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The LHC: high energy and high luminosity

During Run 2 the LHC
produced 1076 collisions

Large samples of various
particles produced:

e W bosons: 12 billion
e /Z bosons: 3 billion
« Top quarks: 300 million

« Higgs bosons: 8 million

Event displays showing a Z=Il candidate produced with 65 reconstructed
proton-proton collisions (top: 100 MeV tracks, bottom 1 GeV tracks)

These samples allow for precision measurements of electroweak processes, for the in-
depth characterization of the Higgs boson, and detailed studies of the top quark

Can’t cover all the work performed on those topics in this talk: | present a selection of

results mainly focused on electroweak interactions of the top, Higgs, and weak bosons
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Precision Mass Measurements
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W Mass Measurements

80.50 L L I Tl I L I L I | L L l L l LB
 Experimental unc. 68% CL
- LEP2/Tevatron

| == This measurement

Light supersymmetry |

Recent W mass measurement result from CDF
Il (with an uncertainty of ~9 MeV) renews
interest for updates from LHC experiments:
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Top Mass Measurements

Very large sample of top quarks at the LHC Note: best precision achieved by

make statistical uncertainty negligible. measuring the “Monte Carlo” mass. There
IS an uncertainty associated with how this

Many sources of systematic uncertainties relates to the pole mass.

contribute and must be understood.
. . Current measurement precision is
Recent result by CMS provides most precise  comparable to this uncertainty. Further

single measurement: 171.77 £ 0.38 GeV theory progress on this is important
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Higgs Mass Measurements

ATLAS-CONF-2020-005

Standard Model predicts production and decay .
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Higgs Boson Physics

: ggF process 8TeV 13 TeV
ggF gluon-gluon fusion 19 pb 44 pb
T H VBF  vector-boson fusion 1.6pb  3.7pb
g = (b, etc

SR VH associated production 1.1 pb 2.2 pb
VBE ttH associated production 0.13pb 0.51 pb
tH Associated production ~20 fb ~90 fb

SM Production Modes
(My = 125 GeV)

W/Z(*) ,&"

-
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Higgs Boson Physics

‘At my = 125 GeV, many decay SM Decay Modes
channels can be studied (My =125.0 GeV)
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Higgs Boson Physics: where we are now

. | o
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« Observe up, then increase precision production and decay
« Di-Higgs production and self-coupling « Study CP properties

* Look for non-SM Decays



Production cross sections and branching ratios

Analyses performed by ATLAS and/or ATLASP | S
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Update on Higgs Couplings Fit

Higgs analyses combined in “kappa”
framework fit with varying assumptions

« Coupling strength modifier k = 1

corresponds to SM prediction

ATLAS coupling strength modifiers:

Parameter Result

Kz 0.99 + 0.06
Kw 1.03 +£0.05
Kb 0.88 +0.11
K¢ 0.92 +0.06
Kt 0.92 +0.07
Ku 1.07 * 05

Probes prod.

and decay
loops
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Where we are now: comprehensive kinematic studies
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Higgs Self-Coupling

Making progress towards testing the shape of g _-h
the Higgs potential through the Higgs self- { —-<’
coupling (As) g A N 1

Sensitivity to SM-strength coupling will require
HL-LHC but much progress has been made in

2 2
recent years V(®) = m*®'d + \(9'9)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010/index.html

HL-LHC: Higgs

Self-Coupling

CERN-LPCC-2018-04

ATLAS and CMS HL-LHC prospects
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Testing the Electroweak Sector of the SM

With the Run 2 dataset, analyses can now probe final states where the
electroweak quartic couplings of the SM contribute

Cubic Couplings Quartic Couplings

W

W W W Y
Z W Y
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Vector Boson Scattering and Triboson Final States

tagging
jet

tagging f
Jet f

From Yee Chinn Yap



Z7jj Candidate Event

Event with mj; = 2228 GeV; m4 = 605 GeV

| ‘_)
B X T

ATLAS

EXPERIMENT
Run: 340368
Event: 454611985
2017-11-09 04:06:14 CEST




Probing WWWW and WWZZ Couplings

W/Zjj differential cross section
measurements consistent with SM
predictions, with observed
significance of 6.80 (5.30)

