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disclaimer

« we live in a time of enormous progress in Higgs and EW results
« the LHC is like an Eldorado for this field of physics
« a wealth of new results is becoming available

Showall Total Exotica Standard Model  Supersymmetry Higgs Top  Heavy lons

B and Quarkonia  Forward and Soft QCD  Beyond 2 Generations  Detector Performance ° |n 2h We Can Only talk
about a tiny fraction of
these results

CMS publication statistics

« results shown reflect a
personal selection

- mixture of historical
review with latest results

for all the progress in the theory sector — lecture by D. Zeppenfeld
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content of today and tomorrow

Lecture 1: Electroweak physics

e electroweak precision tests:
— precisions measurement with single Z and W bosons
o LEP legacy, new LHC results: sinZHéff, I'(Z - inv), My, , Iy,, B(W - tv,)
— global checks of internal consistency, aka ‘global EW fits’

e multiboson production at high energies: TGC and QGC

— diboson production, triboson production
o vector-boson scattering (VBS), towards polarized VBS

Lecture 2: Higgs physics

e Higgs boson properties (mass, spin and parity, width)

e Higgs boson couplings

— signal strength, differental cross sections, Simplified Template Cross
Sections (STXS), CP violation in the Higgs sector

e Probing the Higgs potential
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The electroweak sector of the SM

\ L/
e

» EW sector is based on local gauge symmetry
SU2)xU()y
» electroweak gauge bosons:

wtw-,Zz9, Y (+H via spont. symmetry breaking) ‘
o tree level: fully described by 3 parameters: 0

» with HO: theory provides precise predictions of masses of
gauge bosons and their interaction strengths

- g,g’,vor aQEDrGF»MZ p=—

m7 cos? Oy

fwﬂ

> allows rigorous of the theory

easurements of (pseudo-)observables calculations of (pseudo-)observables
and cross-sections involving these _ and cross-sections as accurately as
comparison

bosons possible
focus of today (cf. Lecture by D. Zeppenfeld)
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Tests of the electroweak theory

current HEP (at the LHC) follows two approaches:

and comparision with precision theory
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https://indico.desy.de/event/34916/contributions/147229/

Tests of the electroweak theory

current HEP (at the LHC) follows two approaches:

i i Status: June 2024
Standard Model Production Cross Section Measurements alusrdune

=y A0 wal ()
8 101 Fangree ATLAS Preliminary I theoy i

2. energy frontier S = R T

10°F 7%y
10° F W?éi:;wzav ﬁm:ppoﬁa=;?i\:otb‘
LHC pp Vs =8 TeV
measurement of cross-sections for R
. . . 10° F oGl sl engfen BBl Daa 45-491
(multi-) boson production at high E and N A S
comparison with theory I I L P
1 F
107
note: SM often features exact cancellation of o2k
divergencies, e.g. via H-diagramms 10
q q q q
w* w* _ :/\(/;:YV[ — WW. with cno‘mo\ous tjp\e and qua
Z,Y,H < 1 M. Szleper, arXiv:1412.8367 a\'n Slight deviations
we wE from SM could lead
' ! ' j to large effects
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precision measurements

with Z bosons
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most important EW measurements done at LEP

CERN Accelerators

> e*te™ collider with four experiments: ADLO
LEP / LHC
> data taking phases (1989-2000):

o LEPI:
— high precision study of Z° pole
e LEPII:

L3
ALICE

‘ DELPHI
L

LHC-B

— studies above WW threshold
— search for the Higgs (up to +/s = 209 GeV)

10°

10*

Cross-section (pb)

10° |

2 | CESR
10° Eporis
F PEP

PETRA _____ !
— TRISTAN ~ SL,C

1 g_ ]I-Jﬁ)ll | | LIEP III | _§

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)
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fanastic experimental conditions

> lepton collider is perfect maschine for
electroweak precision measurements

collision of known fundamental particles

centre-of-mass energy is exactly known
in each event

events are experimentally clean

— hardly any backgrounds (superb S/B ratio)
o no pile-up or underlying event

— EW processes have small cross-sections
— basically no trigger preselection

» particles in energy reach can be studied
with great precision (e.g. Z, W)

> only with LEP data, the SM entered the
precision era

% Johannes Haller EW and Higgs physics
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most precise EW measurement: Z° lineshape

ADLO, Phys.Rept.427:257-454,2006, hep-ex/0509008

. E T T T T 0-OI ]
> Ecm Scan — measurement of hadronic E ol e >
cross-section o il {0
e f L3 f
30 - OPAL ! i
z L
20 - 1
e f
| @ measurements (error bars ;”
| increased by factor 10) /
. . . 10 - —— o from fit N
e corrections of radiative effects, y-exchange and [ -+ QED corrected,
vZ-interference yield ‘pole’ quantities - T iw,
86 88 90 92 94
Mz = 91.1875 £0.0021 GeV . E.,[GeV]
I, =2.4952 4+ 0.0023 GeV E [MeV]
0 44717 44718 44719
o) = 41.450 £ 0.037 nb. 5 [T
Q_"E lj. '4%\' . %\ g
\~ r +\\\ +/
e crucial ingredient: knowledge of beam energy with excellent £ 0sf +
precision (via ‘resonant depolarisation’): AEpayy = £0.2 MeV o i
» impossible to be improve at hadron colliders e
note: mass measurements at hadron colliders are conceptually different: measurement of invariant mass of decay products of the resonance — 048 0482 0484
depends on energy/momentum resolution of detectors; best measurement reported by CDF alongside my measurement: 91192.0+6.4(stat) +=4.0(sys) v-101

MeV (muon channel) and 91194.3+13.8(stat)+7.6(sys) MeV (electron channel), PDGI average: 91192.3+7.1MeV
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https://www.cern.ch/jwenning/documents/EnergyCal/ecal93.pdf
https://arxiv.org/abs/hep-ex/0509008
https://inspirehep.net/literature/2064224
https://pdglive.lbl.gov/Particle.action?node=S044&init=0

measurements of FB asymmetries at LEP

ADLO, Phys.Rept.427:257-454,2006, hep-ex/0509008

f _ NF — NB Ng: number of events with cos8; > 0 _
AFB f (& 7o* e

N, + N, Ng:number of events with cosfr <0 e T
Z rest frame £+ /

» measure production polar angle wrt to initial electron

and determine fermion (rather than antifermion) dr i 21+ o 9*)+}
e easyinete™: Zrest frame = lab frame, electron direction known “ ’

Box Ap,— OF 0B yZ interference
FB = 70F Yon
: . o lept
» asmmetry depends on £ > asymmetries depend on sinZ6 fF
e stronger effects off-peak €
| MZ
Ay H—‘ 0.23099 £ 0.00053  sin26/: = k; (1 _ M_‘%’>
3 ~ 04 T = T
f;‘ DELPHI 93 — 95 35; —— Ay, from fit A -
\(/)/ - " A_) ¥ A( ) """ correcte: L3 .
8 ! €e pety <ﬁ- + S\’Ee?age me:xs:rements OPAL 0,b |ong Standlng
3 Peak o N 0232212000020 4 iggue: two
508 AL +— 0.23220 = 0.00081 most precise
Q" — 0.2324 = 0.0012 values differ
osh by ~3¢
+ Average - 0.23153 + 0.00016 new phys|cs?
b ++ 103, ¥ld.of:11.8/5
04y P2 4%
Fy ¥ i~
0.2} R T S
P2 <
-04 I I : I S 10 2 & Ao = 0.02758 + 0.00035
R 05 0 05 88 90 92 94 ERm= 17I80 +4.3GeV
cos(0,.) E_, [GeV] 0.23 o topt %2
Sin“0
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https://arxiv.org/abs/hep-ex/0509008

physics with Z bosons at hadron colliders

Z bosons are studied at hadron
colliders already for 40 years!

o discovery 1983/4 at UA1, UA2

e very few events : in total O(100)
e measurements with large uncertainties

T
F Z°—e'*e” UA1
L 24 EVENTS

L ISAJET
m e =93.1 GeV/c
t

[ ] Zrﬁ\‘ 7
5: _ 0 I ] ]

L0 60 80 100 120 140 160
MASS _(GeV/c?)

from 21 Z - ee and 12
Z — uu events via Agg:

EVENTS/S GeV/c?

EVENTS per 4 GeV/c?

70 90 10

Mass (GeV/c’)

Mgz 1 =90.7 35 3.2 GeV/e2.

