtle cancellations involved =
extremely sensitive to new physics 1
through anomalous couplings.

@ Experimentally, %-level precision for
VV with clean multi-lepton FS.

@ Diboson production: state of the art

Sy (Pb)

YFSWW/RacoonWW
- no ZWW vertex (Gentle)
only v, exchange (Gentle)

T T T
160 180 200

MC predictions at NNLO in pQCD, Vs (GeV)
with NLO EW corrections (MATRIX). Physics Reports 532 (2013) 119
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EW production of single bosons

v

VBS, and Triboson Cross Section Measurements ..

S oy
wrr-
- ATLAS Preliminary B
i
=W V5=7813,136 TeV
wil -
e
| Wi EWK > 1 7w C -
wie| - M(i) > 500 Gev —
e Zji EWK -
i€ _ .
T, 00 05 10 15 20 25 30 35 40
ww data/theory
wai|
ol L ] J
000 io 15 20 3035 a0
data/theory
EW measurements vs. theory CMs
aaw St@r sys
wull] oW JHEP 11 (2016) 147 e 084+0.08+0.18
||| qaW  EPICE0(2020) 43 H 091+002£0.09
m\/m qqZ JHEP 10 (2013) 101 o=+ 0.9340.14£0.32
awn | qqZ  ERICTS(2015)66 e 0841007019
awl| gz EPICTB (018589 o 098+0.04£0.10
ww L 1 i | f
e E T 2 3 4
= Production cross section ratio:  ,,, / 6,
w2

A.-M. Magna

g 5 +
Production cross section ratio: G,

EW @ LHC a

wr ; W+ W

Good Data/Theory consistency
Already systematics limited.
Measured to about 10% precision.

With 13 TeV data, stat uncertainties
~ theory uncertainties !

MC predictions still at LO.

7/2024, LCWS 2024 9/48
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Diboson production

d W d Z

@ All 13 TeV measurements: syst.
dominated.

@ Theory uncertainties ~ exp.
uncertainties for WW,WZ and ZZ.

@ Theory > exp. for W-.

Diboson measurements vs. NNLO theory CMS
(NLO Wy, Zy 7 TeV)

Theoy 502 7, 8 13 TeVCMSmeasurements
HaH HOH HeaH HeH inner unc. (stai), outer (+5ys)

st sys
10640014012
1164003013
1.01%0.00 +0.05
0.98+001+0.05
0.92£001+0.05
1.2440.18+0.09
1.0440.04£0.09
0.98.001+0.08
0.96+001+0.05
057+020+0.04
1.02+0.07£0.06
098004 £007
1.0040.02+0.03
1524066013
1.0040.14£0.07
1.02+0.07£0.08
1044002004

YW EPIC74(2014)3129
Wy PRO 89 (2014) 092005

Wy PRL126 252002 (2021)

2y PRO89 (2014) 092005

2y IHEP 04 (2015) 164

WW PRL127 (2021) 191801

WW EPIC 73 (2013) 2610

WW EPIC 76 (2016) 401

WW PRO 102 092001 (2020)

WZ PRUI27 (2021) 191801 b—a—t
Wz EPICTT(2017) 236

Wz EPIC77(2017) 236

Wz JHEP 07 (2022) 032

2z PRU127 (2021) 101801

2z HEP 01 (2013) 063

2z PLB740(2015) 250

2z EPICB1 (2021) 200

iii{;i; iii{ii;%%

E g T 2 3
Production cross section ratio: 0, / 0,

theo

arXiv:2405.18661

=Y
~N
[
N

Diboson Cross Section Measurements Status: October 2023

v
Wy—tvy B
Zy-tty
Zy—vvy
o
ww 3 noaco
NNLO QCD.
wz
- o
—Wzostvit .
e LHC pp V5 =13 TeV/
2z = st
Sele et
— 4L o 8
—— LHC pp V=8 TeV
i op
—ZZ-ltvy st
R LHC pp V7= 7 Tev
Wy- s
—WV-iv)
VH
ELT—.
0.6 08 10 12 14 16
data/theory

ATL-PHYS-PUB-2023-039
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ATLAS/CMS comparison

—_ 2
CMs 2U) T T T T
= 8 o CMS 220’
= ~— pp NNLO QCD x NLO EWK (MATRIX) = u CMS 262

- B pp NNLO QCD x NLO EWK (MATRIX) N e

N ppNLO (MATRIX) 3 o ATLAS 202(' (x1.016)

g 10%F ey 5 NLO (MATRIX) 2 o ATLAS 202 + 2020 (x1.016) -

-

H ° MATRIX qq[NNLOXNLO EWHgNLO -

i 15 NNPDF3.115xQED, i - 1. - T
g MCFM quLO+ggLO 7
S 4ot NNPDF3.0, i =

-
-
WW measurements
'WZ measurements CDF

100 ZZ measurements DO 10} 7
215 g

g10 1 + o—¢ &

2

15 wz

310 ]

205 L3 -

32 z ) 1
H

-

H 3 & 6 8 10 12 14

(Tev) . v L

14
Vs [TeV]
@ Globally good agreement with MC predictions = NNLO (QCD) + NLO (EW)
predictions necessary to match experimental precision!

@ Already many new results out with full Run-2 dataset for both experiments.

A.-M. Magna EW @ LHC a
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WW and ZZ at /s = 13.6 TeV
ATLAS Data
ATLAS ZZ PLB 855 (2024) 138764 Vs=13.6 Tev, 29 fis' [ Statistical Uncertainty

77 - 4l l=e, p Total Uncertainty
—a— Predicted
his measurement

CMS WW: arXiv:2406.05101 w7sto T

Sherpa qqZZ NLO.QCD + ggZZ LO.QCDx1.7(*)
36877 (sys) fb

_cms ‘ ‘ ‘ ‘ ‘ ATRI 22 L0000 577 .00
‘é . CMS 39.1£ 0.7 (sys.) fb
— o ATLAS MATRIX qqZZ NNLO.QCDXNLO.EW + ggZZ NLO.QCD(*)
g . 36.5+ 0.7 (sys.) fb
S0t . PEYRS———
Q. coca b b b e be e L Livas
o 5 10 15 20 35 40 5
% fiducial cross-section [fb]
\6 5
10" Q" [ LHC Data 2022 15=136 Tev
& ® ATLAS ZZ . llll (m 66-116 GeV) 29 fb™
~— pp NNLO QCD x NLO EWK (MATRIX) BN swrey ATLAS
E= pp NNLO QCD x NLO EWK (MATRIX) © Wl m,66-116 Gov) 36 e
pp NLO (MATRIX) 22 i o 60120 Gev) 1961 h
== pp NLO (MATRIX TLAS 22— (i) (m, 66-116 Gev) 20.3 1"
10%¢ PP ( ) 3 HC Data V5 = 7 TeV
+ + C I (m 60-120 C
150 z u(um) (m 66-116 bPV)Ah(h'

K evatron Data 1 =
o CDF 2z u(ww; (un sheH) 97 vh‘
3 10F 22l
& L
L L
= 051 -

MATRIX CT14 NNLO
— ZZ (pp)

:/ B
oAl v b b e b i b Ly 1
2 4 6 8 10 12 14

(s [TeV]
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Differential cross sections at /s = 13 TeV

@ Test of higher order corrections. For e.g. diboson invariant mass, large
enhancement in XS from NNLO QCD correction, but reduction expected from
NLO EW corrections.

@ Higher-order QCD corrections needed to model jet multiplicity in ZZ events

(CMS)
@ Limitation of multiplicative EW correction, mixing mixed EW/QCD contributions,

visible at high lepton pT in WW events (ATLAS).
@ PDF choice important for the overall XS !

Z7Z, arXiv:2404.02711 WW, ATLAS-CONF-23-012

cms CMs__ ity
B = iy s—— S~ Bata +sta unc
8 - R8I I Siat, © syst. unc.
= % 52 NG5 avlc@Nto
& POWHEG
RNLO:PS
3 W Arias prs ATUAS Prei
3 relminary eiminary
£ | @=13Tev.1a0m 6= 13 TeV, 140
ey ewiy
£ wpll 2 G of i
ol g g ; ot ",
® b s
bl o R
107 — 10 0 - 20
| | " i 107 :
3 TiGE ANCGNLO w sayfgt |
£ £ 14 514
] £ e Fp .
g 4 H 4
. [ PoWREG ] ¥ otirtod § o i
rowES [T aaada ! Zod Salasas e T
< o4 < o4
STEST Er 3 e
o | s sac P — wwow w e _ew
= I
(NNLOWPS) Koy == 5 - 5 =
106 20 300 00 0 a0 70 a0 5001000 N
Yois

ma(GeV]
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Polarisation measurements in inclusive VV

For two vector boson decay Gouresy o Prjta Bhaar, P24

For single Vector boson decay Courtesy of Prajita Bhattarai, LHCP24 @!;T z g E
w

2 T(right)
v .
l T(efo+T(right+L=1 Direction of motion

arXiv:1204.6427

WZ

..1 '1 co’se ',1
%("*‘C(’SOJ: %sinZS %(l~cos€):

@ V polarisation = underlying physics of the
interaction + helicities of other particles.

@ Frame-dependent! Measured via angular ‘
distributions of W/Z decay leptons. ~ 'k

@ Fractions depend on p¥/ W

@ Fractions predicted by SM = New physics
would change the picture!

H->WW

A.-M. Magnan EW @ LHC and HL-LHC 2024, LCWS 2024 24/48
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Evidence for Z;Z, production

@9 022 T T T T T T T T

JH EP 1 2 (2023) 1 07 5 E  ATLAS Simulation — 2,2, -+ 2,Z,(wlo NLO correctioy

3 °E E=13Tev

w = — 2,2, -+ 2,2,(wlo NLO correctios

5 o -2z - 4l

o polarisation states 2,2, -+ 2,2,(wl0 NLO correctio

go shape-only

Lo -

9 4 .
3 [ —
- z ugsiﬂﬂ |
o =1 —0.8 0.6 —0.4 0.2 [] 0.2 0.4 0.6 0.8
BDT Score
g 600 T T T T T T T T T
> ATLAS ¢ Data
€ Vs=13TeV, 140 fb™ Wzz
S O ppzz-a Wz
¥ Post-Fit Z:Z;
" 400) W interf.
» [ Non-prompt
. Others
@ ATLAS with 140 fb—' 13 TeV data. 3°°- 7 Uncertainy
@ 44(¢ =e,p) from 2 on-shell Z: m,, > 180 GeV, * .
Imggfmz| <10 GeV. 100
@ BDT to enhance LL, using angular variables. 3 0 : ; 7 . ij i’y
. S T VY Y O e Yo, % 7
@ Challenge! get higher-order QCD and EW I A it {V*?// /’/f’%

corrections for polarisation templates. 108 06 -04 -02 0 02 04 06 08

BDT Score
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Result for Z,Z, production

JHEP 12 (2023) 107
@ Profile likelihood fit to BDT discriminant.
@ Extract signal strength and cross section: significance 4.30 (exp 3.80).

@ Prediction: NLO QCD x NLO EW qq —+ZZ + LO gg—ZZ [MoCaNLO] + LO EW
aq—ZZ+2j.

pre = 1.15+0.27(stat) + 0.11(syst) = 1.15+0.29
i (exp) =1.00 +0.27

0P, = 2.45 % 0.56(stat) = 0.21(syst) fbo = 2.45 + 0.60 fb

d
a;‘LeZL =2.104+0.091/b
@ Limited by data statistics.
@ Leading systematics: theoretical modelling of the polarisation templates.
@ Leading theoretical uncertainties on prediction: QCD scales and PDF.

A.-M. Magnan EW @ LHC and HL-LHC 7/2024, LCWS 2024
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CP-sensitive observables in ZZ production

JHEP 12 (2023) 107

@ Existing constraints on anomalous neutral TGC
normally use high-pT observables = very strong
constraints but insensitive to CP properties.