Phys. Lett. B 809 (2020) 135710
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Observation of WWW Production

o(pp —» WWW) = 850 + 100 (stat.) + 80 (syst.) fb.
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EWK Physics: Wy Observation in VBS Final State

. -1
« VBS Signature . Ooms 35907 (13 TeV)
. . 8 - B acb wy -tty [ single t .
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The Large Photon Collider:

w

Photon-induced WW production

Challenge: isolate production process in busy W
LHC environment: use number of Primary Vertex )
tracks "

w

Significance of signal > 8c

Omeas = 3-13 £ 0.31 (stat.) £ 0.28 (syst.) fb
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800 — MM Non-prompt S L —e— Data i
— [ Drell-Yan Lﬁ L 1 yy»WW _
[ %545 Total uncertainty 100 Y=t —
600 — 41 I Drell-Yan n
- oo oo Bl gqo-WwW _
C i vm———— 1 I Non-prompt |
400 — I Other qq initiated B
L 50 %4444 Total uncertainty 1
200 ]
S5 1.4 T ' J ' ! . T T T T [ T T T T T T T '/ T T
3 Ar ] g 1.4 “% 17 i
a 1.2 a 1.2 () 7 ;
PR 222 % : 2 & » . N N . 7, 2
g I s RV ¢
8 o08f ] S 08[ | /{/ /K [~ T/ 7 //f
0.6 | | ! ! | 0.6 T L L A A
0 1 2 3 4 0 20 40 60 80 100 120

Number of reconstructed tracks, N 21 pi” [GeV]



Probing the WWZy vertex, Zy Observation

VBS Signature

Observed significance
much greater than 5

Measure differential cross
section in 4 variables

Anomalous coupling limits

set using mZy distribution
22

137 fb' (13 TeV)
| | |

Nonprompt vy E
STTTy,VV ]
—F /A= 0.47 TeV*
—Fp/A*=0.91 TeV*

Events / bin

10‘E
|
0.15-04 04-06 06-0.8 0.8-1.0 1.0-12 1.2-=
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Top Pair and Top Quadruplet Production

Top pair production measured very
precisely: ~ 2.5% precision in dilepton en

C h a n n e | ATLAS+CMS Preliminary
LHCtop WG o, summary, Vs =13 TeV  September 2021

NNLO+NNLL PRL 110 (2013) 252004
"""" m,,, = 172.5 GeV, o (M) = 0.118:0.001

Strong evidence for the production of four

scale ® PDF @ a uncertainty o, % (stat) £ (syst) £ (lumi)

top quarks ATLAS, dilepton e W somasizsiem

EPJC 80 (2020) 528, Lim =36.1fb"

ATLAS, l+jets

* Run 3 should allow the observation of | sssioe e, o -se HH 830:+0.4436+ 14 pb
this spectacular process by both oS, diepton e et 746%58353:36p0