. 0.05
sin%0,, of 0.24 "¢ o

Mz o+e- =93.1 £ 1.0 3.1 GeV/c2  principle of measurements same as today

% Johannes Haller
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https://inspirehep.net/literature/267170

the datasets collected at the LHC

recorded luminosity
LHC: fanatastic performance of B oy

2 gof ATASOneLmesty E
accelerator and detectors 3 s — mem oty E
c F = 2017pp V(s=13TeV ]
E 700 —mew kT E
e Run1:7-8 TeV, 2010-2012;: ~25 fb~! [EEERAIE= 1311 E
$ 50" E
e Run2: 13 TeV, 2015-2018: ~140 fb~? g ‘3‘2 E
e Run3:13.6 TeV, 2022-... >150 fb~? .
ga:\“ P! AN oct 7
huge, well-calibrated datasets for a vast pile-up profile Monin i Year
1 1 — 600 T
and diverse physics program PR M-
_ . _ S m s ]
pile-up conditions are challenging for the £ SR
experiments (reconstruction, calibration, triggering, ...) 3 a00- R
5 2000 £

datasets at different energies: allow to I

probe energy dependence of SM I
pred|ct|0ns special low PU run in 2017 for /'0

EW precision measurements
lower trigger/reco thresholds, better reco of PU-impacted variables, e.g. W recoil, important for my,
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physics with Z bosons at hadron colliders

CMS Experiment at the LHC, CERN

Data recorded: 2017-Jun-26 03:27:24.199168 GMT |arge + pUI‘e Samp|eS Of Z (and W)

Run/Event/LS: 297503 / 410616674 / 223

events available at the LHC
CMS, submitted to JHEP,

2108.03744 e precise study of detector performance
in large datasets possible (‘tag & probe’)

e already with subset of data: statistical
uncertainty often negligible

— e.g. recent CMS measurement of cross-
section of inclusive Z production

o low PU run in 2017 - better p/ISS resolution
and lepton isolation— less background

650 (1072 olpp — Z+X)B(Z — (1¢7) =
T 1952 + 4 (stat) + 18 (syst) % 45 (lumi) pb

Uncertainty

— dominant uncertainty from luminosity
determination (2.3%)

— often done: further reduction by
building ratios of cross-sections

UH . .
e Johannes Haller EW and Higgs physics 14


https://inspirehep.net/literature/2816048
https://inspirehep.net/literature/2816048

inclusive W and Z cross-sections at LHC

summary of inclusive
measurements at different energies

these measurements represent most
stringent tests of SM cross-section
calculations at hadron colliders

« data consistent with N3LO QCD with

approximate N3LO PDFs within uncertainties
(limiting currently in theory: PDF unc., HO QCD and EW)

new 13.6 TeV results also available: CMS, ATLAS
CMS

—— Theory (N3LO QCD, MSHT20an3lo) ® pp-Z/y" + X—{L, 60 <my < 120 GeV
QCD scale uncertainty L ppoWt+ XLty

276TeV, 5.4pb™L, JHEP 03 (2015) 022 (z) | PPPWT+XoL7T

2.76TeV, 231 nb~1 (i), PLB 715 (2012) 66-87 (W)

5.02TeV, 298 pb~1, To be submitted to JHEP (Z, W) i
7TeV, 4.5fb~ (ee), 4.8fb=! (uy), JHEP 12 (2013) 030 (2)
7TeV, 36 pb~1, JHEP 10 (2011) 132 (W)

8TeV, 19.7fb1, EPJC 75 (2015) 147 (2)

8TeV, 18.2pb~1, PRL 112 (2014) 191802 (W)
13TeV, 206 pb~!, To be submitted to JHEP (Z, W)

==
A O

=
N

=
o

[e)]

H

Inclusive production cross section [nb]
00

2.76 5.02 7 8 13
Vs [TeV]

CMS review, subm. to PhysRep, 2405.18661

summary of inclusive
measurements at different colliders

CMS

'5‘ T T T T T l T T I
o + CMS, 206 pb (13 TeV)
'—‘1 0° | @ cms 182 pb' (8 TeV) =
28] O CMS, 36 pb (7 TeV) E
x % CMS, 298 pb™ (5.02 TeV)
© % CMS,7.3ub"(2.76 TeV) W
$3 CMS,5.4pb"(2.76 TeV) W+
W CDF,72.0pb"(1.96 TeV) -
4 | =
10 0 DO,84.5pb™ (1.8 TeV) W
A UA2,7.8pb"(0.63 TeV)
V UA1,0.4pb'(0.63 TeV)
10° F =
10% Theory: NNLO, DYTURBO and NNPDF 4.0 PDFs 3
1 I

5710 20
Vs [TeV]
measurements consistent with theoretical
predictions across different energy scales

and different collisions (pp vs pp)

0.5 1 2

- UA1 dataset collected within minutes at LHC

EW and Higgs physics 15


https://cds.cern.ch/record/2868001
https://inspirehep.net/literature/2770237
https://arxiv.org/abs/2405.18661

measurement of weak mixing angle at LHC

«— | =
R . + _ B|F
> principle: measure Agg in u e co / ¢torw
qc_l - Z/)/ — l+l_ (ie. similar to ete™): U - e €+/

complications at LHC : cosf <0 ' cosd} >0

1) I*1~ system can have p; 1]

— 4-momentum of initial (anti-)quark not collinear with beam o

) T 0 ¢

approach: impact reduced in Collin-Soper frame S LT T T /

O;s: angle of [~ wrt to axis that bisects the angle between initial g and g o e

2) ambiguity due to symmetric initial state pp ravels indiection of ntal stat auark

—_

LHCb-PUB-2018-013

— ambiguity in quark direction (|cos6/g|)

T T
Pythia8, NNPDF31, \s,, =14 TeV

Fraction
.O
S o
O W

(=1
o0
W

approach: assume: qy41dsea Process and x4 > xsea, ie.

longitudinal boost of [71~ = quark direction p
+ but: fraction of wrongly assigned quark directions leads to diluation of Apg 066_2 :
+ probability of correct assignment increases with boost 0-052 . | | | E
— better sensitivity at high rapidities (advantage LHCb) ’ 1 ’ ’ 4Rapiditys

% Johannes Haller EW and Higgs physics
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219

measurement of weak mixing angle at LHC

05 T — T T T T T T T T T T T T T T T T T T T T T T
0.0<lyl<04 |04<lyl<08 [08<lyl<1.2 [1.2<lyl<1.6 |1.6<lyl<2.0 [20<lyl<24

e my;: electroweak effect Pownes | | [ T

— like /s depedence in ete~ -
— most events in peak region

AFB

value of Arz depends on

AR T T T
dsin’6,, = =0.0004, =0.0008, =0.0012
NNPDF3.0 uncertainty

e |y;|: due to quark assignment

— less dilution at high boosts

— uncertainty from PDF increases <
as well

FB

0.005 —

CMS, Eur.Phys.].C 78 (2018) 9, 701, 1806.00863

-0.005

different effects from PDF (largest when 4, is
I I O N e e o A I I |

) l
large) and Sin geff (IargeSt close to pO'E) 70 90 110/70 90 110|/70 90 110|/70 90 110/70 90 110|70 90 110

m, (GeV)
e binning in m; is useful to profile PDFs (done in CMS, see next slide)

e LHCb measures inclusively since very forward sensitivity

high sensitivity on sinzelff at high |y| measurements of ATLAS, CMS and
e LHCb focus on forward region

% Johannes Haller EW and Higgs physics 17



https://inspirehep.net/literature/1676216

measurement of weak mixing angle at CMS

brand new result by CMS

> special effort to cover high |y| up to 3.4:
central electrons (e) and muons (u): |n| < 2.5
electrons in fwd ECAL (g): 2.5 < || < 2.87
electrons in fwd HCAL (h): 3.14 < |n| < 4.36

» simultaneous fit of all Agz(|y|, m;) values in all channels

(up, ee, eg, eh) with varying sinzé?éff (templates)

sin” 9’ = 0.23157 4 0.00010 (stat) + 0.00015 (exp) + 0.00009 (theo)t 0.00027 (PDF)

sin? 6, = 0.23157 4 0.00031

CT18X
CT18A
CT18Z
CT18
MSHT20
NNPDF40
NNPDF31

CMS 138 fb™' (2016-2018, 13 TeV)
? = 4
:Q:D -o- A,
T o= Agg
53:‘57 -+ Al (no-prof)
—— Afg CT18Z
0..23 0.é32 0.2.34