4= Data

@ Construct CP-sensitive observable m T
Tyzy1(3) = Sin¢1(3) X 00891(3). St pred. (omhes gq - 22
@ Symmetric for SM, asymmetric for CP-odd ANTGC. &
@ Construct 1-D map out of 2-D distribution. -
ATLAS Simulation ATLAS Simulation . “wf‘,.::"? ‘ F
RPN -1 2 BSM G- 22~ 4 x107° _ g -
a s = 3 JUESNE Fn L AR |
0s o [N iAE==s s A RS PARRAE RS ARPE:
' °2 g %
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Polarisation fractions in WZ production

CMS 137 b (13 TeV)
S [SReosre
JHEP 07 (2022) 032 P he VAL
5 Wix [Dezg v
@ 3-lepton decays, myz > 100 GeV. 22l By orpromat B suune

L ! 1500 pp-WZ
@ Likelihood fit to cos(6yy) and cos(67). e

@ Polarisation templates from MC: longitudinal "0", transverse
"R

@ 3 params: total norm, fy and fig = f; — fg. B i Easiue i
) L i —amas e T
@ = Decorrelation between L and T components for both W and § S i

Z. q, cos(8,,)
CMS 137 b (13 TeV)

@ Also first observation of W, in WZ: significance 5.6 (exp.
4.30). Significance for Z; >> 5¢

o CMS 137 b (13 TeV) 137 fb (13 TeV,
z0 T T T T MOy (A
T 0.30 R
04F // ,
( 028 E
03f ‘\ ) - 026 E
0.2 \\\ -/ 024 E
\‘—777 — Observed, 68% CL 0.22 ) —— Observed, 68% CL- — m—
— —— Observed, 95% CL —— Observed, 95% CL. o 12
0.20 E E
0.1 —— Observed, 99% CL —— Observed, 99% CL @ 713E ot smunc
& Bestiit 0.18] o Bestfit S 10ttty
. ) ) ) O Powhegspyhia 0 . - - . O Powheg+Pythia 8 o9
© 08|
0107015 020 0% 030 0% 040 037020170001 02703 04 uf)zs f%s 8 e e e
L -k LR cos(8,)
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Radiation Amplitude Zero in WZ production

arXiv:2402.16365

@ ATLAS full Run-2 data, 3-lepton £ apeny - ‘551‘% - -f;gfg;ge" 3
decays B ook ReRmn oo 3
. . 05E- E
@ AT LO: expect exact 0 yield for TT o —— E
events with AY(WZ) ~ 0. L E
E | E|
@ Effect enhanced for low jet activity = ozf;_ E
select events at low p#? = 4
@ Bkg (>~ 10%) and 00+0T+T0O Y =
(~ 27%) subtracted + unfolding. g ggé 3
@ Good agreement with simulation! )
S. Frixione et al. / WZ production at hadron colliders § ' [ aTLAs !  Data +MG¢Pyth‘|a 4 Tot Uncert. |
4 1 5=13Tev, 140 0" |
150 T ; T -‘ A;; E TT polarization state E
PP collisions O 0.8 -
e b . L, Ve ieTey %
=, L Fy B o8- 3
« R . . 5 © Ful £ ]
° 100 — . .. . oaf- E
Dol [ o 1
2 Pt s £ 1
2 ooesof a * ‘s ) E : :
q . x x = 3 12
R S < ; 4 %
2 M . 8 o5 ! E|
® 0.00 1 L Il 20 40 70

-1 -2 o 2 4 max(p?) [Gev]
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Longitudinal polarisation in WZ production

arXiv:2402.16365

- T T T e T T
<)

3 ATLAS « Data mWZ,

E _ 1 WZW,Z,  mWiZ;

E V5=13TeV, 140 fb Prompt T Non-prompt

SR 100<p?<200 GeV 2 Tot. Uncert.
Post-Fit '

@ Enhance 00 contribution with high p?
selection.

@ BDT to separate 00 from TT+0T+TO.

@ Likelihood fit of BDT discriminant = extract
foo, for- 70, total norm.

@ Pol. templates + predicted fractions:

MADGRAPH_aMC@NLO WZ+0j,WZ+1j at % ey
LO + higher-order QCD corrections (from ¥ -
data) + NLO EW corrections. E §A,,,H‘H;“;*w*4:
PR A I AN A I VI A I B
0217208 06 04 02 0 02 04 06 08 1
BDT score
Measurement Prediction
100 < p% <200 GeV P% > 200 GeV 100 < p% <200 GeV  pZ > 200 GeV
foo 0.19 003 (stat) £0-92 (syst) ~ 0.13 £0-0° (stat) +0:92 (syst) || foo 0.152 + 0.006 0.234 +0.007
JorsTo 0.18 13:8; (stat) ig:gg (syst) 0.23 13::; (stat) ig:?g (syst) || for 0.120 + 0.002 0.062 + 0.002
frr 0.63 ig:gg (stat) j:gﬁ (syst) 0.64 18::5 (stat) ig:gg (syst) || fro 0.109 = 0.001 0.058 = 0.001

oo obs (exp) sig. 5243)0 1.6(25) o frr 0.619 £ 0.007 0.646 = 0.008
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Outline

e VBS&Tribosons
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Quartic Gauge Couplings

5 S 7

@ Allowed in SM: WWWW, WWZZ,
WWZ~, WW~~.

@ VBS/Tribosons: rare processes,
again crucial to test EWSB.

@ VVto VV scattering: separating
longitudinal polarisation of V and
measure vs myy = unique
measurement of HVV coupling. arXiv:0803.2661

Cross Section (pb)

200 400 600 1000 2000 3000 5000
Vew (GoV)

A.-M. Magnan EW @ LHC and HL-LHC 7/2024, LCWS 2024 32/48
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Characteristics of the VBS production

q qs q1
Vi
v 1 s
f2 Va 5
Vs f2
f3 Wi

g
Va 7 f3 fs
f \% , Vs =
Vs ‘ fa 2
a2 a /
q2 qa q2 q4

@ Final state with 2 jets:

P : @ Background from @ Background from
Isapre‘;'fr'rf __“zp>°f5°§3’ é”étc) non-VBS but O(a) part O(a*a?) and
ang Iaré/e ani (> 2) of the signal. interference O(a®as).
j\Z <)
Mixing between QCD and EW corrections @ NLO EW for strong production < NLO QCD
for interference
| 2 3 LO @ NLO EW for interference < NLO QCD for EW
a‘a? asas ab production
@ Complication for MC event generators !
4 0 9 9 N LO @ VBS approximation: unique assignement as
atas adas?  adas "EW" or "QCD" corrections.

A.-M. Magnan EW @ LHC and HL-LHC 7/2024, LCWS 2024 33/48



Overview of LHC results

The VBS topology

L w Wt wt
W z
wo w- w-
d u d u
EW measurements vs. theory CMS
Theoy 7, 8 13 TeVCMSmeasurements
HOH HaH HeH inner unc. (stat), outer (+sys)
Sat sys

qaW  JHEP 11 (2016) 147 [ 0.84.£0.08 +0.18
qaW  EPICB0(2020) 43 e 0.91+0.02 +0.09
qaz JHEP 10 (2013) 101 —em—i 0.93+0.14+032
qqz EPJC 75 (2015) 66 [ 084007019
q@z EPJC 78 (2018) 589 HoH 0.98+0.04 £0.10
wv PLB 834 (2022) 137438 [ 0.85+0.12 £0.18
qoWy  JHEP 06 (2017) 106 %+ 177+067:056
qqwy PRD 108 032017 e 0.89+0.11£0.15
Yy~ WW JHEP 08 (2016) 119 P+ 174£000:0.74
0s WW  PLB 841 (2023) 137495 Hoe—H 112+015+0.17
sSWW  PRL 114 051801 (2015) H——&—H 0.69+0.38+0.18
ssWW  PLB 809 (2020) 135710 Ko 120+0.11£0.08
qqZy  PLB 770 (2017) 380 e 1.48 +0.65 £ 0.48
qqZy  PRD 104072001 (2021) HeH 12040.12£0.13
qqWZ  PLE 809 (2020) 135710 —e—i 1.46+0.31£0.11
quZZ  PLB 812 (2020) 135002 [ — 11940.38+013

= 0

1 2 3
Production cross section ratio: 0,/ 0,

‘theo

VBS&Tribosons
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VBF, VBS, and Triboson Cross Section Measurements

vy
Zyyttyy
Wyy=tvyy

WWy—enry
WZy—evuvy

WWW, (tot)
- WWWohivji

Status: October 2023

ATLAS Preliminary

V5=78,13,13.6 TeV

WWZ, (fot)
Hij VBF

— H(>WW)jj VBF

—~ H(=y7)ij VBF

Wij EWK agi) > 1 Tev)
- M(jj) > 500 Gev/

Zjj EWK

Zyij EWK

¥y - WW

(WV+2ZV)jj EWK

WEWEj EWK

WZjj EWK

27jj EWK

Theory

LHC pp V5 =13 TeV

0.0

3‘0 35 4.0
data/theory

EW @ LHC and HL-LHC
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Golden channel: W-W*+2j

@ Best EW/strong production ratio, ~ 5 in fiducial area.

ATLAS 139 fo—' JHEP 04 (2024) 026

@ Main background: WZ+2j = can measure both processes together, CMS
strategy in [PLB 809 (2020) 135710]

@ Extract inclusive and differential XS.

R e e N S o
ATLAS
5=13TeV, 139 b

This measurement
7 Statistical Uncertainty
EWww Total Uncertainty
- Predictions
This measurement

292022 (stat) £ 019 (syst) b

MG5_aMC+Hewigy
2532004 (PDF) 2 (scale) b
MGS_aMC+Pythia8
253004 (PDF) 777 (scale) b
shepaz211
2.48:40.04 (PDF) 5 (scale) 1o
Sherpa 22110 NLQ EW
2104003 (PDF) ;> (scale) b
Powheg+Pythiad

41

o b b b b 1
05 T 15 2 2

Integrated fiducial cross section

\\\\\\\&\&\\\\\\\\

E

—

)

T T T
ATLAS
5 =13 TeV, 139 fb*

This measurement
% statistical Uncertainty
Inclusive W Total Uncertainty
~Prediciions

This measurement

3.38£0.22 (stat.) £ 0.19 (syst) fo

MGS_aMC-Herwig]
2922005 (PDF)  (scale) b
MG5_aMC-+Pythiag

2.9020.05 (PDF) 7 (scale) b

Sherpa22.11 EW !
252003 (PDF) ° (scale)
Sherpa 2211 EW [ NLO EW

25544003 (PDF) 3 (scale) b

* plus Sherpa 2.2.2 QCD

NN I WA S W S i
05 T 15 2 25 3 3

Integrated fiducial cross secti

EW @ LHC and HL-LHC

el

-

o

e

it

Source Tmpact [%]
Experimental 4.6
Electron calibration 0.4
Muon calibration 0.5
Jet energy scale and resolution 19
E scale and resolution 02
b-tagging inefficiency 0.7
Background, misid. leptons 34
Background, charge misrec. 10
Pile-up modelling 0.1
Luminosity 19
Modelling 45
EW W*W* ., shower, scale, PDF & o, 0.7
EW W*W*j, QCD corrections 19
EW W*W*j, EW corrections 0.9
Int W=W* . shower, scale, PDF & a; 0.6
QCD W*W*j}, shower, scale, PDF & a 26
QCD W*W*jj, QCD corrections 0.8
Background, WZ scale, PDF & a 03
Background, WZ reweighting 15
Background, other 13
Model statistical 18
Experimental and modelling 6.4
Data statistical 74
Total 9.8
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ferential cross sections for WHW*+2j