PRL 116 (2016) 052002, L =43 pb”, 50 ns

experiments CMS, dilepton ey |_H 803+ 225+ 20 pb

EPJC 79 (2019) 368, Lim =359, 25ns

CMS, dilepton t+e/p —a— 781+ 7 +62+ 20 pb
JHEP 02 (2020) 191, L_ =359 fo, 25 ns :
ATLAS+CMS Preliminary Run 2,Vs = 13 TeV, March 2022 )
LHCtopWG CMS, l+jets . 888+ 2+26+20pb
JHEP 09 (2017) 051, L =2.21b", 25ns :
i 0y =12.02 (scale) fb S — "
" JHEP 02 (2018) 031 tot. stat. CMS, all-jets * }_+_.+_| 834+ 25+ 118+ 23 pb
NLO QCD+EW CMS-PAS TOP-16-013, Lim =253, 25 ns
Oy T10L. (stat. £syst) Obs. (Exp.) Sig. .
CMS, l+jets ) o 791+ 1£ 21+ 14pb
ATLAS, 2LSS/3L, 139 fb! . arXiv:2108.02803, L, =137fb", 25 ns
EPJC 80 (2020) 1085 - 247 (Sj) fo 43240 ' NNPDF3.0 JHEP 04 (2015) 040
ATLAS, 1L/2L0S, 139 16" s i MMHT14 EPJC75(2015)5
JHEP 11 (2021) 118 L - 2675 (843 )b 1.9(1.00 * Preliminary H
CT14 PRD 93 (2016) 033006
ATLAS, comb., 139 fb" VTt ABM12 PRD 89 (2015) 054028
JHEP 11 (2021) 118 = 24,4 47(26)0 . [o(m,) = 0.113] o)
stz
CMS, 2LSS/3L, 137 fb” N | | L1 1 I L1 1 I L1 1 | [ I L1 1 | [ I
EPJC 80 (2020) 75 ——i 12,625 b 2.6 (2.7)c
200 400 600 800 1000 1200 1400
CMS, 1L/2L0S, 35.8 fb' .
JHEP 11 (2019) 082 ° I 0t 0.0 (0.4)c ctf [pb]
L PR I T AT TR S NN TR S S N S N
0 20 40 60 80 100
Gy [fb]
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Candidate Event: Four Top Quarks

\\\\\

ATLAS

EXPERIMENT

Run: 349114
Event: 1280053930
2018-04-29 10:53:24 CEST



Electroweak Physics and the Top Quark

SM predicts the polarization of the W
boson in top quark decays as a
function of the top mass

« Excellent agreement with the
prediction of the SM

ATLAS+CMS Preliminary November 2017
LHGtopwa total stat

Theory (NNLO QCD
_ PRD 81%0(10) 111503 (R) ) FR FL FO
—e—#—+ Data (F_/F /F)
ATLAS 2010 single lepton, Vs=7 TeV, L _=35 pb™" H—o—H b—a—H
ATLAS-CONF-2011-037
ATLAS 2011 single lepton and dilepton, {s=7 TeV, L =104 fb™ )—L—( HiH HadH
JHEP 1206 (2012) 088
CMS 2011 smgle lepton, \s=7 TeV, L.=2 2o HeH H——H
CMS-PAS-TOP-11-0
LHC combination, {s=7 TeV gl i H-H

LHCtopWG
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025

ATLAS 2012 single lepton, {s=8 TeV, L _20 2o
EPJC 77 (2017) 264

CMS 2011 single lepton, {s=7 TeV, L _ -50fb
JHEP 10 (2013) 167

b

.H
CMS 2012 single top, Vs=8 TeV, L_=19. 7" e} Hat
JHEP 01 (2015) 053

CMS 2012 single lepton, {s=8 TeV, L _=19.8 fb”
PLB 762 (2016) 512

4
CMS 2012 dilepton, s=8 TeV, L,_=19.7 fo Ha
CMS-PAS-TOP-14-017

:_i
I

* superseded by published result l

| | | | | | |

0.5
W boson helicity fractions
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Measure top quark polarization in
single top events: test V-A nature
of Wtb vertex

U > > d
W+

b > > t
PX' 1 .5_ T TT | T 17T | T 17T | T T T 1 | T 11 | T 17T ]
- ATLAS CERN-EP-2021-263 )
L Vs=13 TeV, 139 fb ]
Ly .
0.5F -
B top quark i
o- | o/ ]
E top antiquark E
| +best Fit i
—— [ 68% CL stat. only —
| 68% CL stat.+syst. i
- [INNLO SM Prediction .
_1 .5_ | | | | I | | | I | | | I | | | I I | | | | i