.2
sin“6

% Johannes Haller

single best measurement
from hadron collider

PDF uncertainties
dominant, profiled in
central result
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FB

A

o 0.05[
m +
R R e
g
0.05[- ‘ ‘ ‘
0 10 20 30

0.2

CMS

CMS, subm to PLB, 2408.07622

59 b (2018, 13 TeV)

uu

[0.0-0.4]0.408 ]os-1.2]

T

- Fit (CT182)
-+ Data

1.6-2.0

JOPSIITINS

.¢¢¢6”-- ++ Tw Y T+

20 40 60
lyl-m bin
CMS 59 fb" (2018, 13 TeV)
T LI A L L
eh = Fit (CT182)

—Data

lyl-m bin
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https://inspirehep.net/literature/2818125

measurement of weak mixing angle at LHCb

LHCb, presentend at ICHEP24

y 1/ T2T3 RICHZSPS/IPS - -
brand new analysis by LHCb
e Z - u*tu in full Run-2 dataset: 5.3 fb~?!
e LHCb: forward spectrometer By . |
— high quality u reco: in 2.0 < n < 4.5 i
» Appin 10 bins of |An|, inclusive in my; 2/ndof = 7.6/9
e best sensitivity on sin26" off at high [An| £0r '"'L;;g;,';;;t;_";,‘r;;;r;;l;;;;y‘"“""""" —
sin? % =0.228
0.08 - =

sin2 6% =0.235

> sinZ6! off Extraction sin? i -

e comparing with POWHEG-Box templates 006 F o _*_jL
e take average of PDF sets (NNPDF3.1, CT18, MSHT20) o4l

-~ ]

P

—i——

sin? Hlept 0.02 I_ ]

eff I
= 0.23151+ 0.00044(stat. )+ 0.00005(exp.) £+ 0.00022(theory) ook ¥ 1
X . ca e b by by b by v bowna b bwvnn byvna by

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2§O
- - jAng
e result statistically limited, PDF unc. small paper in preparation: LHCh-paper-2024-028

— anticipate sign. improvement for run 3 more details in recent CERN seminar

% Johannes Haller EW and Higgs physics 19


https://indico.cern.ch/event/1403080/
https://indico.cern.ch/event/1291157/contributions/5878655/

summary: weak mixing angle

situation as of today

Total uncertainty

Statistical uncertainty

new hadron collider measurements SLD. A, L .

PRL 86 (2001) 1162 N

with increasing precision LEP combination, A%”

Phys. Rept. 427 (2006) 257

ATLAS 7 TeV
JHEP 09 (2015) 049

e nearing precision of LEP and SLD LHCb 7 and 8 Tev

JHEP 11 (2015) 190

CO m bi n ed resu Its ! Tevatron combination

- PRD 97 (2018) 112007
¢ single best measurement from CMS sy

— PDF uncertainties dominant e

— relative precision 0.13%

€+

Measurements

Direct

ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037

CMS 13 TeV preliminary
CMS-PAS-SMP-22-010

LHCD 13 TeV preliminary

This analysis

hadron colliders

new measurements consistent with
SM predictions from global fits
e midway between SLD and LEP

Electroweak Fit (J. Hallerer al.)
EPJC 78 (2018) 675
Electroweak Fit (J. de Blaser al.)
PRD 106 (2022) 033003
| | |

Determinations
SM pred.

Indirect

0.228 0.23 0.232

. 20l
sin Geff

% Johannes Haller EW and Higgs physics 20



direct measurement of invisible Z width at LHC

CMS, Phys. Lett. B 842 (2023) 137563, 2206.07110
ATLAS, Phys. Lett. B 854 (2024) 138705, 2312.02789

fundamental test by measuring F(Z - inv) ‘a RE‘:'ECZ{" ;2‘"1;‘4153356;"931888 : Z(_) lrl.V-) + ]et
event in CMS

 SM! Z-Ve Vv
e BSM: additional invisible modes?

S

Q

results from LEP
« indirect: total width from pole scan, subtract visible
 direct: recoil in Z(- vv) + y: O(10) less sensitive

new results from ATLAS + CMS

e use recoil in ‘Z(—> inv) + jet’ events — pMMisS 4 jet

- 0(Z + jets)B(Z — inv)
' 0(Z +jets)B(Z - 1)

Iz -1

[ ]
——— T
ATLAS
mOSt precise {5=13 TeV, 37 fb™ —e— Total Syst. | SM
ATLAS ] . LEP Lineshape L 499.0 = 1.5 MeV
e I recoil based —  f
i si ‘p( 2‘2‘11 an f L3 e | 498 = 17 MeV
fffff MR 1 measurements
E 8 X — OPAL —s===e===— 539 : 31 MeV
1000 1500 2000 2500 . ’
ProlGeV] ) w Wk : ALEPH
A 4 o > . . . I { 450 = 48 MeV
. /=/6 G ration: jet systematics | °
% 10° A/—% i 7 greatly reduced LEP Combination, Photon-tagged ~F——— 503 = 16 MeV
E, 10° E 5 R S s K SRR L
) “é: ji:; :)é :y/y/ i /M///%%/ /% CMS L ——] 523 = 16 MeV
:gr‘ : ““‘““‘“‘“‘“““““‘“‘: 3 200 s00 1000 2000 ATLAS == 506 = 13 MeV
o b 3 P, , [GeV] N R B U B
© 12 F .
Ueealo 8 ATIAS: [(Z > inv) = 5062 (stat.) £ 12 (syst.) 0 @0 a0 w0 s0 oo
g 500 1000 1500 2000 2500 F(Z—>|nv) [MGV]

P, 1GeV]
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https://inspirehep.net/literature/2096380
https://inspirehep.net/literature/2730743

precision measurements

with W bosons

EW and Higgs physics



measurement of the W mass at LEP 11

ADLO, Phys.Rept. 532 (2013) 119-244, hep-ex/1302.3415

> With \/s > 2My: efe™ > WTW ™

My, measurement via +/s -scan of

—~ 30 T T
Q LEP
ouww threshold 9;
=
e non-trivial cancellations 20 - i
experimentally confirmed .
My (thresh) = 80.42 0.03(ELgp)GeV '_,;;;:‘i@
10- :’:.-l"," -
e statistical limitation as only very few J YFSWW/RacoonWw
1 ....no ZWW vertex (Gentle)
data have been collected around [ \4)] only v, exchange (Gentle)
threshold (3% of LEP II) 0L | | | |
160 180 200
— interesting running option for a future e*e~ Higgs factory Vs (GeV)

% Johannes Haller EW and Higgs physics
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https://inspirehep.net/literature/1219330

measurement of the W mass at LEP 11

ADLO, Phys.Rept. 532 (2013) 119-244 hep-ex/1302.3415

use of all data
with /s > 2M,,

d) qqqq L3

o Datam
raw
e Datamg

(lvilvy) s

stat. limited
q q
% > / \\/
Y A% \%
q q

q
e crucial for reco: knowledge of /s
— neutrino momentum in gqglv,
— ‘kinematic fitting’ using constraints in qgqgq and qqglv,
e mass extraction from comparison of data with MC

50 60 70 80 90 100 110
Mass [GeV]

L3, Eur.Phys.J.C 45 (2006) 569-587, hep-ex/0511049

templates 1 (direct) = 80.375 + 0.025(stat) + 0.022 (syst)GeV

ALEPH

—o—

DELPHI ——

80.440 = 0.051

80.336 + 0.067

L3 —— 80.270 + 0.055
OPAL —o— 80.415 + 0.052
LEP - 80.376 + 0.033
%2/IDoF = 48.9/41
[ | T T T N NS N I |
80.0 80.2 804 806 808 81.0
M, [GeV]

final LEP combination (threshold + direct):

My, (LEP) = 80.376 + 0.025(stat) £+ 0.022 (syst)GeV

EW and Higgs physics 24



https://inspirehep.net/literature/1219330
https://inspirehep.net/literature/698663

physics with W bosons at hadron colliders

. W candidate in UA1
it all started 40 years ago

. |
discovery of W bosons (UA1, UA2 1983/4) N [
I —— | 1| F f_/_
proton s 7%
g w ] 200 : i
q v S 150 - © 200
antiproton § @ U2
;’.)- 100 L + % 150 +
final sample: O(2000) events only 5 } £l ;
Y oso #:f g 50 |- _#N:*ﬁ h
B K / @
0 b— 1] ° 4<; 60 80 100 720 o | | |
. 20 40 6( my (GeV) ’ ’ p; GV )
my, measured from jacobean peak 0% (GoV
_ Pr=0, Pr"#0. event topology: lepton,
pl clean momentum measurement, = p7+** + hadronic recoil
T but sensitive to modelling of the z —~ i
W transverse momentum