JHEP 04 (2024) 026

) EW W*W*jj | Inclusive W*W*}j )
Variable | JJo o meusive /7| Max. value in data
. . . X*[Naot  p-value | x*/Ngor p-value
@ Some discrepancy with MC: underestimates e | 456 0605 | 7345 0291 1081 Gev
the data, generally. my 13.0/6  0.043 | 16.33/6 0012 1270 GeV
mj 7.6/6 0266 | 8.67/6  0.193 6328 GeV
@ Statistically limited. Nepies | 252 0282 | 2532 0282 5
&, 42/5 0517 | 4935 0424 174
= T LARALN AR LARR RS S 0.25F T T T T T 9 = T T T T
3 0.2F ATLAS o Data 3 3 ATLAS o Data & o[- ATLAS o Data 1
E © MGS_aNCHerwi? 3 12 MG G Herwi? © MGS_aNCHorwi?
2018 f5=13Tev, 139" ol L es S o f5=13Tev 139 T vmes E 8 5= 18 TeV, 139 fo™ JUCC U s
£ 0165 EW W W & PowhegsPytniad E 8 Fewww & PowhogsPyas S 04l EWWW o PowhegsPytnial E
0.14] & Sherpa 221 z 4 Sherpa 22.11 = » Sherpa22.11
£ + Shorpa 22118 NLO EW E * Shorpa 22110 NLOEW £ © Shorpa 22118 NLOEW
30.12 Toa Uncriany 2019 % To Uneerany § oo Toa Urcriainy E
3 o BSystematc Uncortainy 3 3 % #Systemalic Uncortainy 5 #5ystematic Unceriainy
0.08) E 01 il B 02Hs0ky R
0.06] E / B el
[
E 3 0.051 B E E o, E
gv‘;‘; (RN Femsmtckage enos, 01 4
£ S s s gmed . .
Lol b Ll | | | | | | | i e
o T M ARRE=Y T T T M T T T T T
] s 2 2 o E
8 8 15 g g 4 o ¢
= 2 " I~ 1
g g g ”"‘M"’”‘“‘?’“—*T"‘“'*T
2 2 o S esos, T A £ oot o E
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 500 1000 1500 2000 2500 3000 3500
m [GeV] mr[GeV] m;[GeV]

@ Corresponding CMS results: 137 fb—1: PLB 809 (2020) 135710

07/2024, LCWS 2024 36/48
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Other measurements with W=W=+2j
Phys. Lett. B 812 (2020) 136018, 137 fb~

CMS: polarisation fractions CMS: final state with a 7 lept

CMS-PAS-SMP-22-008, 137 fb~'

@ Measure independently WWiE vs W W3 @ Extend sensitivity to BSM.
and WEW3 vs Wif Wi with BDT. @ DNN to enhance signal.
@ 2ref. frames: WEW= and parton-parton @ Stat. limited.
c.o.m. | Observed | Expected
+0.63 +0.60
CMS 137 fb™ (13 TeV) EW H 1'44—0.56 1'00—0,53
z Expected bhg. oy st ; Signif. 270 1.90
NI P/ ] 158 371
DA o e
“f s
:
O, 1]
Process o B (fb) Theoretical prediction (fb) ;i i fHﬁH;*'ﬁj
WiWp 032702 0.44 + 0.05 &L 1
WiWs 3.06705 3.13 +0.35 3o
WiWE 12070252.3 s.d. 1.63 £ 0.18 3.1 s.d. B R
WrWr 21149 1.94 +0.21 S o
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Prospects for W=W+ at HL-LHC

ATLAS: ATL-PHYS-PUB-2018-052 CMS: FTR-21-001
@ Flagship channel for HL-LHC physics program.
@ Using 3000 fb~", 3 leptons (e,u) + 2j m; > 500 GeV
@ ATLAS: extended lepton acceptance to |n| < 4. CMS: same as Run 2.

- Run-2 HL-LHC
3 Lo
I :“U:Svm“;ﬂm" P'e“""""'y-wwmrm PR ATLAS 10% (stat 8%) 6% (stat 2%)
2 4T imulation Preliminary
§ Em o 1 CMS 11% (stat 9%) 3% (stat 2%)
B Uncortainty (%)
0 ource ¥
Source Baseline | Optimistic
) WEW=jj (EW) 3
0 Luminosity 1
o c 05
18
5051000 1500 2000 2500 3000 SR 000 Heos o0 TOUTTTOOI T TONTIO IO 2.3
m, eV o > B L 18
14 Tev 2
CMS Phase-2 Projection 3000 o™ (14 Tev) T T T s 25
3 W \Bkg, unc S [cMms u tu 7] (QLD) 20 5
o [ Wrong sign W 2 Phase-2 Projection Top 15 10
~ 30] W Other bkg. EEWK Wz 8 [ Inclusive measurements | Diboson 10 5
2} mwz S N ‘Triboson 15 10
£ | wwsignal region 27 g — swww
[ Nonprompi] 2 ewwz Source of uncertainty EWW-W- EWWZ QCDWZ
o 20k, o g ocowz 1 Tntegrated uminosity 10 10
8 Lepton measurement 11 15 15
3 Jet energy scale and resolution 03 20 04
10 ] Pileup 01 05 03
b tagging 12 12 12
e Limited sample size 0.8 1.0 0.5
o ) ; ; Nonprompt lepton rate 12 17 13
8001000 1500 2000 2500 3000 2000 200 5000 ?‘f‘;’y et i iz ij l;
" e otal systematic uncertainty 34 y 3
m; [GeV] uminosity ("] Statistical uncertainty 18 61 28

Total uncertainty 35 7.6 42
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Prospects for W;"W;~ at HL-LHC

@ CMS selection using BDTs (Run 2 strategy).
CMS: FTR-21-001

14 TeV

14 TeV
—T T

cms

[ Phase-2 Projection

cMs |

Phase-2 Projection

200

3-parameter fit measurements

150 — WW rest-frame 1

----- pp rest-frame

— WW rest-frame

++-+ pp restframe

O, expected significance [o]

UWLWL/GWW expected uncertainty [%]

I I I I I I
2000 4000 6000 2000 4000 6000

Luminosity [fb] Luminosity [fb}

@ Expected significance @ 3 ab—': 4o.
@ Expected precision: 30%.
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EW production of ZZ(4/)+2j

ATLAS: JHEP 01 (2024) 004
140 fo~", 4¢ (e,11) + 2} with m; > 300 GeV, Ay; > 2.0.

First observation in N.P. 19 (2023) 237 (ATLAS, 5.70, 26% precision) and
evidence in PLB 812 (2020) 135992 (CMS, 40, 36% precision)

New! Differential xs with 3 types of observables: VBS, polarisation+CP prop.,
QCD-sensitive.

Cut on centrality ¢ = |
contribution.
Better agreement for SHERPA (larger theory unc.) over MG5_NLO+Py8.
At HL-LHC, expect 10% precision on cross section with 3 ab—".

W\ < 0.4 (> 0.4) to enhance (suppress) EW
/)

ATLAS Vs Ennar
J[ 13 Tev, 1401

FAT(AS
E 13 Tey, 101t

LA
fE=13Tev, 140157

o
o b/Gev]

A.-M. Magnan

0
o
&
e

Ratio to Data

o)
Ratio to Data

Pra———— 0 R T T 50 100 150 200 250
m, [GeV] Ag, [rad) P, [GeV]

T

EW @ LHC and HL-LHC 40/48
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Other VBS results with full run-2 dataset

Channel | Finalstate | ATLAS | CMS
WZ+2] 37 (e.n) arXiv:2403.15296 PLB 809 (2020) 135710
WHW™ 42 e+p arXiv:2403.04869 PLB 841 (2023) 137495
Wry+2) W— e, mu arXiv:2403.02809 PRD 108 (2023) 032017
Zy+2] Z— vv EPJC 82 (2022) 105 -
Zy+2] Z— €€ (e,u) | PLB846(2023) 138222 | PRD 104 (2021) 072001

WEW=+2 j

WxWF + 2j

Wz e

ZZ(A1+212v) + 2j
Z7(41) +2j

Wy +2j

Z(w)y +2j
Z(Ilyy +2j

Ty->W+W+H

o
o
=3
a

0.2 0.25 0.3 0.35 0.4

Relative uncertainty on fid. xs

= See backup slides
for details on a
selection.

B ATLAS (tot)
B ATLAS (stat)
CMS (tot)
B CMS (stat)

A.-M. Magna

EW @ LHC a
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Overview of LHC tribosons results

VBF, VBS, and Triboson Cross Section Measurements  suus: october 2025

u 7 u 7 u 7 . . . ‘ .
vy =
W+ Zyy-sttyy —
r+
Z N z 7 Wyyotryy cmm
WWy—sevavy ——t—
WZy—evuvy e
d wrood Wt WWW, (tot) =
137 b (13 Tev) - 13,136 TeV
% 10 4/5/6 leptons Data and prediction WWZ, (tot) | —r—
g . 4 Data + stat. uncertainty Hij VBF =] Theory
o : & Background + systematics T —
: ) . — HWW)jj VBF
Triboson signals
~ H(=)ij VBF 2
2 Wi EWK i) > 1 7 E
200D — M(jj) > 500 GeV —
Bkg. in same-sign / 3 leptons WK g LHC pp V528 TeV
[HLost/ three leptons Zyij WK o
[ Charge mismeasurement ———— N
WA w 7y o Ww | LHG po =7 TeV
- - -—— —— —— [ONonprompt leptons (WV+2V)ij EWK C— == st
-1 Wy - lepton WEWEjj EWK -_ ’
ceeppiceeiieceili2 10 AB 1234500 in 4/5/6 leptons. WZjj EWK e —
z g3 - e —
10 mpout mein  #SFOS  gofbns Z+enBDT bins 22| oz owe mover 22 EWK f—r— ) )
4 leptons. @ @ | @iz @wz 0.0 05 1.0 15 20 25 30 35 40
data/theory

Same-sign dilepton 3 leptons

EW @ LHC a
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First observation of WW~ in p-p collisions

PRL 132 (2024) 121901
@ 138fb~", euy+MET, likelihood fit in 2D m¥W and my,.,.
@ Signal modelled at NLO QCD with MADGRAPH_aMC@NLO.
@ Enhance sensitivity with 2 categories: 0 and > 1 jet.
@ Observed (expected) significance of 5.6 (4.7) o.

oobs = 5.9 + 0.8(stat) + 0.8(syst) £ 0.7(modeling) fb

Otheo = 5.33 £ 0.34(scale) £ 0.05(PDF) fb

CMS 138 b (13 TeV) CMS 138 b (13 Tev)
c T T T T T T £ 220 T T T T
s 4 Data s CMS 138 fb (13 TeV)
£1000) " Uncertainty 3 200 " £ 150] dafed
H Prefit SR Wy S 1805 Prefit SR 5
2 W(= evW(— )y 2 W(= evW(- v )y > N |
@ goo Nonprompt y @ 160 I Nonprompt y 2 Jonprompt
[ Nonprompt | [ Nonprompt | & Nonprompt y
w w @ 100 satns,
600 W w biai Stat O Syst
QCD Zy QCD 2y
a0 [k fty tty 7
f— & Others Others SO ittt 1
J
200|
;1
s
g B g5
g, i E TE I EE 52
100 200 300 400 500 600 700 50 100 150 200 250 miGev]
m"y[Gev] miW[GeV]
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LHC results and global fit

Many new results from ATLAS and CMS with
limits on anomalous SMEFT dim-6 and dim-8
operators with full run-2 dataset = See
backup slides for a selection.

Many differential cross sections available to
improve sensitivity.

One observable = several contributing
operators

One operator = affects several observables.

Ultimately = global analysis, efforts already
ongoing.

ATGC/AQGC

oeo

Wilson coef. All operators with

-”ww:@ Z Zeﬁ dim.

O(d=4) Cutoff (BSM) scale

top EW
Cy

Ce
Cw
Cis
o

Qu

Cuws Cup Cu
Cu. Ol Cul
Cily Chiy Cuu Cua
EWPO

y)
Ciia

¥@)
Ciia

Co CLF C3 O, C5,

Qa

Ca C

td

“Qa

CHCH
tt

Higgs
arXiv:2012.02779
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First global fit by ATLAS

® BestFit

95% CL

@ Includes also LEP EW Precision Observables.