—1.5 - -0.5 0 0.5 1 1.5



Rare Decays and Limits on EFT Operators

Very large sample of top quarks allows for
stringent limits on rare top decays and
FCNCs in top decay (down to BRs ~10)

Results interpreted in the context of top
quark—vector boson operators in Effective

Field Theories

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] arXiv:2111.02219
[3] ATLAS-CONF-2022-003 (LH) [4] JHEP 04 (2016) 035
March 2022 [5] arXiv:2112.01302 (LH) [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2021-049 (LH) [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions —SM 2HDM(FV) @ 2HDM(FC)
from arXiv:1311.2028 [CJMSSM [[JRPV BERs
77 g 0 0
t—Hc -
e 2]
e «—0 i
t—Hu e
| <—@ [2]
T & @
t—yc
~—0 [4
[3]
t—>yu
—0 4]
o 7 NPT
t—gc
—0 6]
i [5]
—gu
9 il
T T —e O
t—>Zc
—0 18]
[7]
t—Zu / o
I | I| II I| l| I| I| l| ll I l| IIII II l{

16—16 107"

10710

1077

10* 107
Branching ratio

ATLAS+CMS Preliminary March 2022
LHCtopWG
— . Following arXiv:1802.07237
(Top) quark - vector boson operators - Individual limits | Dimension 6 operators
== ATLAS == CMS ATLAS+CMS 615 C/A? * Preliminary
LI | LI | T 1T T 1T I LI I T T
CMS, tZg/fZ (1) 138 fb™!
& — CMS, fy* 2] 137 fb!
'z —— CMS, (fZ 3] 78 fb!
———————————— CMS, (+Z/W/H, tZq,tHq [4] 42 fb!
0 — CMS, fy* [2] 137 fo!
Cy —— CMS, fZ [3] 78 fb!
6{5 ATLAS, (Z [5] 36 b
—— ATLAS, Top polarization [6] 139 fb!
ATLAS, iZ [5] 36 fb!
& ATLAS+CMS, W helicity [7] 20420 b
W — CMS, tZq/FZ (1] 138 fb!
CMS, (f and tW, BSM search [8] 36 fb!
— | — CMS, (T+Z/W/H, Zq,tHq [4] 40 fp!
~l1 — ATLAS, Top polarization [6] 139 fb!
w
abw CMS, t+2/W/H, Zq,tHq [4] 21!
NtG / gs — ATLAS, f I+jets boosted [9] 139 fb”!
. — CMS, 1t and tW, BSM search [8] 36 fb!
& -— CMS, (¥ spin correlations [10] 36 fb!
G — — CMS, (t+Z/W/H, Zq,tHq [4] 42 fb!
"’Eg — CMS, f spin correlations [10] 36 fb!
|~432> g | | ATLAS, FCNC tqy* [11] 139 fb!
ww s
~(23)"  ~(23)
| Lw) +C.(43) | |- ATLAS, FCNC tqy* [11] 139 fb!
~(31) ~(31
| LW»+CtB>‘ b ATLAS, FCNC tqy* [11] 139 fb!
I6113>'+~(1:J' | b ATLAS, FCNC tqy* [11] 139 fb!
uw. U
Iéaz | - ATLAS, FCNC tZq [12] 139 fb”!
uw,
|E)32| |- ATLAS, FCNC tZq [12] 139 fb™!
uB
62| | ATLAS, FCNC tZq [12] 139 fb!
uw,
Gl . ATLAS, FCNC tZq [12] 139 fb!
uB
Sl 5 ATLAS, FCNC tZq [12] 139 fb!
uw
I631 | b ATLAS, FCNC tZq [12] 139 fb!
uB
62+ e ATLAS, FCNC tZq [12] 139 fb!
uw.
|E)'3*| b ATLAS, FCNC tZq [12] 139 fb!
uB
5 | ATLAS, FCNC tqg [13] 139 fb!
IC,! - CMS,  and tW, BSM search [8] 36 fb!
. L ATLAS, FCNC tqg [13] 139 fb!
IC,! — CMS, f and tW, BSM search [8] 36 fb!