P PP I . X
30 35 40 45 50

pr(e) (GeV)
less sensitive to modelling, but | PW=0, P, "0,
T more difficult to reconstruct (as £ ";,
based on pIss) 5
mr = \/Zpéwpgulss(l - COS(]5) w 60 65 70 75 80 8 00 95

m (GeV)
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https://inspirehep.net/literature/319670

measu rement Of W mass at ATLAS ATLAS, subm to EPIC, 2403.15085

ATLAS, Eur. Phys. J. C 78 (2018) 110, 1701.07240

ATLAS

EXPERIMENT

* large, pure samples of W available

» dataset at 7 TeV:
- ~15.5M Wt ~104M W~
— moderate PU

f T el T
N Fls=7Tev, 46"~ o O ]
4\9 4OO?W7 —uv E Z/‘f';u.u E
s o0 S
% 300> 3
250+ E
200 ] I R e S I S M 2 042 T * N
1501 E c r ATLAS Simulation & Nominal . = £ ATLAS Simulation &5 Nominal 7
100F E N N Amy,=+60 MeV ] S o N Am,,=+60 MeV |
g ] g F [s=7 TeV, pp— W*+X Am,=60 MeV ..g T V=7 TeV, pp— W*+X Am,=-60MeV ]
508 E c 008 -+AT'},=+200 MeV _7| s 008f AT, =+200 MeV ]
50 60 70 80 90 100 110 120 B oosE- TATy=200MeV: o S ooeb L, ATw=200Mev. 3
m; [GeV] o E ] o F ]
0.04 3 0.04 -
: ; ; 0.02f= E 0.0253 =
« first m,, analysis published 2018 - —— .
« recently updated: determination £ rom i £ 1o
Z 2 T —
of both m;, and I, (constrained e e R R S
and simultaneously) ~ 099 B ~ 0o :
« latest PDFs, better statistical method 32 34 36 38 40 42 44 46 pf4[8GeVEio 65 70 75 80 8 90 meTs[Ge \}]oo
T

% Johannes Haller EW and Higgs physics 26


https://inspirehep.net/literature/2771258
https://inspirehep.net/literature/1510564

measurement of W mass at ATLAS

critical for m,,, extraction: w production
kinematics + hardonic recoil

¢ best modelling used: NLO Powheg reweighted with NNLO calc.,

NNLO PDFs, Phythia 8 with AZNLO tune based on Z data

e describes p¥ distribution in low PU runs at 5.02 and 13 TeV ————

profile likelihood fits of p% and my distributions
28 categories (e*,e~,u*, u~, various |n| bins): consistent results

500

Events / GeV

x10°

T T T T

ATLAS

T T T T

Vs=7TeV, 4.1fb™"

u*-channel, post-fit
400

T

T T T

-~ Data

- Wty

B Wity
Backgrounds

T

=¥~ Post-fit ratio ]
—&— Predfitratio -
7/ Stat @ Syst —

T

b b b b

ATLAS, subm to EPJC, 2403.15085

ATLAS, subm to EPJC, 2404.06204

300

Events / 2 GeV

\\I\\\llllllll

— 10! E LI T T T T -=

> F e ATLAS E

o, - ] V/5=5.02TeV, 255 pb~" -

5 1072 = —_— =

& E ] E

T F -~ ]

3 0l " i

o 1078 = g™ ~

= E W v .. 3

[ —*+ Data Las 1

10 = 1 Powheg+Pythiag AZNLO . 3

E ~ Sherpa2.2.5 T

10-5 [ Powheg+Herwig7 "‘" N

E Pythia8 AZ ==

C | | I | ‘ | | | | I | ‘ |

E T T T T ‘ T T T T T ‘ E|

1.1 &= E

£1.05 - B

2 1g + ]

(&) E 3

=095 = E

0.9 E

0.85 E Lol |

10' 02 w
«10° pt’ [GeV]
T T T T ‘ T T T T ‘ T T T T ‘ T T T T

ATLAS -e- Data =% Post-fit ratio™_|
Vs=7TeV, 461" | W:ae‘ve —4 Pre-fitratio
e'-channel, post-fit - gtnc?;;;:ﬁds 7 Stat @ Syst 7

-E’.; 1.02: T T T T [ T T T T [ T T T T A * * ‘ 8 1-02k T T T‘ T‘ ‘ T‘ TA T‘ T‘ {‘ T‘ T‘ T T“ ‘ T* T+ T+ ‘
D\“-S 1i’“"”?‘*"(”‘"“”"‘"”7'/:”:"""’V”""’/”’?"/’Y""‘Y”’/Y/‘/’f/'///”l//}/”‘/‘*/ % ;é{//rf‘//”yﬁﬂtﬁ//u;w//-’/w‘ﬁNs/-/-’ﬁ/-»vt/%/-A’//-vt;&/-/{//}//y’/y‘/t/
gogsk L L1 L ‘ 8098 P P P A A L.
30 35 40 45 60 70 80 90 700 impressive precision!
p1( [GeV] my [GeV]
Unc. [MeV ] | Total ~ Stat. Syst. | PDF A; Backg. EW e u ur Lumi Ty PS
ot 62 17N 1o 35 17 56 59 54 oo 11 o1 1 my = 80366.5 £ 9.8 (stat.) + 12.5 (syst.) MeV = 80366.5 H{15.9 MeV,
244 114 (216) 117 47 41 49 67 60 114 25 02 70
Combined | 159 98 \125)| 57 37 20 54 60 54 23 13 01 23 I'w = 2202 + 32 (stat.) + 34 (syst.) MeV = 2202 + 47 MeV.
A4
pk measurement dominates, statistical uncertainty non-negligible, systematics distributed
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https://inspirehep.net/literature/2775442
https://inspirehep.net/literature/2771258

measurement of the W mass at LHCb

LHCb, JHEP 01 (2022) 036, 2109.01113

similar measurement principle also used at LHCb

(simultaneous fit of q/p; in W events and Collin-Soper ¢* (proxy for p%) in Z events)

x10°
T 60F Tw 1 W T W ] LHCb W' '
3 §ﬁt region ;| LHCb simulation ifit region 150} ifitregion | 1.7 fo”! it region
5 ; Vs=13TeV ; 1 T ' : { Data ' : :
= 40t 3 o
g My 5 100} Wz - uu
2 — 4300 MeV & '
3 0l — =300 MeV £ Mo
% [:>; 50+ - Light hadrons
g - Rare backgrounds
Z

G. Bozzi et al., Eur.Phys.].C 75

0 0
r - 14 : Model uncertainty
3 € 127 s . :
é g 1 %M' .'.‘...................’..‘:’M-;-——-—M—-.—. +
0951 ‘ ! ! a 08p :
—004 -003 -002 -001 0 001 002 003 004 O 0T 003 002 001 0 001 002 003 004
q/pr [1/GeV] Muon ¢/py [1/GeV]
— : : : : NNPDFIS.O
2 805 - my = 80354 £+ 32 MeV
@)
5 %80.45_ | myw = 80354 & 234t & 10exp £ 17ineory & 9ppr MV
2 Q S
of O 804 1 | significant improvments expected:
8 soast 1 | « analysis uses only 1/3 of Run-2 data set
o sk | | ¢« effort on improving modelling and experimental systematics
g 803 8035 804 8045 805 « PDF uncertainties are anticorrelated with ATLAS due to forward
LHCb my, (GeV) configuration of LHCb — cancellation in combination
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https://inspirehep.net/literature/1915806
https://inspirehep.net/literature/1390115
https://inspirehep.net/literature/1390115

summary of W mass measurements

LHC-TeV MW Working group, subm to EPJC, 2308.09417

CDF, Science 376 (2022), 170

Total uncertainty

Statistical uncertainty

hadron collider surpass LEP in precision R

DO II
PRL 108 (2012) 151804 ———

measurements largely compatible with o Rt % (013 19 | -
LHCb

each other and with SM prediction HIEP 01 (2022) 036 ———

CDFII
Science 376 (2022) 170 ==

« exception CDF II: 7c tension with SM prediction | Arias

H H H arXiv: . ——

and 3-4c inconstitency with other data "Ejégﬁé;iﬁ%l}s'?j%Sﬁa'lfe'r'e't'z{lf) """"""""""""""""""""""""""""""
EPJC 78 (2018) 675 s