@ New VBS results with full run-2 to be added / similar
effort from CMS ongoing !

wz 2j ww ped
& 04 FATLAS Preliminary 002 004
Yl T Jfr N |
= ’
2 o4 1
2
th o2
I S |
o
0z o4
e, R RO 50, TS ¥ s
o ”.,;’w& PR sl SRR DR o,
B, % P *»_,0 % Y %%%% %,
k2

m. (GeV]

EWPO

4 2 2 4
" ——r—
K
g B
Gk b
AR G T
Aatidels 2 -
o f—e—-
510 5 5 10 15 0 02040608 1

o
contribution

A.-M. Magna EW @ LHC a



Conclusion
L e

Conclusion

@ Reaching precision era for SM parameters, even at hadron collider !

@ Precision measurements are already limited by PDF uncertainties.

@ %-level predictions on VV production and high statistics: can measure
differentially.

@ VBS processes now measured at both ATLAS and CMS with O(10%) precision
for golden same-sign WW production and exclusive production, 20% for others.

@ Many new results with first polarisation measurements in inclusive ZZ, WZ and
W=EW=42j productions.

L doides Shadob

@ First differential distributions for VBS processes!

@ Many new constraints on EFT parameters =
experimental/theory collaboration for global fits.

@ HL-LHC expected to reach 3-10%-level precision on golden
VBS channels.

@ Adding a "boost" factor, WXWi" should be observed at
HL-LHC.

@ More work needed on reducing theory modelling uncertainties,
and analysing ALL LHC data available !

QUAND ON NE SAIT PAS 50 L'on VA,
L FALT Y ALLER. ML, ..
W ET LE PLUS VITE PossiBLE.

A.-M. Magnan EW @ LHC and HL-LHC 7/2024, LCWS 2024 47148
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Thank you for your attention
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Systematic uncertainties in W and Z measuremen il

PLB 854 (2024) 13872,

Vs=136TeV, L =29 .

CMS-PAS-SMP-22-017,

Vs

13.6 TeV, £ = 5.04 fo—".

Source

Uncertainty (%)

Category T(Z > eo) [0(Z o) [0(Z 00 [oW- > e ) [oW > ev) [oW- > 9) [ oW > )
Tuminosity 22 22 22 75 25 235 22
Pile-up 12 03 08 11 11 03 04
MC statistics <02 <02 <02 <02 04 <02 04
Lepton trigger 02 04 02 12 13 10 10
Electron reconsiruction 14 - 09 07 08 - -
Muon reconstruction - 21 14 - - 10 10
Multi-jet - - - 29 24 13 11
Other background modelling | < 0.2 <02 <02 <02 <02 05 04
Jet energy scale - - 14 14 13 14
Jet energy resolution - - - <02 03 02 02
- - 16 L5 13 13
* track soft term - - - <02 04 <02 <02
02 02 <02 08 08 06 05
QCD scale (ME and PS) 06 <02 03 13 12 06 06
Flavour tagging
17 modelling - - - - - - -
Total systematic impact [%c] 30 31 27 50 a3 38 36
Statistical impact [%] 004 003 002 002 001 001 001
Category TW- = 9) [oW — ) [ oW — ) | Rwew | Rwerz | Rawe
Tuminosity 75 23 22 <02 | 03 0
Pile-up 05 07 06 <02 | <02 | <02
MC statistics <02 02 <02 <02 | <02 | <02
Lepton trigger 10 09 09 <02 | 07 | 08
Electron reconstruction 04 05 04 <02 | 05 | o4
Muon reconstruction 06 06 06 02 08 | 06
Multi-jet 12 12 12 16 L1 10
Other background modelling 04 04 04 <02 | 03 | o9
Jet energy scale 13 13 13 <02 | 13 13
Jet energy resolution <02 02 <02 <02 | <02 | <02
NNIVT 14 13 13 <02 | 13 | <02
7 track soft term <02 03 03 <02 | 03 | 03
05 05 03 05 02 | 04
QCD scale (ME and PS) 08 07 06 <02 | 07 | 07
Flavour tagging - - - - - | <02
7 modelling - - - - - L1
Total systematic impact [%] 37 35 35 7 24 | 25
Statistical impact [%] 0.01 001 0.01 001 | 002 | 032

Muon efficiencies 0.83
PDE, QCD scale and parton shower 053
Finite size of MC samples (bin-by-bin) 035
tt background 0.16
EWK background 0.12
Pileup 0.08
Muon momentum correction 0.08
Combined syst. uncertainty 0.92
Luminosity 23

Stat. uncertainty 0.06

EW @ LHC and HL-LHC
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W and Z at /s = 13.6 TeV with ATLAS

PLB 854 (2024) 13872

2 E—T T T T T T ——
g o
2 " E Amas , +Daa i 1 I
ool /5=136Tev, 2967 Ow-n  @singletop =f C ATLAS ]
E Postit @zl @w El 5 T Vs=136Tev, 200> MMM Total uncertainty (/o luminosity) B
CIMultijet  Uncertainty o8 115 Total uncertainty =
3 © C a
11— —
C @ crs ]
1.05— ® crio 1
E 3w ]
= ¥ weoro ]
- O poraHc2t
E O Ataspr
10' = = & AsmPis ]
E N . . . . 0195} W W+ 2 (inner uncert. DDan\y%
1.005(— = o E a
3% 9
< |
s T T T T T
8 1 ATLAS ATLAS
0. | V5=136TeV, 29 fo V5=136TeV, 29 fo"
ev ev uv wv ee pu eniben2d Bow o | -
_ «cris ecns
Electron selections p1>27GeV crion jpdin
] < 2.47 and veto of 1.37 < || < 1.52 “usHT0 st
- * NNPDFAO * NNPDF4O
Muon selections pr>27GeV SN S
In] <2.5 0 ATLASpot21 0 ATLASpot21
W-boson selections Exactly one lepton 4 ABuPLS LABuPLS
| | | TV
ET > 25GeV 125 13 135 14 145 15 95 10 105 11 115 12 125 I
mt > 50GeV. Ry =0l 1 o Ry =0l | o
Z-boson selections | Exactly two same flavour opposite charged leptons
66 < myr < 116GeV.

EW @ LHC and HL-LHC
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vy — 77 systematic uncertainties and fiducial cut<g

ey ety HTy Ty Th
5 (GeV) >15/24 >25  — —
[ <25 <25 —

P (GeV) >24/15 — >21

[#| <24 — <24 —
P (GeV) — >30  >30  >40
[77n] — <23 <23 <23
AR(L,0") >05 >05 >05 >05
my(e/p, prss) [GeV] — <75 <75 —

A <0015 <0015 <0015 <0015
s (GeV) <500 <500 <500 <500
Niracks 0 0 0 0

Uncertainty Process Magnitude

Tuminosity Allsimulations &

DY cross section DY 2%

Inclusive diboson cross section WW, WZ,2Z 5%

e D, iso, trigger All simulations up to 2%

€ ID low-Nigyes correction All simulations 1%

1D, iso, trigger All simulations <%

7, ID All simulations 1-5%

T, trigger All simulations up to 5%

e - 7y, mis-ID Z/yx > eeand 7y see  <10%

J— 7y ID Z/y% = ppand vy = pp <10%

T, energy scale All simulations <12%

e — T, energy scale Z/yx—>eeand 7y —ee  <5%

Jt = T, energy scale Z/yk = ppand yy = pp <1%

Ty, ID 10W-Nigyegs COTTECtion All simulations 21%

1D low-Nyg,e5, correction All simulations 20%

@ = Ty, ID Jow-Nygyei correction Z/y+ > eeand 7y s ee  22%

Jt = Ty, ID low-Nigqq correction Z/ye = ppand yy = pp 15%

Nh‘ib reweighting All simulations 2%

N! DY and inclusive VV 15-6.5%
DY 5%

DY exuapolallon from Nyyei < 10 DY simulation 14-2.0%

oy DY simulation Shape

PDF DY simulation Shape

jet— 7, ME, extrapolation with pj» jet— 7,, mis-ID bkg. <50%

jet— Ty MF, Ny,qi extrapolation (stat)  jet— 7, mis-ID bkg. 6-18%

jet— T, MF, inversion of CR selection  jet— 7, mis-ID bkg. <10%

jet— T, ME, ¥ fraction jet— T, mis-ID bkg. 9%

jet— T, ME, Nyoq. extrapolation (syst) jet— 7, mis-ID bkg. <10%

jet— /1 05-t0-S5 (stat.) jet— e/p mis-ID bkg, <20%

jet— e/p OS-to-SS (syst.) jet— e/p mis-ID bkg. 10%

jet— e/ OS-10-5 Niryei extrapolation  jet— e/ mis-ID bkg, 8%

Elastic rescaling (stat.) Yy =TT/ i fee, WW 13-37%

Elastic rescaling (syst., shape)
Limited statistics
Pileup reweighting

VY =TT/ gt See, WW
All proces
All simulations

Mass-dependent
Bin-dependent
Event-dependent

52/48
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Z boson invisible width: backgrounds

irLas
fe=1Tev, 370"
2ot

Events / GeV

J;L; > 10
§ 10°
] £ emmmamiimmmmmmmmn i
g ) 500 1000 1500 2000 2500 g 500 1000 1500 2000 1
P, 1GeV] o0
> 10° 102
ESTen st . S 10t 107
§w g .

500 1000 1500 2000 2500

Py, 1GeV]

s M. & e s mmmmms

500 1000 1500 2000 2500 500 1000 1500 2000 2500
o, [Gev] Prz [GeV]
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Z boson invisible width: ratio

12 T

4 g 12 .
& $ ATLA! . 4 Data corrected with Sherpa 2.2.11 7] B [ ATLA: . + Data corrected with Sherpa 2.2.11
Vs=13Tev, 37 b Daa corrected with MG5_aMC+PY8 FxFx_| Vs=13TeV, 37 Data corrected with MGS_aMC+PY8 FxFx
10 272727 Syst. O stat. uncertainty 10 27227 Syst. O stat. uncertainty

Sherpa 2.2.11
rrrrr MGS5_aMC+PY8 FxFx
V.

Sherpa 2.2.11
rrrrr MG5_aMC+PY8 FxFx

4 4 )

T 12F B 12F )

g S e W%// 5 1 /yf/////m/,w///»W;W/»/////;////f//%/ // /// //

3 08f 3 08F

® ©

a 200 500 1000 2000 a 200 500 1000 2000
P, [GeV] P, [Gev]

S Fro o +Jelenevgy scale — Pie-up rewelghting |+ g T T T T T L el energy scale —a- Ple-up evieightng |

> ATLAS 2~ Etectron effciency S 35F ATLAS en 257 Etecton efciency

£ » N Munn efficiency Jet energy resolution £ _ 1 Muon efficiency Jet energy resolution

T V5=13 Tev, 37 b —4— QCD multijet =~ Non-collision backgrounc T fs=13 Tev, 371 —#— QCD multijet ~—#— Non-collision backgroun

£ 30F RUSpaiclelevel | —— M. id.leplons  ~- Detector correction  —| S 30 R paricle-level | — M id.leptons  —&- Detector correction |

5] o ~4— W normalisation Scale o W ~4— W normalisation Scale

£ S POFras e y-corecton H e POFras ey comecion

2 e sutstcal ot systematic o 25 Zam Sutsical ol systematc

2 2 rotar st + st E 2 == ot stat. + syt E

= k<]

© ]

4 @

1000

1500

2500
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Invisible Z width

PLB 854 (2024) 138705

> 10° T T T r =]
8 " ATLAS ® Daa 3
2 10 Vs=13TeV, 37 fb* 0 Z(-w)+ets -
a Z(-inv)+ets =m:;vvb)y“:ss 3
@ Important test of the SM related to number of § 10 e F
v, T =5§;g:|‘;‘3,’:[
. Lo 10 Di-ftriboson
@ \Very precise prediction from SM, . 7% o5 i, ncarainy_3
I(Z — inv) = 501.445 £+ 0.047 MeV 1o e e
[PDG2022]= sensitivity to new physics. 10°
5 1.2