[11JHEP 12 2021) 083
12] arXiv:2201.07301

[3] JHEP 03 (2020) 056
[4] JHEP 03 2021) 095
[51PRD 99 (2019) 072009
[6] arXiv:2202.11382

[7] JHEP 08 (2020) 051

[8] EPIC 79 (2019) 886
9] arXiv:2202.12134
[10]PRD 100 (2019) 072002
[11] ATLAS-CONF-2022-003
[12] ATLAS-CONF-2021-049 *
[13] arXiv:2112.01302

95% CL limit [TeV?




EFT Interpretations of Electroweak, Top quark

and Higgs boson Measurements

It physics beyond the Standard Model exists above the
A energy scale of the LHC, it could still impact the results

of various measurements:

BSM

Physics | A « (Can be sensitive to small deviations thanks to high

precision of many measurements

« Deviations can be amplified in high-py tails of
Kinematic distributions

d;

L = LSM+E Od Sy 2098 ..
A4

measurement__ E \

BSM Effects SM Particles

From I. Brivio,
S. Dawson
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Towards Global EFT Combinations

Combinations of different
measurements will increase
sensitivity to possible higher
order operators

Challenging to perform these
combinations in a coherent way
with all correlations

« Some operators will impact both
the signal and background
(shape and/or normalization)

 Some examples of coherent
treatment in:

« ATLAS HWW and WW
(ATL-PHYS-PUB-2021-010)

« CMS Hyy and yy continuum
(HIGG-2019-13)

CERN-TH-2020-202

F top EW j

Cy |
\
(c - ‘ Co
(] Coes G Cm\w ,
HB C C(3l) C(ll) HQ tWw
He H H (3)
CHW 0(3) C(l) C C 4 CHQ CtB
C Hgq Hgq Hu H 03’1
o & EWPO My
Cin
Cor Ce Oy C3: Ci. O,
Crr Co C: C5 C
C.u tt )
L Higgs —

Large scale global combination effort
between ATLAS and CMS has started:
will include top, Higgs and electroweak
measurements
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LHC EFT Working Group

A LHC working group associated with the LPCC was created 2 years ago:

LPCC ABOUT LHCWGS LHC PUBLICATIONS EVENTS NEWSLETTER

LHC Physics Centre at CERN

LHC working groups Dark Matter WG
EFT WG

The LHC working groups provide a common forum for discussion among the LHC experiments and the theoretical
physicists. Their goals include: Electroweak WG

« to propose common standards for the interpretation and representation of the LHC results Forward PhySiCS WG
« to discuss common systematics, e.g. those arising from the use of theory tools

Heavy Flavour WG

« to combine/average LHC results
« to facilitate the validation and tuning of MC tools Lo ng_| ived Particles WG

LHC working groups are established by common agreement among the LHC experiments and the LPCC, from Machine Lea rning WG
suggestions of the LHC experiments’ physics coordinators. Their members include experimental conveners, proposed
by the experiments, and experts from the experiments and from the theory community. MB & UE WG

Top WG

* Next General Meeting soon: Monday May 23 2022

* Indico agenda: https://indico.cern.ch/event/1136803/
«  Status of global combinations mentioned before will be covered
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Conclusions

The Run 2 dataset has allowed LHC experiments to observe new electroweak
production processes, some sensitive to the quartic couplings

New Higgs production processes were observed in Run 2 and evidence is
emerging of the Higgs coupling to 2" generation particles. Couplings to
bosons measured with precision of 5%, top and tau fermions in the 7-12%
range

The very large top quark data sample has been used to perform precision
tests of the Standard Model. New top mass measurement precision at the
level 0.2%. Great laboratory for tests of electroweak theory

The results presented in this talk use 5% of the total dataset that is planned
for the LHC. Combination of precision SM measurements using Run 2 and
future datasets will allow for powerful searches for new phenomena in the
framework of Effective Field Theories
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Search for Higgs decay to muons