Electroweak Fit (J. de Blas et al.)
PRD 106 (2022) 033003 o

| | | |
80100 80200 80300 80400 80500

recent my, combination paper (2308.09417):
e all results: Prob(x?) = 0.02 — 0.5 % (depending on PDF set)
e all, excluding CDF II: Prob(y?) = 91% | WA: m;,, = 80369.2 + 13.3 MeV

precision: 0.016%

CMS measurement urgently awaited to resolve this puzzle
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https://cds.cern.ch/record/2806574
https://inspirehep.net/literature/2689656
https://inspirehep.net/literature/2064224

ADLO, Phys.Rept. 532 (2013) 119, hep-ex/1302.3415

branChing ratios Of the w boson ATLAS, Nature Phys. 17 (2021) 7, 813, 2007.14040

ATLAS, subm to EPJC, 2403.02133
CMS, Phys. Rev. D 105 (2022) 072008, 2201.07861

. . l
leptonic decay widths of W from LEP II §N R avia|£§|sglft§ratlﬁ2
BW — ev,) | BOWW — uv,) | BOW — 77,) bt ‘ m/q other ratios using
(%] [%] \e1 different methods
10.714£0.16 | 10.634+0.15 [(11.38+0.21 In tt events
T T 17T | T 1T 'I T 17T | T 17T | T
e long standing > 20 excess o - TV;) * - ATLAS _1
e lepton flavour universality violation? B(W—nv) e (s =13Tev, 1401
e related to B anomalies? BIW=eV) | aTias-tistesut s,
[ Statistical Uncert.
—e— Total Uncertainty 'E'
LHC: new measurements of ratios, e.qg. R(t/u) )
B(W—>TV ) B(W—1tv) ' M :
sys. unc. cancel in ratio B(W—ev) — -
BW=uv) T L
« selection of pure and unbiased W sample via U S
. . — - LEP :
dileptonic tt events o o L e
* tag (e or u!) & probe (z or u?) W) AT
- e.g. R(z/p) discriminate prompt u's (W — uv,) from u's from -:-PDGW;’V e)rages :
T decays ( W - TVT - 'uvﬂvaf) L1 | L (Izaz‘IWJT 1 :""”'I' 1 l R T R R B
ATLAS:  R(t/u) =0.992 +0.013 [+0.007 (stat) + 0.011 (syst)], 0.9 0.95 1 1.05 1.1
most precise single measurement B(W—Wv)/B(W—1Vv')
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global consistency

of electroweak sector

EW and Higgs physics



crucial ingredient: mass of the top quark

all details: R. Schofbeck

mass of the top quark has measured at LHC
using different methods

e most precise experimentally: direct
kinematic reconstruction in tt events

legacy combination of ATLAS+CMS Run 1
measurements published recently

e experimental systematics dominates

further improvement from 13 TeV data

e e.g. most pricise single measurement
(I + jets, CMS) 171.77 + 0.37 GeV

— sophisticated statistical methods to get most

out of data

ATLAS+CMS

............ ATLAS+CMS combined
stat uncertaint

total uncertaln%/y

ATLAS

total

s=7,8TeV

stat
m, = total (= stat + syst) [GeV]

dilepton 7 TeV F———— 173.79 1.42 (= 0.54 = 1.31)
lepton+jets 7 TeV = 172.33 = 1.28 (+ 0.75+ 1.04)
all-jets 7 TeV H—— 175.06 = 1.82 (= 1.35= 1.21)
dilepton 8 TeV - 172.99 = 0.84 (= 0.41x 0.74)
lepton+jets 8 TeV = 172.08 = 0.91 (x 0.39+ 0.82)
all-jets 8 TeV —e— 173.72 1.15 (= 0.55+ 1.02)
combined HaH 172.71= 0.48 (= 0.25 = 0.41)
CMS
dilepton 7 TeV —_ 172.50 = 1.58 (= 0.43 = 1.52)
lepton+jets 7 TeV f—— 173.49 = 1.06 (= 0.43 = 0.97)
all-jets 7 TeV —— 173.49 = 1.41 (= 0.69= 1.23)
dilepton 8 TeV e 172.22.+ 0.95 (= 0.18 = 0.94)
lepton+jets 8 TeV HeH 172.35+ 0.48 (x 0.16 = 0.45)
all-jets 8 TeV HeH 172.32= 0.62 (= 0.25= 0.57)
single top 8 TeV HE— 172.95= 1.20 (= 0.77 = 0.93)
Jhp 8 TeV b 173.50 = 3.14 (= 3.00 = 0.94)
secondary vertex 8 TeV —te— 173.68= 1.12 (= 0.20= 1.11)
combined HH 172,52« 0.42 (= 0.14 = 0.39)
ATLAS+CMS LHCtopWG
dilepton H=H 172.30+ 0.59 (= 0.29+ 0.51)
lepton+jets e 172.45+ 0.36 (= 0.17 = 0.32)
all-jets W 172.60 = 0.45 (= ( 0.26+ 0.36)
of| H—— 53 0 (o ﬁg
combined HiH 172 52+ 0.33 (+ o 14 0.30) -I
1111111111111111111111
165 170 175 180 185
m, [GeV]
36 3 fb (13 TeV)
C : T T T T T
o rCMS Ei + jets 1D <Am(> 0 63 Gev
5 0.7;8. iation Y +jets 2D <Amg> = 0.51 Ge\H
o - Simulation ¢ +jets 3D <Am> = 0.46 GeV]
+ 0.60 ¢ +jets 4D <Am> = 0.40 GeV]
5 { +jets 5D <Am>= 0.37 GeV7
- 0.5 -
N
T 0.4
S
o
b

rel precision:

0.17%
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ATLAS+CMS, Phys. Rev. Lett. 132 (2024) 261902, 2402.08713

CMS, Eur.Phys.].C 83 (2023) 10, 963, 2302.01967
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https://inspirehep.net/literature/2789110
https://inspirehep.net/literature/2629755

ATLAS, Phys. Lett. B 847 (2023) 138315, 2308.07216  CMS, Eur. Phys. J. C 81 (2021) 488, 2103.04956

i

crucial ingredient: mass of the Higgs boson

all details: tomorrow

mass of the H boson measured by ATLAS and CMS with great precision
e using high-resolution channels H —» 4l and H - yy

and
combinations

PDG avarage: my = 125.20 £ 0.11 GeV

. oems S 1371 (13 Tey)
& = + Data E
N [ [ H(125) ]
* s00l 1 96-2Z, Zy* I
g aop ! mos-2Z2¢
> r Il EW ]
w L B Z+X 1
150? ]
100 -
50} {

r 4

R 100 120 140 160

m,, (GeV)

> e
3 18001 E
O] 1600i ATLAS + Data 7:
> E \s=13TeV,1401b™" === Background E
E1400; H—yy —— Signal + Background
= B
) 1200: Al categories E
E 1000 In(1+ S®%/B%) weighted sum —
o E 90 90 |
€ 800 =
3 E e B
@ eo00L- E
400 E
200 =
G:‘ P E N N B B
110 120 130 140 150 160

m,, [GeV]
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Ccms

Run 1: 5.1 fb™! (7 TeV) + 19.7 o' (8 TeV)
2016: 35.9 fb™ (13 TeV)

Run 1 Hoyy

Run 1 H— ZZ— 41

Run 1 Combined
2016 H—yy ——

2016 H— ZZ— 4l '——|-
2016 Combined T—'

Run 1 +2016 'T‘

PRI IR AR A

== Total

Stat. Only

Total (Stat. Only)
124.70 + 0.34 (£ 0.31) GeV

125.59 + 0.46 ( + 0.42) GeV
125.07 + 0.28 ( + 0.26) GeV
125.78 + 0.26 ( £ 0.18) GeV
125.26 + 0.21 ( + 0.19) GeV
125.46 + 0.16 ( £ 0.13) GeV

125.38 +0.14 (£ 0.11) GeV

P R SRR

122 123 124 125 126

127 128 129
m, (GeV)

A o e e o
ATLAS

Run1: \/5=7-8TeV, 250!, Run 2: /5 = 13 TeV, 140 fb~*

Run1H — 4y A

Run1H — 4( e
Run2 H — 4y I}
Run2 i — 4( r
Run 142 H — 7y ’_1\-_04
Run 142 H — 4( '_!T

H

"

Run 1 Combined —e—|

e Total Stat. | Syst.