@ Using ratio of invisible to (ee,uut) decays
corrected to common phase-space: dominant

R

Data/Pred.
o
o

. 500 1000 1500 2000 2500
syst. uncertainties cancel. b, , [Gev]
@ Z+jets generated with SHERPA2.2.11 at NLO
(up to 2 partons)+LO (up to 5 partons), and ATLAS ' ‘ ‘
also MG5_aMC@NLO at NLO (up to 3 e o
partons). s b
@ Selection: pr 7 > 130GeV and > 1 jet with opAL N —
pr > 110 GeV and |n| < 2.4, AEPH s
A¢(jet1pT,Z)> 0.4 LEP Combination, Photon-tagged  —pe—i 5032 16 Mev
@ Binning in pr 7 (< recoil). cus ——
350 40‘0 45‘:0 500 55‘0 60‘0

[(Z—inv) [MeV]

EW @ LHC and HL-LHC 7/2024, LCWS 55/48
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Z invisible width: systematic uncertainties

CMS 36.3 fo—1, Phys. Lett. B 842 (2023)
ATLAS 37 fo—1, PLB 854 (2024) 138705 137563

- - — - — Source of systematic uncertainty Uncertainty (%)
Systematic Uncertainty ~ Impacton I'(Z — inv) in [MeV ] in [%] Muon identification efficiency (syst) 77
Muon efficiency 7.4 15 Jet energy scale 1.8-19
Renormalisation & factorisation scales 59 1.2 Electron identification efficiency (syst.) 1.6
Electron efficiency 4.9 1.0 Electron identification efficiency (stat.) 1.0
Detector correction 4.4 0.9 Pileup 0.9-1.0
QCD multijet 32 0.6 Electron trigger efficiency 0.7
Ep 24 0.5 T, veto efficiency 0.6-0.7
Z(— pp)+jets misid. lepton estimate 19 0.4 piRiss trigger efficiency (jets plus piss region) 0.7
Jetenergy resolution L6 0.3 pixiss trigger efficiency (Z/* — pp region) 0.6
W(= £v)+jets normalisation LS 03 Boson pr dependence of QCD corrections 0.5
Pile-up reweighting L5 03 Jet energy resolution 0.3-0.5
Non-collision background estimate 13 03 IS trigger efficiency (i +jets region) 04
Je“ energy scale 13 03 Muon identification efficiency (stat.) 0.3
y'-correction . 1o 02 Electron reconstruction efficiency (syst.) 0.3
Z(— ee)+jets misid. lepton estimate 10 02 Boson pr dependence of EW corrections 03
Luminosity 1.0 0.2 PDFs 02
Parton distribution functions + a5 0.7 0.1 Renormalization/factorization scale 0.2
Nz -0 0.5 0.1 Electron reconstruction efficiency (stat.) 0.2
Tau energy scale 0.4 0.1
Muon momentum scale 03 0.1 Overall 3.2
W(— €v)+ets misid. lepton estimate 03 0.1
(Forward) jet vertex tagging 0.2 <0.1 @ QCD scale uncertainty much
Top subtraction scheme 0.2 <0.1
Electron energy scale 01 <ol reduced by CMS global
Systematic 12 24 simultaneous fit strategy.
Statistical 2 0.4
Total 13 25 @ CMS selects pr 7z > 200 GeV.

@ Overall lower exp. syst in ATLAS.
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Tau polarisation in Z— 77 decays

7 TR
ar qa 36.3fb

Lt r ATLAS (8 TeV)

T i LEP-SLD (roc)

Prog. Theor. Exp. Phys.
2 083C 01 (2022)

7 7
\ / Fin
Pys. Rev. Lot 85 [~ -
z z \r‘ (2001) 1162

L3
Phys. Lett B 429 - -

\ / (1998) 387

. Z DELPHI

& i Euphsicl |- =
2000585

LEPH
Eur. Phys. J. C 20 - -
(2001) 401

@ CMS 35.9 fb—' 2016 dataset. o | i
@ Most precise measurement at o T

hadron colliders ! Asymmetry A,

@ Precision comparable to SLD.
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MC for dibosons results

arXiv:2405.18661 JHEP 04 (2024) 026
Process V5 Theory Other results
(TeV) calculation

W+ [285] 13 MG5.aMC 1p NLO  aTGC

WHWT [289] 13 MATRIX aTGC, o: with jet veto Proces. short desripion NI Generstor  prion shover o Toe VD s E
i7ati i W 1o, QCD WA= ol gl MAnGaams_AMCGNLOZ.T+ Heron 2 m o NNPDFS v
WZ [290] 13 MATRIX aTGC, boson polarization, 9 dist. W, T, QUD WA s s ManGaapn ANCERLOZ7 ¢ Proindh 24 Lo AlS NWDR 0o
77.(292) 13 MATRIX aTGC, 6 dist. W1 10 5D 2211 & Sam2 20 OO S s oo
N WA 7, NLO OCD s P Do ¢ s 20 NLO(VBS ) AZNLO - NNPDF30vto
ENWAWSWZI 15 MGEAMCESLO . o, o : oels S enrionas
DV TeET) TeNLO; 2yet0
71 WS 13 BV Wzl MasGuanis_AMCBNLOZ.6 Lo
EW Wy [311] B W21y 2171 s I
EWZy (312] 1 31D dist oo N a0
EWWSWS[34] 13 Rt wltio
BWWIW ] 1 v Ao
EWWZ [338] 13 MGSaVMCPyScorNLOQEDand EW 9] 2QGC, 2 Lo
BWzz 7] 13 POWHEG BPXNLO[0] 206C ewes BT NoGuars NCENLO 265 + e 55 m A DR o
0 MoGrars NCENLO203  Prom 255 0 AT NP 0w
Diboson N, V& Generator Partons  Partons PS. MEPS
State aw) wal_ NLO scheme
WiBll 2 13 MGSaMC(NLO) 2 1 s P
ZyB 2 13 MGSaMC(NLD) 2 1 Py Fxbx
WOW[289] 02 13 (POWHEG(NLO) + MCPM (LO) * Kpao 13141 1 o Py -

d HL-LHC 58/48
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Quick recap of new results since 2023

Final state ATLAS CMS
WHW— 13 TeV CONF-23-012 140 fb~T, inclu- | -
sive XS + differential XS
WHW—-13.6TeV | - arXiv:2406.05101
Wz arXiv:2402.16365 polarisation | [JHEP 07 (2022) 032]
studies
ZZ 13.6 TeV arXiv:2311.09715 -
ZZ 13 TeV JHEP 12 (2023) 107 140 fo—1, | arXiv:2404.02711 138 fb~1,

Z(vv)y 13 TeV

polarisation + CP properties

ZZ+jets differential XS
CMS-PAS-SMP-22-009
o1

138

A.-M. Magnan

EW @ LHC and HL-LHC

7/2024, LCWS 2024

59/48



Dibosons
O0®@00000000

WW at \/s = 13.6 Te

arXiv:2406.05101

| | Uncertainty source Ap
e wswigss ey a0 —
£ J[ows ool gome 1 NS Integrated luminosity 0.014
é | Smwwk'g‘;wum e é 10F vwen Lepton experimental 0.019
g = 2 Jet experimental 0.008
R " b tagging 0.012
|
Nonprompt background 0.010
| . L :
Limited sample size 0.017
- = n 2 Background normalization 0.018
Fuk g i
HE S W 20 . Tth)ry 0.011
- ; . — - . . = Statistical 0.018
s BrgmEe e g o E Total 0.044
kS T e |8 g T L5 e
2l e e | 2 | onornon i mE 5 cus
2 H 2 H 2 ¢ oM
@ @ = o ATLAS
H v CDF o
20| . S92t . po
T
. Q
= o
i g
A So9f 3 ©
. 5 T 3 L 10! /
o e s ~ pp NNLO QCD x NLO EWK (MATRIX)
3 cmMs PN cms fagsboson ot un == p5 NNLO QCD x NLO EWK (MATRIX)
g g 18 fwemens pp NLO (MATRIX)
& g 100 == pp NLO (MATRIX)
A- .
70 K $
. . € g ¢ i,
A — 8
Fuaf ] Fuf E| =05
3 IO LI 2 3 3 8 10 12 14
09f ] 09f
5 T 3 5 e i Vs (Tev)




ZZ at /s = 13.6 TeV

Dibosons
000e0000000

arXiv:2311.09715

q zZ 9 Z 9
q z 9 70
ATLAS e Daa

Vs=13.6 TeV, 29 fo* [ Statistical Uncertainty
Total Uncertainty
—a— Predicted

77 - 4l I=e, p

(sys) b

‘Sherpa qqZZ NLO.QCD + ggZZ LO.QCDX1.7(*)
36.87 (sys) b

MATRIX q42Z NNLO.QCD + ggZZ NLO.QCD(*)
39.140.7 (sys) b

MATRIX qgZZ NNLO.QCDXNLO.EW + ggZZ NLO.QCD(*)
36.5+0.7 (sys) b

(%) + Powheg EW 2Zj

ol [pb]

Source

Relative uncertainty(%)

Data statistical uncertainty
MC stati;

Luminosity

ical uncertainty

Lepton momentum
Lepton efficiency
Background

Theoretical uncertainty

4.2

Total

[ LHC Data 2022 (5=13.6 Tev

- LHC Data 5 = 13 TeV.
F = CMm:

iC Data {5 = 8 Tev
)

1l (m 6 )19.6
1) (m, 66-116 Ge

=7TeV

ATLAS ZZ - liliv) (m, 66-116 Ge
Tevatron Data V5 = 1.96 TeV
CDF ZZ - li(llivv) (on-shell) 9.7 fb*

15

s

. F‘
V) 20.3 b J

[ e ATLAS ZZ - llll (m 66-116 GeV) 29 fb"

ATLAS

1iil (m, 60-120 GeV) 137 iy
ATLAS 2Z - Il (m, 66-116 GeV) 36.1 fb*

V) 4.6 fo

MATRIX CT14 NNLO
— ZZ(pp)
—zZ(P

P R I
8 10 12 14

coa b b b b b n e way
10 15

{s[TeV]

35 40 45
fiducial cross-section [fb]

EW @ LHC and HL-LHC
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WW at \/s = 13.6 TeV

arXiv:2406.05101
Quantity WwW One/twobtags Z — 7T Same-sign
Number of tight leptons Strictly 2
Additional loose leptons 0
Lepton charges Opposite Same
pymax >25GeV
pimin >20GeV
e, >85GeV >85GeV <85GeV  >85GeV
Py — — <30GeV —
Number of b-tagged jets 0 1/2 0 0
N; 0/1/2/ >3
Variable WZ Y74
Number of tight leptons Strictly 3 Strictly 4
Additional loose leptons 0
Lepton pr >25/10/20GeV  >25/20/10/10GeV (py ordered)
|myp — my| <15GeV <15GeV (both pairs)
My >100GeV —
o — >150 GeV
pipiss >30GeV —
Number of b-tagged jets 0

A.-M. Magna EW @ LHC a
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WW at /s = 13 TeV

ATLAS-CONF-2023-012

@ Excellent agreement with fixed-order MATRIX predictions.

@ EW corr. improve modelling at high diboson mass but over-correct pT(leading
lepton) = related to multiplicative treatment, need mixed QCD+EW effects, in
particular for hard QCD radiations.

@ PDF choice impacts overall XS prediction.