A new frontier: the 29 generation
« Challenging! small couplings in the SM and large backgrounds
« Full Run 2 dataset search for Higgs =2 uu
* Results: ATLAS: 2.00 (obs), 1.70 (exp), CMS 3.0c (0obs), 2.56 (exp)

Results consistent with SM prediction, stats-limited = looking forward to Run 3
137 b (13 TeV)

IIIII IIIIIIIIII IIIIIIIIIIIIII|IIII|IIII-

r ] > rrrrrrrrrrrrrrrrrrr o
55 cms ¢ Data | 3 79 arLas + Data E
E 7001 All categories —— S+B(u=119) 600 Vs=13TeV, 139 fb" — Total pdf —
§ sook- S/(S+B) weighted ... Bkg. component ] £ 5000 H — uu, In(1 + S/B) weighted —Slkgnalgfdf 3
w m,, = 125.38 GeV Bl :io ] o = -+ BKg. p =
© 500 L 400 E
= ® = =
2 400 = 300 —
g = - =

- © 200 —
— 300 - =
EE i = - -
b 200 100F" <
i 100 _@

O:I 111 | L1 11 | 11 1 1 | L1 11 | 11 1 1 | 11 1 1 | L1 11 | 11 1 I: mi
d’ 5:_I T | T TT | T T T_T | T TT | T 1T | T TTT | T TTT | T 1T I_: S
3 th g, 41 O
% : ; 110 115 120 125 130 135 140 145 150 155 160
D_5—_||||||||||||||||||||||[||||||||||||||||_— m [GeV]
110 115 120 125 130 135 140 145 150 HH
m,, (GeV)
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EWK production and Associated Production with an EWK Boson

..-m " . ;- - s-channel
L ]

ATLAS pLe7ss (2016228

107
- AgE

IIIIII

® CMS uHeEPO9(2016)027
- ¢ ATLAS+CMS umeros (2019088 T —

channel and Wt production)

. . rey C — ]
Electroweak production of (single) 2 [ Aas:cuspreiminay -
S L ® CMS JHEP12(2012)035, JHEP 06(2014)090, PLBB00 (2019) 135042 i
. . . =1 . - . ¢+ ATLAS+CMS
top quarks studied in 3 main .
» B ATLAS PLB716(2012)142, JHEP 01(2016)064, JHEP 0112016)053
1 \ 1 1 3 10(2018)11
production modes (t-channel, s- S } Ry
(0]
E
E

- = - - NNLO PLB 736(2014) 58
tw scale uncertainty

B ‘ I l —iji === NLO+NNLL PRD83(2011)091503, 7

PRD82(2010)054018, PRD 81(2010) 054028
tW: tf contribution removed

Program of cross section

measurements of associated 10 R
production of top quarks and EWK L. ﬁ o
bosons underway . . .