— T
| Combination

Total  Stat.  Syst
126.02 + 0.51 (+ 0.43 + 0.27) GeV

124,51 + 0.52 ( 0.52 + 0.04) GeV
125.17 £ 0.14 ( 0.11 + 0.09) GeV
124.99 + 0.19 (+: 0.18 + 0.04) GeV
125,22+ 0.14 (0.1 + 0.09) GeV
124.94 + 0.18 ( 0.17 + 0.03) GeV
125.38 + 0.41 ( 0.37 + 0.18) GeV

Run 2 Combined - 126,10 £0.11 (£ 0.09 £ 0.07) GeV
Run 1+2 Combined h“ 125.11 + 0.11 (+ 0.09 + 0.06) GeV
P N B 1 P R B B
123 124 125 126 127 128
my [GeV]

ie. 0.08 % relative precision
« statistical uncertainty still substantial

» exact value not crucial for EW test
(due to Inm; dependence of HO corrections)
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https://inspirehep.net/literature/2686747
https://inspirehep.net/literature/1850544
https://inspirehep.net/literature/2687977
https://inspirehep.net/literature/1780985

global tests of the internal consistency

precision tests done for a long time
huge effort of theo and exp community
— definition of (pseudo-)observables

ever increasing precision (both exp. and theo.)

— measurements
— HO calculations

system is overconstrained

all free parameters measured meanwhile

most important inputs from et*e" colliders
— mainly LEP: partly extreme precision

o e.gM:0.002 %

crucial inputs from hadron colliders (LHC):

- MW ’ Sinzeéﬂ:, me, MH

% Johannes Haller
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my, from CDF not used in the following

experimental input

- LEP

Parameter Input value
My [GeV] | 125.1 0.2
My |GeV] 80.362 & 0.014
Ty [GeV] 2.085 4 0.042
Mz [GeV] 91.1875 4 0.0021
Iz [GeV] 2.4955 + 0.0023
o1aa [nb] 41.500 4 0.037
R 20.767 £ 0.025
AN 0.0171 + 0.0010
Ay ) 0.1499 4 0.0018
sin® 0L (QrB) 0.2324 £ 0.0012
sin® 6! ; ; (Tev + LHC)0.23141 + 0.00026
A, 0.670 +0.027
Ay 0.923 4 0.020
AYS 0.0707 4 0.0035
Aph 0.0992 + 0.0016
R? 0.1721 + 0.0030
Ry 0.21629 + 0.00066
e [GeV] 1.27 1897
mp [GeV] 4.2010 07
my¢ [GeV](™) 172.47 4+ 0.68
Aal®) (MZ) G2 2761 + 9

as unconstrained, Grfixed

LHC

‘ (Tev.)

€¢Sd3 "I/Ydsi4 “A ‘dnolb JBnuo

LEP

| SLD
| Tev. LHC

LEP
SLD

I1(Tev.) LHC
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global tests of the internal consistency

» enormous effort by theory community to calculate the respective
observables

Calculations

All observables calculated at 2-loop level -

. 1 ko
» Mw : full EW one- and two-loop calculation

of fermionic and bosonic contributions
[M Awramik et al., PRD 69, 053006 (2004), PRL 89, 241801 (2002)]

+ 4-100}') QCD correction [Chetyrkin et al., PRL 97, 102003 (2006)]

“fermionic” “bosonic”

CCdIHDI "191boy Y IBNUD

» sin20L.f : same order as Mw, calculations for leptons and all quark flavours
[M Awramik et al, PRL 93, 201805 (2004), JHEP 11, 048 (2006), Nucl. Phys. B813, 174 (2009)]

» partial widths I's: fermionic corrections in two-loop for
all flavours (includes predictions for 0%aq) [A. Freitas, JHEP04, 070 (2014)]

» Radiator functions: QCD corrections at N3LO

[Baikov et al., PRL 108, 222003 (2012)] Gfitter, Y. Fischer, EPS23

» I'w : only one-loop EW corrections available, negligible impact on fit = New corrections for I', und aga 4 by Voutsinas et al., PLB
[Cho et al, JHEP 1111, 068 (2011)] 800, 135068 (2018)

» all calcul'atlons: one- and tyvo-loop QCD corrections and leading - Full two loop calculations for Z decay by Dubovyk et al.
terms of higher order corrections PLB 783. 037 (2018) )

> details not discussed in this experimental lecture, used for comparison
with measurements
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https://project-gfitter.web.cern.ch/Files/ICHEP22_kogler.pdf

global fit of the electroweak sector

Gfitter, Y Fischer, PoS EPS-HEP2023 (2024) 304

MH

My, report here status of 2023 (party

Ty 2018), global picture does not change
IVIZ

I‘Z
'y global fit able to describe the
A EWPO, internal consistency

Al(LEP)
A(SLD)

. lept
sin®0 Q)

sin%0F'(Tev+LHC)

fit converges with
Xfin/ndf = 13.8/15
— p — value = 0.55

0,c
AFB

0,b

largest tension remains
A%2(LEP) and A,(SLD).

sz ||| ||| ' m,, from CDF II not used in the following

(O -0,/ O

fit ~ “meas meas
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https://inspirehep.net/literature/2751680

global fit of the electroweak sector

Gfitter, Eur.Phys.].C 78 (2018) 8, 675, 1803.01853

comparison of SM predictions from 2018 fit with recent direct measurements

S0 SR VO S Y A B R :
. R . 9 e - e A - 30
8 (| sMiit wio meas) sensitive to sin®(d,) E [ sm it wio M,; megsurements E
SM fit w/o meas. ensiti\"l_e to sinz(e'eﬂ) and MH me.éls. 8 g_ SM fit w/o Mw angd M, measurements _g
7 -@- LEP/SLD [Phys. Rep. 42"._7, 257 (2006)] 7 E_ - LEP [arXiv:‘_;'soz 415] _E
6 -@- Tevatron [arXiv:18 .062l5_33] 6 ;— =4 Tevatron [a_inv- 204.0042] —;
5 | : 5FE -8~ ATLAS [ERJC78, 110 (2018)] =
1 \ i i / R | H20
2 et 3 3 i/ LHCb ‘22 =
2 \\:r ':'// 2F —® al = CDF ‘22
> a E 5 .- L - E I
1 > 5 ,-T‘,,!,,,;./, *********************** T I'*}{ ””” ., e =LY
0 ! eet” INe oE |: T I =
0.2312 0.2314 : 0{2315 80.34: 80.38 80.4 80.42
1 1 YN M,, [GeV]
sin“(0_.) w
023153 :|: OOOOOGtot eff: 80354 :l: 0.007t0t GeV
N 10 E\% L L I B B I
< 9 R RS oo m messwremerts T P sin20l . prediction from fit more precise than direct measurements,
8F Mt wio m, and M, moasurements = eff* important to improve the measurements, agreement found
7 -@- ATLAS [ATLAS-CONF-2017-071] A
6 W CMS [PRD 93, 072004 (2016)] = M.,,: fit yields precision of 7 MeV, much better than direct
5E -~ DO [PRD 95, 112004 (2017)] 3 w- CDF
= COF [CDF 11080 (2014)] E measurements, agreement (except )
A N g —20
3F = m,: different situation, direct measurements already
2 E significantly better than direct prediction, agreement
Ve g W 1o
E 1 1 = . . . .
E. 1. - [ . ol - =
R T S TR~ R !<nowmg the Higgs mass precisely is not of greatest
I i m, [GeV] Importance (due to weak Inm, dependence of HO corrections)
176.4 + 2.1 GeV
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global fit of the electroweak sector