T
ATLAS Preliminary

Daia
=13 Tev, 140 " [ statsical Uncertainy
PP - ey 3 Total Uncertainty

—e Prediciions

660+ 10 (POF) + 48 (scale) b
MATRIX 2.0 INNLO, NNPDF3.1

MATRIX 20 NNLO QCD. 410°

= - S
Powheg MINNLO + Pyihias, NNPDF3.0 () L ATLAS Preliminary 4  Dataand Stat Uncertainty mf% § 10°F ATLAS Preliminary st and St uncenany 310 %
654 + 10 (PDF) £ 15 scal) b Eaaal =13 TV, 140 10 Toul Uty 5 [4 (5= 13 Tev, 140 b TowlUrerany ]
erpa . “ o V. v Shepa2212°
Sherpa22.12 (0-@NLO, 2510}, NNPDFS0 () PP ey MNNLOPyths * o MNNLOSPN .
e & MATRIX20mNLOGCD 310
‘o QeD Do oW

AINNLO QCD [ NLO EW

71147 (PDF) + 16 (scale) fo et + Sherpa 2.2.2 o
S nerpa 2.2 gg W ++ Sherpa
MATRIX 2.0 INNLO [ NLO EW, NNPDF3.1 o e A T BT Wk - e o w"
G555 7 (D) 1 (scaie) 1 E Hio 1 o 107
1 gemazz2g0.ww x1 o
Shem 2212 ) o - W L )
500 E 50 700 107 i 107 = 310
\meqva!ed fiducial cross-section [fb]
T T T T T 102k 102
ATLAS Preiminary Ty prccion
E=13Tev, 140 1" 3 POF ncertany s 14f ] P
oo WW [ Total Uncertainty. £ 2
— Measurements 8 1of ols | S 12
5 o | 5 PR—
kB A s (R I e
g osp AN [+ (5| g o8F 4
< 06, o & o6F b
s 36 (1] 2 J
us‘uslaq.uw]ph 30 40 5060 107 2a0° T a0 240 3407 285510
" [GeV] me, [GeV]

ATLAS 36
ST o s 0

[11Phys. Rev. D 102 (2020) 082001
2] Eur Prys.3.C 70 2019) 8B4

| L
L R Vv

L L
13010 150
“Total cross-section [pb]
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Evidence for Z;Z, production

JHEP 12 (2023) 107

Contribution Relative uncertainty [%]
Total 24
Pre-fit Post-fit Data statistical uncertainty 23
Total systematic uncertainty 8.8
Lz 1893 + 87 220 £ 54 MC statistical uncertainty 17
77 Zr7Zy, 710 + 29 711 + 29 Theoretical systematic uncertainties
4d — 27 interference modelling 69
ZrZr 2170 + 120 2147 = 60 NLO reweighting observable choice for g3 — ZZ 37
Interference  33.7 + 2.8 334 + 2.7 PDF, a and parton shower for ¢G — ZZ 22
NLO reweighting non-closure 1.0
Non-prompt 187 = 7.1 185 = 7.0 QCD scale for qg — 22 0.2
NLO EW corrections for gG — ZZ 0.2
27 modelli 14
Others 200 + 3.7 199 + 3.7 o ] artomatie uncerta

xperimental systematic uncertainties
Luminosity 038
Total 3140 + 150 3149 + 57 Muons 06
Electrons 04
Data 3149 3149 Non-prompt background 0.3
Pile-up reweighting 03

Triboson and ¢7Z normalisations 0.1
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CP-sensitive observables in ZZ production

JHEP 12 (2023) 107

@ Existing constraints on anomalous
neutral TGC normally use high-pT
observables = very strong constraints
but insensitive to CP properties. SM cross-section

" 1
@ Construct CF-sensﬂwe observable Opred = Osmt
Tyz,1(3) = sm¢>1(3) X 00301(3).
@ Symmetric for SM, asymmetric for
CP-odd ANTGC.

@ Construct 1-D map out of 2-D distribution.

ATLAS Simulation ATLAS Simulation ATLAS Simulation

=137y S a2z PRIy BSw .22 4 x10 (E=137ev
3 g
.P’S
X X B2
o2 °|
s
B X 1 X X

CP odd & main target of the analysis

EFT only contribution

interference between SM & EFT

T ]
5 & 3 £
O, | BinNumber

a

7/2024, LCWS 2024 65/48
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Anomalous couplings in ZZ production

T T T
ATLAS =4 Data
Vs=13 TeV, 140 fb™ SM pred. (Sherpa qq - 22)
pp— 2Z- 4l SM pred. (Powheg qq - ZZ)

o)

do/dO; . [fb]
N

\\‘\\H‘HHTHH‘HH‘HH
|-
&

A EREE NN A AR AT,

‘ 2 & = * =
4 £ * - :E&
s - - L e s
© et | , -.-‘?"-r el Tes
z 14— 2 —
) . . O 12— ) B
@ Unfolded differential cross section | li—%—:r:iuﬁf_#iﬂz +H l T %_Ll 1l
from 1-D map of 2-D distribution = B LT T T T LI TT= i T
constraints on ATGC parameters. 08t Il
5 10 15 20 25 30
@ Largest impact on 95%CL intervals: O
theo. unc. on QCD scales, PDF, as — - m
aNTGC parameter nterference only Ful
and PS. Expected Observed Expected Observed
. 4 — | | |
o COnStl’alntS IOOSer than thOSe Set fz [-0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012]
f¢ [-0.30,0.30] [-0.34,0.28] [-0.015,0.015] [-0.015,0.015]

using high-pT kinematic observables
sensitive to quadratic terms, but

CMS 137fb-1 using m(4D) differential cross section [EPJC 81 (2021) 200]
Expected 95% CL  Observed 95% CL

sensitive to interference term! aTGC parameter %10 %10
ff -8.8;83 -6.6;6.0
f 9.9;95 -78;7.1
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Impact of fiducial cuts on polarisation fractions in

JHEP 07 (2022) 032

CMS sSimulation 137 b (13 Tev) CMS Simulation 137 @13 Tev)
~ ; ) ; = ; ? :
k] —+— Generated 2 —+— Generated
2 s PP —~W*Z —— Fit, pvalue = 0.0613 £ pp—W*Z —— Fit, pvalue = 0.8993
g Fiducial £ ey Fiducial
2 =0247 £0.001 2 = 0258 £0.002
@ o] 0.481% 0,002 3 313 £ 0,002
z 0,272 +0.002 prgn 429 £ 0,002
< c
[ [
> >
o i

g

g 0 5 ! 05 1
q, cos(8,,) cos(6,)

CMS sSimulation 137 b (13 Tev) CMS Simulation 137”13 Tev)
; ;

g ~ —+— Generated B oo ._ —+— Generated

= pp-W2Z Fit, p-value = 0.6096 T pp-W'Z Fit, p-value = 0.0002
5 Fiducial b Fiducial

Sl 0.278 +0.002 c 0.229 +0.002
Cha 0.389 £ 0,003 g

=) =0389 &0, Dyaona

2 =0.333 £ 0.003 2

g g

> 10000— >

w ]
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Systematics for fy; in WZ production

arXiv:2402.16365

Source Tmpact on fiy [%]
Experimental 100 < p7 S 200GV pf > 200 GeV.
Luminosity 01 02
Electron calibration L0 09
Muon calibration LI 13
Jet energy scale and resolution 59 9.0
E scale and resolution 10 06
Flavor-tagging inefficiency 01 02
Pileup modelling L6 11
Non-prompt background estimation 58 08

Modelling
Background, other 14 16
Model statistical 25 56
NLO QCD effects 68 82
NLO EW effects 11 33

of additive vs multiplicative QUD+EW combination 13 38

nce impact 14 07

Scales, and shower settings 35 92
Experimental and modelling 12.1 177
Data statistical 15.0 64.5
Total 217 66.9
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EW production of WZ+2j

ATLAS: arXiv:2403.15296 [CMS: PLB 809 (2020) 135710]
@ Using 140 fb~", 3 leptons (e,x) + 2j m; > 500 GeV
@ BDT used to separate EW and strong productions.
@ Extract cross section and differential distributions.
@ Dominant uncertainties: syst from theory modelling.

60

P ATLAS | T e o g 7 &, faras Fatias Voo ratev. a0
2 2! 5 = 13TeV, 140 o' S E
~ Vs =13 TeV, 140 b ‘:'W?g‘gD r 5 S Y i wzj i
@ - 2.0 7 . 7 E
2 50F wzjsr.N_ = z R
[ Post-fit Jets. [ Misid. leptons. e S og - E
S [ E 0.25}
w40 . 1Z] and VWV 3 P 3
E| 0.15 3
3 0.1 E|
1 ooy 3
540506 05705505058 b4 ERE KR
Gz [10] Owzy-ew l1o] Owzyew lib]
= e e = T T T T
& 1efarias wa- w4 & fanas i iaTev. e ATLAS
H 3 wa-v ] o VT ]
o § 3
s 5 El 7 ", my 2000 GeV
= E| L WiZi- v
g of 1 oo i v i ]
g E
a E
o8- 1 oo E
E| 1300 < m, < 2000 GoV. ;
VIV AT I h I S
[N PR A E [ Y LR R L R
Owzji-ew [fo] Owzji-ew [fb] Owzj-ew [fb]
BDT score
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EW production of W*W ™ +2j

ATLAS: arXiv:2403.04869 [CMS result: PLB 841 (2023) 137495]
@ Using 140 fb—', e+u+2j final state, = 2 and > 3 jet categories.
@ Signal extraction using a likelihood fit to Neural Network outputs.
@ Top (66% of SR) and strong production (24% of SR) as free parameters.

ATLAS Vs =13 TeV, 140 fo™*
T
E T T T g T T T T T T T T T 3 ! 005
g ATLAS # Data [CJewk w'wij g ATLAS @ Data Oewkwwij bd 1.00 405 H(top)
o f5=13TeV, 140 tb*- ewk wwijj [ @ g0t f5=13TeV, 140 b ewk wwi [ g '
2jets SR [singletop  []Strong W'wii 3jets SR [Msingletop  [stong W'wij 3 !
Post-Fit Wzies [ Mutibosons Post-Fit Wzvjers  @Mlibosons . 018 .
Wweiess 7 Uncertainty Wwsiets 7 Uncerainty | . i 0.84 ;1o H(Strong W'Wij)
|
9 ! 023 i
] :—o— 121%%5, HEWK W'Wij)
3 05 1 15 2 25

@ Significance: 7.10 (exp. 6.20).

Pre-fiPost-fit

—— Pre-fivPostfit

K i % s I - ) Observed fiducial cross section:
F ipphvbbbibey 1*’?%7’”’{””?’*”#7’?%7‘{% +0
i 2657949 fp,
0 01 02 03 04 05 06 07 08 09 1 o 01 02 03 04 05 06 07 08 09 1 . .
AN output AN output @ POWHEG BOX v2 prediction:

0.14
2201914 fb.
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EW production of W~+2j

ATLAS: arXiv:2403.02809 [CMS: PRD 108 (2023) 032017]
@ 140101, £ (e,)+v+2j m; > 500 GeV, Ay; > 2.0.

ATLAS
Vs=13TeV, 140 f5*
Fiducial cross-section SR¢ CR EWW( -1v)yji
sap eap Data (syst) Ml (total).
Njw =0 N,e.s >0 1324251
Differential cross-section SR CRj CRp CRc
Sherpa 2.2.12 et
wp _ 2ap ap wp _ oo o4
> 1TV ij =0 NJW >0 ij >0 ij =0 8971 (scale) *7 (stat+PDF+a,) fb
€1y <035 £,<035 035<é&,<1 035<é,<1
g T T ey 2 1800FTT T T
§ 16000 ATLAS . eData § ATLAS . # Data MadGraph+Pythias
o V5 =13 TeV, 140 for EWwyj ] @ 1600[ s =13 TeV, 140 for EWwyj con oe
14001 EW W( — 1) yjj Strong Wyjj | EW W(~1v)yil Strong Wyj 13.07,; (scale) [,/ (stat+PDF+a,) fb
crR"™ Non-prompt 7 14001~ SR™ Non-prompt—|
1200 Post-Fit WTopBkg. Post-Fit IMTop Bkg. 0 2 4 6 8 10 12 14 16 18
000 Wz ] 12001 Wz 3 ot ]
1000 7/ Uncertainty 7 Uncertainty EWW( -1
P2 1 1000~ i E o
800F- G, El
] 8001~ [ ! Uncertainty Source Fractional Uncertainty [%]
G007 e 3 600 feisssmicssss s W, . Statistics 11
400 B of- 3 Jets . 8
o] P Lepton, photon, pile-up 8
200 = 2001 = EW Wy, j modelling 7
P s e s e / Strong Wy jj modelling 6
P o 3 Non-prompt background 2
3 » E 4 SR Luminosity 2
8 o8 8 o9 Other Background modelling 2
O o 536304 65 08 07 08 08 1 O 510770304 05 08 07 08 08 1 EF 1
NN score NN score
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Differential distributions for W~+2j

ATLAS: arXiv:2403.02809

5. fATLAS Postfit Vs =13 TeV, 140 f5%, EWW( ~1v)yjj
@ 10F ¢ paa EW Wyjj Strong Wy 3
Non-prompt I Top Bkg. I 2yjj 777 Uncertainty
10 i

CR, CRy | CR. | SRE

@ Unfolded differential xs with 2 types of
observables: VBS, polarisation+CP prop.

@ SHERPA underestimates data, MG5+Py8

overestimates at high m; and p.

Data / pred.

Tz 3 4 12 3 3

m, bin
Bl ATEAS T BLS TR 140 15! E [ATlAS” " SEIaTeV 10" 3 [ATas " (5= 13 TeV, 140 o
EW EEWW( -1v)yji Nf;“,ﬁ:o,qy<uas(5R)’ 2 EWW( ~1v)yji N‘V!‘::U‘{W<O.35(SR) H EWW( ~1v)yiji N“i':‘s‘=o,£w<uas(sa)
= o, stat e =10 4 D, st une. = 4 Dat. st e
=3 4 [ Totalunc. 4 O3 Totalunc. B0 o [ Total e, 4
3 g © 1 [ Sherpaz2.12 N (= Shepa 2212 N - “}., [ Shepa22.12
B2l b % S S— 8 [T — 8 4 53 MadGraphsePyias
1—1 T * } 102 fe q

109k e J o a 1 -

© , , , , , , , , s L , , , , , JoE , ; E
LT aRaRsFantaseasanstas Saaas annanannas: g gHret : + bt g4 St -

o 9 =] a o o] |

SAL 4k f e St f | (RS- I N S S .

SOSL 205, . . . , , 205 .

g 100 200 300 400 500 600 700 800 g =3 =2 -1 T 2 3 & 40 50 6070 107 26107 3x107

p! [GeV] Ag [rad]

Pl [Gev]




EW production of Z+2j

Events / Bin

Ratio

EPJC 82 (2022) 105

@ 140fb~1,Z— vv+y+2j m; > 500 GeV,
Ay; > 3.0.
@ Significance: 5.20 (exp. 5.10).

@ oieas = 1.314£0.20(stat) £0.20(syst) fb =
Precision 22%.

T T T T T T T T T
ATLAS Post-fit
15 =13Tev, 139 fb™ . -e-Daia
EW Z(~vo)yji RN A\ Uncertainty
B EW Z+y
W strong Z+y
EW W4y
I Strong W+y

Wty yy

yHiet
Me-y
ety

Mjet-e

St et my [TeV]

““Fake-e CR WeVCR W/, OR Zmem CR SR-my

EW @ LHC and HL-LHC
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CMS: PRD 104 (2021) 07

@ 137fb~1, Z— £4+y+2j m; > 500
GeV, Ay; > 2.5.

@ Significance: 9.40 (exp. 8.50).

4 Omeas —
5.21 £ 0.52(stat) £ 0.56(syst) fb =
Precision 15%, syst dominated.

CMS 137 b (13 TeV)
¢ Data (stat. 0 syst.)
~—— EW Zy MadGraph
1

syst. unc.

I

6<in | <

Data/MG d?o/dmdAn | [fb/GeV]

T
ot

-

| :
For

*
et

|

050087 320 050 J6 $22
m; [TeV]
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Exclusive production vy — WW

>
8 ATLAS Simulation Preliminary
3 \8=14 Tev, 3000 %y = 200
PLB 81 6 (2021 ) 136190 H Trackep, > 500 MeV, rack il <25
¢ ‘:':"u“ background
21200 . v Lol sty
§F R o ncerainty
&, F = 13Tev, 13010
10001~ P> 30 Gev
JHEP 07 (2023) 229 wof
- 10CMS-TOTEM 1001 (13 Tev) o0
R N e ok
[ S 2
H 200/
e Prfitbig
Er—r————— N E
3 e g 50 100 150 200 250 300 350 400
3 2. Dilepton mass [GeV]
8 osf 1
06 > 06T T T T T T pal
o 1 2 3 4 £ [ ATLAS simulation Preliminary |
Number of reconstructed tracks, g E 15=14Tev, 3000 fb™ =200 Trackp, >500Mev J
g 051 Total unc. EJ.Z% bkgd. syst) Trackhi<2s o
S E Total unc. (6% bkgd. syst) E
2 E_ s Total unc. (3% bkgd. syst) B
1 2 0-4f—§|aﬂszllcallun\ (1296 bgd. y5t) -
_ . = F — = Run2total unc. gd. syst —
@ Reconstruct @ 139 fb~1, e+p with 2 E T Rin3saony {;
L |
forward protons = track veto. e S

use hadronic V @ Significance: 8.40 [;1:
decays (677 oxp) .

@ Target high myy @ Precision: ~ 13% s o T
region for new Tineas = 3.13 £ 0.31 (stat) £ 028 (syst) fl & 0oF
physics signals. 2 o4f

50 100 150 200 250 300 350 400
Dilepton mass [GeV]
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MC for LHC tribosons results

arXiv:2405.18661

Process Energy (TeV) Theory calculation Other results
Wy [317] 8 MG5.aMC Py6 NLO aQGC

Wy [318] 13 MG5.aMC Py8 NLO aQGC

Zvyy [317] 8 MG5.aMC Py6 NLO aQGC

Zvyy [318] 13 MG5.aMC Py8 NLO aQGC

WVy [319] 8 MG5.aMC Py8 NLO aQGC

WW+ [320] 13 MG5.aMC Py8 NLO aQGC, Hvy search
VVV [316] 13 NLO [321,322,323] VH production
WWW [316] 13 NLO [321,322,323] VH production
WWZ [316] 13 NLO [321,322,323] VH production
WZz [316] 13 NLO [321,322,323] VH production
777 [316] 13 NLO [321,322,323] VH production

A.-M. Magnan EW @ LHC and HL-LHC 10/07/2024, LCWS 2024 75148



Introduction to the SMEFT framework

ATGC/AQGC

900000000000 000

@ Model new physics in a general way.
@ = Allows precise calculations of cross sections.

Wilson coef,

All operators with

given dim.
S o o) % -

O(d=4) Cutoff (BSM) scale

Interference SM-dimé

Pure dim-6

'8 uhmr

7= ot L ATV

u]lmi]

rlim6 velimé
L Cfim6cd

(dim&)

2 ATV Y

(/1_@" Im¥

Interference dim-8

i . -:chmi'?l =7 s
+¥ (A1 TeV) T O™

+ O(\-8)

Pure dim-8

Ernc A E
J. Rojo, LHCP2024

@ New Physics ~ higher-order
QCD/EW effects !

@ Quadratic terms also
important: VBS sensitive to
dim-8 and quadratic dim-6.

7/2024, LCWS 2024 76/ 48
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EFT in practice and validity B

Validity of this approach
@ Validity limited to E<< A.

@ Usually: for ATGC, sensitive to dim-6 ° ggge:)ﬁ:;ic Opersl‘?\‘;(;%rnﬁz:i-t -
operators, for AGQC, sensitive to dim-8. omp P Y
®G ) . n MG5 h high energy scale.
eneration of events using or eacl o .
coupling independently. @ Study 95%CL interval vs Eg.

@ Add events to SM predictions, and perform mevritfsgrsveegim? grr:gtirm:rri?ssmg
likelihood fit using most-sensitive variable. y

) N ) bound.
@ Variable: usually my,, or CP sensitive variable
to test CP-odd operators.

@ Extract 95%CL limits on single / pair of
operators.

@ To test impact of missing higher-order terms:
remove quartic couplings for the dimension
considered = impact on limits < estimate
from missing higher-orders.

T
ATLAS -
s =13Tev, 140 fb*

ol

T1

Unitarity bounds
— Observed 95% CL limit
«eve: Expected 95% CL limit |

95% CL interval on fr, /A® [Tev]
& o
T

1 z
m,, cut-off [TeV]

arXiv:2403.15296 )

A.-M. Magnan EW @ LHC and HL-LHC 07/2024, LCWS 2024 77148
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Anomalous couplings in WZ+2j

@ 2-D BDT-m%Z to look for dim-8

-~ — e .
operators Bpied O B o o o
. . e . € eV -
@ Limits competitive with CMS from oA 080, 080 057, 0.56] S 1
[Phys. Lett. B 809 (2020) 135710]. Fri/AY[052,049]  [0.39, 035] osf- E
Fro/AY 16,14 [-1.2,1.0] o E
N . . - fuo/At 83,83 [-5.8, 5.6]
< ATLAS o oDa v 5 fa /A [12.3,12.2] 8.6, 8.5] -0sf E
2 10°E e toov 0w [~ . f:rzéwifv!:rv‘} /A 162,162 [11.3,11.3] £ 3
wh T — Foa/A [142,142]  [10.4, 10.4] e
EOTee <025 025 <EDTeowe <017 ; 07<EDTecne <072 ;B0 score2072 ! T /A 42, 41] -30, 30] LSRN 05O o5f /1/\4 [}r5v4]
3 Fro e
10° g Expected  Observed _ .
" [TeV Y] [Tev ~4 B ATLAS )
Fro/AT [7.0,7.0] [-15, 1.6 £ op Ferevpiont
; Fr/AY 11, 10] [-0.7, 0.6 < o
fro/At [F12,6) 2.4, 1) s
107 fuo/A* [60,60]  [12,12] K
Q 14 fn /At [82,32] 15,15 2
SR Jar/At 80,30 [-15, 1] 3 o — ovanomss ]
g .. Faoo/A' La141] (18,14 £ T
3 S L PP I 1 P 7/ S g N —
N
m¥Z [GeV] per BDT bin

A.-M. Magna EW @ LHC a
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Anomalous couplings in W*W*+2j production

Ews ‘ATLAS + ous -WWEW g

§ o[ =0 Tou oo BV Junwioco ]

z W -wzccn _-wzEW

: = s B JHEP 04 (2024) 026

fu/A" = 140 TV, m,, <07 TeV ]

@ Sensitive to WWWW interaction, using mg,
distribution.

@ Limits competitive with CMS from [Phys. Lett. B
809 (2020) 135710].

Coefficient  Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound
[TeV—4] [TeV—4

I I I I I I |
200 400 600 800 1000 1200 1400

s+ Exp. -64 at 0.9 TeV, 40 at 1.0 TeV
n [Gev] S0/ AT o, 140 at 0.7 TeV, 117 at 0.8 TeV
P 255t 1.6 TeV, 31 at 1.5 TeV
Ziobamas o v i Obs. 45t 1.4 TeV, 54 at 1.3 TeV
8 Fe-13Tev, 1301’ EEWWIn o wwioco Aot B 33 at 1.8 TeV, 29.1 at 1.8 TeV
S 10°F pp > wwii S e M7 Obs. -39 at 1.7 TeV, 42 at 1.7 TeV
: Otnerpompt 77 To. Uncer PRI 94 at 0.8 TeV, 122 at 0.7 TeV
— g/ A*, best fit J Obs. _
v Exp. [-22.0,22.5] -
/A Obs. [-23.5,23.6] -
N Exp. [-0.34,0.34] 32at1.2TeV, 49 at 1.1 TeV
JrolA Obs. [-0.36,0.36] 74at 1.0 TeV, 124 at 0.9 TeV
4 Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
1 Jn/A Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
= Fraf At Exp. [-0.56, 0.70] 2,60 at 1.7 TeV, 103 at 1.2 TeV
2 Obs. [0.63,0.74] -
g
8
1uo 1200 14

m (Gev]




Anomalous couplings in ZZ+2j production

@ Sensitive to dim-8 operators, using 2D m4,-m; distributions.
@ Limits also set on dim-6 operators - using Ag;; variable for CP-odd coefficients.