Gfitter, Y Fischer, PoS EPS-HEP2023 (2024) 304

l;l C L L L !. T T [ T T T T [ T ] ; 80_5 T T T T T T T T T T T T

8 - 68% and 95% CL contours ™ f:"lbi ;‘2127 Gev 1 o I~ 68% and 95% CL contours 7]
= 80.5 — M Fitw/oM, and m measurements - =046 GeV — S : [0 direct M,, and sin?(e',) measurement :
E; - Fit w/o M,,, m and M, measurements —0=046 ®0.50,, GeV . E; | I fit wio My, sin®(6],) and Z widths meaiurements _
= [ Direct M,, and m measurements - 80.45 — 0 fitwlo My, sinz(ee") and MH measurements —
80.45 — - fit wio M,,,, sin®(6l), M, and Z widths measurements -
80.4 — i
= ] 80.4 — —
80.35 C M,, comb. = 1o g - N
- M, =80.362 = 0.014 GeV - - -
80.3 - - 80.35 (— —
C ] L M,, =80.362 = 0.014 GeV |
r 5 ] : S 2ty = e :
80.25 - (€] fitter]su)s - sin' (B) = 0.23183 €l fitter [sul: |

C P SR N N T SN SN N NN T S N 1 [ I T S T B 80.3 | | | | | L | L L L ! |

140 150 160 170 180 190 . 0.231 0.2315 0.232
GeV in(o'

m, [GeV] sin?(6.,)

electroweak sector very consistent (using My, from LEP+LHC)

hadron collider input (M, sin?6 ¢, m,, My) driving the exp progress

e we cannot know M, and sinzeéff precisely enough

o further experimental improvements highly desirable
— CMS M, measurement awaited to clarify tension
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measurements of EW
processes at high E:

multi-boson production
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Multi-Boson production at LHC

CMS review, subm. to PhysRep., 2405.18661

CMS
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Theory prediction ¢ JHEP 03 (2015) 022 |
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Multi-boson production provides detailed
insights into VV interactions

- double, triple production

production modes for multi-W/Z: ww

u Z v Wy
+
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7
W+ Y4

° To be submitted o JHEP |
PRL 112 (2014) 191802
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W
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. q/ g-|nd.. DY, radiative, g-induced i VBE W ; o s
- - - : d EPJC 78 (2018) 589
« multi-boson-interactions w- 2 prostaa
(EW prod") vy F mIne

™

d u Wwz o PRL 125 151802 (2020)

u d Wwzz _ PRL 125 151802 (2020)
oz

- test of TGC and QGC zz - ver g
. + W+ YY ol JHEP 10 (2017) 072 |

- Vector Boson Fusion (VBF) R 2, e
- Vector boson scattering (VBS) s v e ® e o
A 1

EW Wy JHEP 06 (2017) 106
u
d Ex yy - WW ‘A JHEP 08 (2016) 119

single
EW

V//,

PLB 809 (2020) 135710

- - EW WiW¢ PLB 841 (2023) 137495 1
Ia rge Va rlety Of flnal StateS, EW W*W* T ,T,:;;;Z;:"fgfo) 1
. h PRD 104 072001 (2021) |
broad range of cross-sections probed i
i i EWZZ @ PLB 812 (2020) 135992 1
can only cover a tiny fractions FEE——— :
Production cross section, o (pb) Data/Theory
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Diboson production at LHC

CMS review, subm. to PhysRep., 2405.18661

Diboson measurements vs. NNLO theory CMS

several production modes: Oy, 2y 7 TeV)
rad iative Yy EPJC 74 (2014) 3129

T T
Theory 5.02, 7, 8, 13 TeV CMS measurements
H&H HoH HaH HeH innerunc. (stat), outer (+sys)

stat sys

e 1,06+ 0,01 012

N N LO CD Wy PRD 89 (2014) 092005 —e— 1:16 B 0:03 £ 0‘.13

production TGCs Q 2 e o (cote oozeos. - 0950012005

Zy  JHEP 04 (2015) 164 A 0.92 +0.01+0.05

u W+ g Z WW PRL 127 (2021) 191801 H—A—H 1.24 +0.18 = 0.09

u 7 ’abba WW EPJC 73 (2013) 2610 oM 1.04 +0.04 = 0.09

q WW EPJC 76 (2016) 401 il 0.98 =0.01=0.08

Bl “ WW PRD 102 092001 (2020) HH 0.96 +0.01+0.05

T / o Wz PRL127 (2021) 191801  —a— 0.57 = 0.20 = 0.04

%% Ll WZ EPJC 77 (2017) 236 o+ 1.02 + 0.07 = 0.06

\_\_\1 WZ EPJC 77 (2017) 236 i 0.98 = 0.04  0.07

5 + 3 Wz JHEP 07 (2022) 032 [ 1.00 = 0.02 = 0.03

d w d Z g Z ZZ PRL 127 (2021) 191801 I i 1.52+0.66 +0.13

77  JHEP 01 (2013) 063 H—o—4 1.00 +0.14 + 0.07

. 77  PLB 740 (2015) 250 HEA-H 1.02 + 0.07 + 0.08

) fl r‘st O bse rved at Tevatro n ZZ EPJC 81 (2021) 200 HoH 1.04 = 0.02 + 0.04

-1 0 1 2 3

Production cross section ratio: Gy, / Oy,
_ LM : : :
: 8 ~ pp NNLO QCD x NLO EWK (MATRIX)
e pure W — lv and Z - Il reconstruction + large datasets [ imldbshsatistalis
g 10%F oo b5 NLO (MATRIX)

s
- - L -T
— already in Run-1: studies of major modes
©

Yv, Wy, Zy,0S WEW+ Wz, 2z

—  Run-2: high precision measurements at several % level
— most precise: WZ,ZZ with 3-4 % precision
— need NNLO QCD + NLO EW calculations for comparison
0 good agreement seen

o = 2o = = o
= NO o vt o w
T T

Measurement / NNLO QCD x NLOEW _,
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*
WW measurements o ATLAS
WZ measurements v CDF
ZZ measurements 4 DO
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>
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*
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Diboson production at LHC

. . g —_— ———T——
importance of accurate SM predictions B |+ owsonr
L ﬁltﬁi iiii o )
« comparising precise g,, measurements with: <l [ mosmano -~
- NLO QCD for gg, LO QCD for gg [ - MoMaogo P
- NNLO QCD + NLO EW for gg, NLO QCD for gg i
10 1
— contribution from NLO and NNLO QCD |
substantially increase cross sections r |
« needed for agreement with experimental data | R
8 10 12 \/E[Te\ﬁ

differential measurements for all diboson final states also done

- variety of variables: p%, p¥, Njet p]Tet, myy, ... (With sensitivity for HO QCD, HO EW or BSM)

» not covered here, in general decent agreement observed.
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Triboson production at LHC

most difficult: VVV with very small cross-sections
e probe of TGCs and QGC

— smaller TGC sensitivity than in diboson

u 7 u 7 u y/
W+
Z W+ 7 Z
d W+ d W+ d W

at LHC Run-2: large /s and large [ Ldt

first time discovery, signature: multi-lepton (SS) events
ATLAS: WWW observed (significance: 8a, 2.6 above SM (NLO QCD, EW LO))»
CMS: VWV collectively observed, individual evidence for WWW, WWZ

CMS

137 fb' (13 TeV)

+

CMS,

Events / bin

Data / Bkgd

ATLAS, Phys. Rev. Lett. 129 (2022) 061803, 2201.13045

CMS, Phys.Rev.Lett. 125 (2020) 15, 151802, 2006.11191

S = B B I
E ATLAS ¢ Data B
[ Vs=13TeV, 139 fb™ B WWW (u=1.61) ]
B [JBackground b
10 2/, Bkgd. Unc. —
10% = —
10 E
B |
a4 —
F—u=1.61
sk 1=170 =
2? —e—| ]
1 L 4 L 4 4
% 5 - 05 0 05
Iogw(S/B)

summary plot web page

Same-sign/3 leptons 4/5/6 leptons

eeeuuneeeupuneeenun 2 1 0 AB 123435

# SFOS

1J my-out mjj—in BDgl—*é'ins Z+eu BDT bins

Same-sign dilepton

% Johannes Haller

3 leptons 4 |leptons

suoyds| g

suoydoj g |

Data and prediction
¢+ Data =+ stat. uncertainty
N Background + systematics

Triboson signals
BWWW (,,, =115%5%)
WWZ (v, =0-86'03)

BWWZZ v, =2247%
WZZZ (v, =005

7 |Bkg. in same-sign / 3 leptons

[OLost / three leptons
[l Charge mismeasurement
OW*W=+jj / tw
[ONonprompt leptons
Wy — lepton