JHEP 01

ATGC/AQGC
0000®0000000000

(2024) 004

< T T peveaRaes ! ! ! pepveaRe
Wilson [Mgs>  95% confidence interval [TeV 7] = f3=13TeV. 108" f5=13Tev, 140"
coefficient Included Expected Observed
fro/A* yes [-0.98, 0.93] [-1.00, 0.97]
no [-23,17) [-19, 19]
fra/A? yes [-1.2,1.2] [-1.3,1.3] 10
no [-160, 120] [-140, 140] . E ool 3
Fra/A yes [-2.5.24] [-2.6,2.5] T Crverved 096 contden e a0k T Grvervd oot contdonce mawar ]
no [-74, 56] [-63, 62] -30F ) L ; Unitarity al‘m.u ) 3 " B e Unitarity Bound 3
Frs/A yes [-2.5,24] [-2.6,2.5] T 3 3 7 5 T 3 3 4 5
no [-79, 60] [-68, 67) E[Tev) E[Tev)
fre/A* yes [-3.9,39] [-4.1,4.1]
o [eAds (5554 @ CMS limits ( Phys. Lett. B 812 (2020) 135992):
FralAT yes [-85.8.1] [-8.8.84]
no [-260, 200] [-220, 220] Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound
frs/AT yes [-2.1.2.1] [-22,2.2] fro/ A —0.37 0.35 —0.24 0.22 24
no  [4.6,3.1]x10* [-3.9,3.8]x10* fri/ At ~0.49 0.49 —0.31 0.31 2.6
FrolNTyes [-45,4.5] [-47, 4.7] fra/ A —0.98 095 —0.63 059 25
o [75,550x10 [64,630x10" Frs/ A —0.68 0.68 043 043 18
fro/ A* 15 15 —0.92 0.92 1.8

A.-M. Magnai
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Anomalous couplings in W++2j

ATLAS: arXiv:2403.02809

Cofficients [TeV—] _Observable My, cut-off [TeV] Expected [TeV '] _Observed [TeV |

Fro/AT oy 14 [-2.5,2.6] [-19,19]
fri/At Y 19 [-1.6, 1.6] [1.1.12]
fra/A* oy 16 [4.9,53] [-3.6,4.0]
@ Limits on dim-8 operators, using p% Il » 19 [34,36] (25,27]
) . Fral A Y 22 [3.1,3.1] [22,23]
(mixed scalar operators) or p4. frsIA* " 18 18 18] (13131
frol A P! 2.1 [-1.5, 15] L1, L]
(tensor-type operators). oS oy 21 [-4.0,4.1] (29.3.0]
. - Frtol AT ! T [45, 441 [32,31]
@ First limits on fr3 and 74 at the LHC.  /a Z; 14 160, 62] [-43, 44]
. \ . Fana A P 14 [-15,15] [-11,11]
@ Limits ~ insensitive to Ec. s o 18 [22,22] [-16, 16]
faral A* ]7; 1.5 [-28,27] [-20, 20]
T 15 e fus/A* g 19 [-21.23] [-14,17]
3 [ ATLAS J Sur/A* Ph L5 [-100, 99 [-73,71]
= L o
< 10 Vs =13 TeV, 140 fo] . e .
< Tk @ CMS obtains better sensitivity using my,, and
= s E strong+EW contributions [PRD 108 (2023)
g 1 032017]
ofF ]
r b Expected limit Observed limit Unound
5 | 5I< fyo/AT<5T 56 < fao/AT<55 17
r Bl TA< fun /A <74 7.8 < fua /A <81 21
L — Exp.95%CLLimit ] A8 < fyp/AF <18 19 < fyp/A* <19 20
-10F b, osseL Limi 25< fus/AP <25 27 < fya/A <27 27
E — Unitarity Bound E B3 < fyua/A <33 37 < fyu/At <36 23
T P U E T BRI Bl B4< fys/A <36 —39< fys/AP <39 27
-1 1 2 3 4 5 13 < fyp/AF <13 W<fyp/At <14 22
043 < fro/A* <051 047 < fro/A* <051 19
my,, cut-off [TeV] 027 < fra/A* <031 031 < fr,;/A* <034 25

072< fra/AY <092 —085< fr,/A* <10 23
029 < frs/A* <031 -031< frs/A* <033 26
023 < fro/A* <025 ~0.25< fra/A* <027 29
060 < fr;/A* <068 —067 < fry/A* <073 31
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Anomalous couplings in vy —VV and Z~+2j
JHEP 07 (2023) 229

@ Limits on dim-6 and dim-8 operators PRD 104 (2021) 072001

100 fo (13 TeV) @ Use mz, distribution.

— 1400 ¢
& E —— Observed 95% CL limit
% 1200 E-CMS-TOTEM| ____ gccted 95% CL limit CMS 137 b (13 Tev)
1000 £ W Expected 95% CL limit + 1o g
9 800 £ Expected 95% CL limit + 20 g ;E:V"’Zv z‘;’z‘:’c‘\’/‘ ¥
o 600 E § WQCDZy g jpt=047Tev*
400 S @ —F A= 091 Tev*
X, 200E
Lo
33, 200 £
20 E
@ -400 E
-600 [
-800 £
-1000 £ | 01504 0405 0508 0310 1012 12w
-300 -200 -100 0 100 200 300 m,, [TeV]
a¥/N? [x 107 GeV?]
Coupling _Exp. lower _Exp. upper_Obs. lower__Obs. upper_ Unitarity bound
Coupling  Observed (expected) Observed (expected) { Mo ; 2: :;3 ? zgg :;gﬁ o I
95% CL upper limit  95% CL upper limit Ro/Ad 521 512 Toss 049 15
No clipping Clipping at 1.4 TeV Ro/AY —102 103 ~13.0 130 18
- - Ru/AY -102 102 ~130 17 17
[fmo/ A 66.0 (60.0) TeV—* 79.8 (78.2) Tev—* P/ A 176 165 2 03 17
AL -
[fua/AY 2455 (2148) TeV*  306.8 (306.8) Tev * Bt owm o Com ow 1
4 4 4 Fu/AY 065 063 ~081 0.90 20
|faa/ A% 8 (9.0) Tev 119 (11.8) Tev le/A‘ -136 121 ~1.68 1.54 19
4 —4 —4 Frs/A* —045 052 —0.58 0.64 22
[fas/ A% 73.0 (64.6) TeV 91.3 (92.3) TeV F'”/N e by e T b
[fma/NY 36.0 (32.9) Tev 435 (42.9) Tev* Fo/A' 167 197 215 243 22
i’ N 4 Fs/A' 036 036 ~047 047 18
| fans/ A 67.0 (58.9) TeV 83.7 (84.1) TeV Fiy/A* 072 072 091 091 19
|fmz/ A 4909 (429.6) TeV—* 6137 (613.7) TeV~*
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Impact of quartic contrib. in

JHEP 07 (2022) 032
CMS

137 1 (13 TeV,

CMS

137 1 (13 TeV,

o Tinear + quadralic terms, exp. | 3 Tinear + quadralic terms, exp.
B Linear terms only, exp. By Linear terms only, exp.
2 1 Linear + quadratic terms, obs. 2, o Linear + quadratic terms, obs.
g Linear terms only, obs. g Linear terms only, obs.
Y 7 Vs 1
o 1 o B
& 1 N
2P B o b
R St

@ Dimension-6 EFT: quadratic A—2

T2t
S
* v
137 1) (13 TeV,

interference + quartic A—* pure BSM.
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Anomalous couplings in ssWW and WZ.+2j var.a [ I

CMS: Phys. Lett. B 809 (2020) 135710

Observed (WEWT) Expected (WEWT) Observed (WZ) Expected (WZ) Observed  Expected

(TeV™) (TeV™) (TeV™) (TeV™) (TeV™) (TeV™)
fro/AF [-0.28,0.31] [-0.36, 0.39] [-0.62, 0.65] [-0.82,0.85]  [-0.25,0.28] [-0.35,0.37]
fri/ A [-0.12,0.15] [-0.16,0.19] [-0.37,0.41] [-0.49,055]  [-0.12,0.14] [-0.16,0.19]
fra/A* [-0.38, 0.50] [-0.50, 0.63] [-1.0,1.3] [-14,1.7] [-0.35,0.48] [-0.49, 0.63]
fvo/ A* [-3.0,3.2] [-3.7,3.8] [-5.8,5.8] [-7.6,7.6] [27,29]  [3.6,37]
fn/ A [-4.7,4.7] [-5.4,5.8] [-8.2,83] [-11,11] [-4.1,42] [-5.2,5.5]
fue/ A [-6.0, 6.5] [-7.5,7.6] [-12,12] [-15,15] [5.4,58]  [7.2,7.3]
far/ A* [-6.7,7.0] [-8.3,8.1] [-10,10] [-14, 14] [5.7,6.0]  [-7.8,7.6]
fso/ A* [-6.0, 6.4] [-6.0,6.2] [-19,19] [-24, 24] [-5.7,6.1] [-5.9,6.2]
for /At [-18,19] [-18,19] [-30, 30] [-38, 39] [-16,17] [-18,18]

Observed (WFW¥) Expected (WTW¥) Observed (WZ) Expected (WZ) Observed  Expected

(Tev %) (Tev%) (TeV™) (TeV™%) (TeV™4) (TeV™%)
fro/ AT [-15,2.3] [21,27] [-1.6,1.9] [-2.0,22] [[11,1.6] [-1.6,2.0]
fri/A* [-0.81,1.2] [-0.98, 1.4] [-1.3,1.5] [-1.6,1.8] [-0.69,0.97] [-0.94,1.3]
fra/ At [-2.1,4.4] [-2.7,5.3] [-2.7,3.4] [-4.4,5.5] [-16,31] [2.3,3.8]
o/ A [-13, 16] [-19, 18] [-16, 16] [-19,19] [-11,12] [-15,15]
v/ A* [-20, 19] [-22,25] [-19, 20] [-23,24] [-15,14] [-18,20]
fve/ A [-27,32] [-37,37] [-34, 33] [-39, 39] [-22,25] [-31, 30]
NN [-22,24] [-27,25] [-22,22] [-28, 28] [-16, 18] [-22,21]
feo/ At [-35, 36] [-31,31] [-83, 85] [-88,91] [-34, 35] [-31,31]
fo1/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91,97]

EW @ LHC and HL-LHC 7/2024, LCWS
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Sensitivity to couplings
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Observables ranking change from Lin to Lin+Quad.
Best observable group usually match prior knowledge about
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Anomalous couplings from vy — 77 a Qﬁ

CMS 138 fb ™' (13 TeV) CMS 138 fb* (13 TeV)
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Anomalous couplings in WZ production

JHEP 07 (2022) 032
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Y

Z~ — vvy and Neutral aTGC

CMS-PAS-SMP-22-009

g Vemred [T 5 TRNCO AT @ Cross section in agreement with predictions.
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e Py R —— P @ Anomalous couplings from vertex functions, 4
o e T s | et parameters for Z/v in anomalous neutral TGC.
EMS prelminary Ty @ Most stringent CMS limits to date !
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Otsomed (it ) @ Using unfolded p7 distribution.
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EFT interpretation ATL-PHYS-PUB-2021-022

ATLAS Prfminary * Correlation of systematics
S=13TeV, 36-139fb" e Lin+Quad Effect of Wilson Coefficiont
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LE e .
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Extrapolation to HL-LHC/FCC-ee

SMEFIT3.0 arXiv:2404.12809

Ratio of Uncertaintics to SMEFIT3.0 Baseline, O (A~%) , Marginalised

Marginalised 95 % C.L. intervals, NLO O (A2) T
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