Backgrounds in 4/5/6 leptons

bOzz [Otwz [JOther
mfz @Ewz

EW and Higgs physics

Alxug 2023 ‘ ‘ CMS Preliminary
CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) o
Theory 8 TeV CMS measurement (stat,stat+sys) .
13 TeV CMS measurement (stat,stat+sys) e
VvV i 1.02 = os.'g1 * Sy: 4  137fb"
WWW e 1.16+0.30£0.28 137 b
WWZ e 0.85+0.31=0.13 137"
wzz 218 +1.47 049 137 fb"
WWy ——e—i 1.30+0.22+0.29 138 b
Wyy e 1.03+0.29 +0.34 19.4fb"
Wyy e 0.73+£0.10+0.22 137"
Zyy Hre 098 +0.11=0.14  19.4fb"
Zry wops 0.91+0.09=0.11  1371b"
Al resuls at: ' Productién Cross Section Elatio: Oy ! O, ?
http://cern.ch/go/pNj7 exp theo

0(30)%
precision

decent
agreement
with SM
prediction
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Triboson production at LHC

CMS, additional material

CMS experiment at the LHC, CERN (@R Y4
WZZ — 5 | p-t -t Data recorded: 2016-Oct-09 21:24:05.010240 GMT .
e on even Run 282735, Event No. 989682042 LS 491

Positron

Pr =56 GeV

Electron
Pr =59 GeV

Z boson 2

Positron . Mee = 92 GeV
Pr =30 GeV

meiss

=192 GeV

Electron
Pr =82 GeV

Positron
Pr =68 GeV

Jet

QCD radiation
Pr =334 GeV
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Vector-Boson scattering (VBS)

Vector-Boson scattering is unique at LHC

production modes: t-channel Higgs

ATLAS, Phys. Rev. Lett. 123, 161801 (2019), 1906.03203

CMS, Phys. Rev. Lett. 120, 081801 (2018), 1709.05822

SM: cancellations of contributions

in ww - wiw;t

WIWS —> WW," with anomalous triple and quartic couplings

. . 3
. : (needed to unitarize 7 10°F T % % A
double TGC in quartic gauge cross-section of S M. Szleper, arXiv:1412.8367 R«g‘? g&? &
t- and s- channel couplings logitudinal VBS) 0% Y& E
u > > d u—> V\; d 10 T~ 3
£ \R[+ Ve \\'As Ve
W o+ q | et 1L 3
Vp ! V!i E
+ , - -
Sowee WW : o'k , R
- _ < < u 3 4
d < < u 10 E(ce1v)

highly interesting, purely EW interactions

first obs. in SS WW in early Run-2

ATLAS: 6.5 (4.4) 5, CMS: 5.5 (5.7) ¢

- . -1
experimental features: very rare, O(fb) . ——— o M wovimny
- ATLA —+— Data 1 '8 + -e-Data
. . g . S 25 O 4 W*Wj electroweak = Q L
e 2 jets, large rapidity gap, high mass g p| Tt e B 150] o
% 20E = 3\/Iyzconver3|ons 7 "E’ | Nonprompt
Ra .d- : g v Other prompt C|>_) [ \Others
pl lty gap & 15k 44444 Total uncertainty 1 Wl N\ Bkg. unc.
R : E\\\N
( . ; C
S — ® ® 10§ B i
2w - 50 | NN g
/ﬂ—_ 5 % - i -\\\\\\?\\\\\\\\\\\\\\\\WZ
500 1000 1500 2060 2560 30 %oo‘ - ‘1 0‘00‘ - ‘1 5‘00‘ — ‘2000
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myGev] m, (GeV)
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Vector-Boson scattering (VBS)

with full Run-2 data, VBS observed in all major channels:

VBF, VBS, and Triboson Cross Section Measurements  sius: sune 2024

JLdt

T T T T T T T T T T m [7]
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PRL 115, 031802 (2015)
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arXiv:2305.16994
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PLB 798 (2019) 134913
Nature 607, pages 52-59 (2022)
EPJC 76 (2016) 6
EPJC 77 (2017) 474
EPJC 81 (2021) 163
JHEP 04, 031 (2014)
PLB 846 (2023) 138222
JHEP 07 (2017) 107
arXiv:2403.02809
PLB 816 (2021) 136190
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EW measurements vs. theory

CMS review, subm. to PhysRep., 2405.18661

CMS

1 1 1 1 1
Theory 7, 8 13 TeV CMS measurements
HOH HaH HeH innerunc. (stat), outer (+sys)
stat  sys
qqW JHEP 11 (2016) 147 4t 0.84 £ 0.08 £0.18
qqW EPJC 80 (2020) 43 ! 0.91=0.02 = 0.09
qqZ JHEP 10 (2013) 101 —t—e—+— 0.93 +0.14 +£0.32
qaZ EPJC 75 (2015) 66 et 0.84 = 0.07 = 0.19
qqZ EPJC 78 (2018) 589 HeH 0.98 +0.04 £0.10
WV PLB 834 (2022) 137438 o 0.85+0.12+0.18
qgqWy  JHEP 06 (2017) 106 —t . — 1.77 £ 0.67 + 0.56
qqWy PRD 108 032017 e 0.89 +0.11+0.15
yy—=WW JHEP 08 (2016) 119 f n f 1.74 £ 0.00 + 0.74
os WW  PLB 841 (2023) 137495 He—H 1.12+0.15 £0.17
ss WW PRL 114051801 (2015) H—=&——H 0.69 +0.38 +0.18
ss WW  PLB 809 (2020) 135710 e 1.20 +0.11+0.08
qqZy PLB 770 (2017) 380 f = — 1.48 + 0.65 = 0.48
qqZy PRD 104 072001 (2021) H—e—H 1.20 +0.12 =+ 0.13
qqWZ  PLB 809 (2020) 135710 I 1.46 = 0.31+ 0.11
qqZZ PLB 812 (2020) 135992 ——e— 1.19+0.38 +0.13
= 0 T > ) E 7
Production cross section ratio: 04, / Oy,

« plenty of results (incl. and differential): see ATLAS and CMS presentations at ICHEP24

« decent agreement with theoretical predictions within significant uncertainties
« constraints on aQGCs (EFT dim-8 operators)
 results are statistically dominated
« improved precision expected with more data (Run-3)
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the next level: polarized Vector-boson scattering

CMS, Phys. Lett. B 812 (2020) 136018, 2009.09429

identification of scattering of longitudinally polarized WW: clear sign of presence of
Higgs interaction in VBS

considered one of the crucial tests of EWSB mechanism .
. CMS | ‘137.ft? (13 TeV)
u —> > d c --=- Expected bkg. only stat
W+ w+ v : 6k Expec:e: b.kg. Tn::( stat+syst

— Observed

137 fo” (13 TeV)

current analyses 5 fows “EIRES 8
use distinctive SS & "™y mwe

3

channel of w*w=* "} Shonpromet

e multivariate e
discriminant to

run-2 data not enough for evidence:
- significance for VBS W, Wyt is 2.30

separate W
1 1 . (0) . T T

polarisation h— - obs. 95 o (€L (U +WL +) <117 fb

contributions e * SM prediction: o (W"W,™) = 044 fb

BDT score

stay tuned !
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summary of first part (EW)

LHC provides a broad range of EW results (often far beyond initial expectations)

% [ omancomiciemoms || memew C0
- " g [ Fit w/o and m measurements i ——c=011762'4:\/eev -
e recently many new, highly precise measurements el
of EW parameters (My, , sin6 ) i3 E
80.4 [— i
— in combination with EWPO from e*e~ :
— impressive internal consistency p wimomon i ]
80.3 — S 3% ?
80.255— é
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. . . . g /-9;1011:?."&]_’ ma 136 TeV (L<5fb")
e wide variety of EW processes identified; S, = revisny ]
cross sections being measured with g TR o= 2 Tov . canan)
. . . . = [ eiTee o1 276TeV (L<231nb™) |
increasing precision 8 10l " tIiie.. . o CLimhar
@ 101 aheelye wee | Ty oo
- . o | e O LV Avw ® vvv W
— reaching few %-level in some cases s " e Cad VT LI
. . . 107" v;; 2tz ‘,= ﬁH__JZ'.- " )
— good agreement with SM prediction %10-2, T MY _:‘lr‘ﬁ"
— testing non-trivial HO effects of theory E“”s’ w o B
1074

Qb y W &t WW  ggH Vy VBF VH VW X @H X FH ewexzz i Vyy ew
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