IIIIII

7 8 13
Vs [TeV]
ATLAS+CMS Prelimina -
LHCTopWG ry Vs = 13 TeV, March 2022
oy, = 0597 o(scale)+ 0.01(PDF) pb = o, = 0.867g(scale)£ 0.02(PDF)pb I o™ x 20 = 00387 g (tot)pb x 20 I op™"x5=015:003(t0t)pbx 5 [T op" = 0.7 0.14(tot) pb
Eur. Phys. J. C 80 (2020) 428 E Eur. Phys. J. C 80 (2020) 428 E JHEP 10 (2018) 158 E Madgraph5 + aMC@NLO E Madgraph5 + aMC@NLO
NLO(QCD+EW)+NNLL :  NLO(QCD+EW)+NNLL : NLOQCD : NLOQCD :  NLOQCD
Omeas. = (stat.)£ (syst.) total 1 stat $
0.87+0.13+0.14 pb I ' . . ATLAS, L, =36.1f5"
ttw : Phys. Rev. D 99 (2019) 072009
0.77 1533 1533 pb py — — CMS, L, =3591fb
H JHEP 08 (2018) 011
0.99+ 0.05+ 0.08 pb D ——————y ATLAS, L, =139 b
ﬁz : Eur. Phys. J. C 81 (2021) 787
0.95+ 0.05+ 0.06 pb : oy CMS, L =775
0 JHEP 03 (2020) 056
- . R
i 0.040+ 0.001 *29% pbx 20 : ATLAS, L =139fb", Vis1
tty+tWy dilepton ep o002 P! i e o0 20 04 1
tfy dilepton 0.174+ 0.003+ 0.006 pbx 5 : —tomi—i CMS, L =1381fb", Vis2
= arXiv:2201.0730 4 .
ﬁy l+jets 0.798+ 0.007+ 0.048 pb ——to—ip CMS, L =13710", Vis3
S JHEP 12 (2021) 180
1 1 1 I 1 1 L I 1 1 1 I 1 1 1 I 1 1 1 I L 1 1 I 1 L 1 I 1
0 0.2 0.4 0.6 1 1.2 1.4




Observation of ttH Production

Coupling of Higgs to top quark probed
through ggH production but assumes
no other contribution in production loop

« ttH production probes coupling
more directly and tests particle
loop content

 Process now observed in very

rare ttH(yy): now most sensitive
channel after Run 2

* First studies of CP properties of
t-H interaction performed. Run 3
dataset will significantly improve
sensitivity
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T | T T T T
ATLAS

e Total Stat. [ Syst. — SM
{s=13TeV, 36.1-79.8fb"

Total Stat. Syst.
ttH (bb) I-EI-| 079+ 58 (+ 32 ,+053)
fiH (multilepton) He=—H 156+ 0% (£ 0% .+ 0% )
ftH (yv) ——e——q 139+ 038 (£ 0% £ o)
tiH (z2) fe <1.77 at 68% CL
Combined H==H 182+ 0% (£0.148,+ %)
1 | | 1 I 1 | | 1 I 1 1 1 1 | | | 1 1 | | | 1 1 | 1
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GttH/ O
% L L
@ 40 ¢ Data
35 — Signal + Background
(V]
230 = = Total background
S - = = Continuum background
@25
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5 20 _
g 15 el +
N 10 ATLAS
fs =13 TeV, 139 fb” + + 44
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“Simplified Template Cross Sections” (STXS)

STXS probe Higgs production in
kinematics bins that can be

combined between channels p Z'OUGV
= 0jets = Ljets ,— 2 2jets
< 350 GeV

qq — Hlv pp — HEL

[ 1
mj; < 350 GeV mj; > 350 GeV
I
[
CERN-EP-2020-117 Sub. to PLB




Example: ATLAS Higgs EFT fit using Simplified Template Cross

Sections

Impact of various coefficients on kinematic regions (in STXS framework):

unc.
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Effective Field Theory Interpretations

nght ATLAS Preliminary | _ 68 % CL
. . . e Vs=13TeV, 139 fb~' e 95 9% CL
EFT fit to Higgs Simplified Template Iy = 125.09 GeV, |y < 2.5 —e—Best Fit
Cross Section combination SMEFT o 1T
Below: A b10)| e
CIOW: CEA;V,HB,HWB,I{D,UW,UB,W (x0T
ATLAS and LHC EFT WG preparing for &l T
large global EFT fits using wide variety ~0.15 0.1 —0.05 0 005 0.1 0.5
of measurements dn S Jo—--
top EW CE//]@L//' B D
8 s \ -
Cw C,E_},]m wel T
/éHD - W CHt CEK]'?,UG,UH o -
CHH'B CHL) C'{I 1 C[2] R — o
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Electroweak Multiboson Production

7 TeV CMS measurement (stat,stat+sys)

8 TeV CMS measurement (stat,stat+sys)
13 TeV CMS measurement (stat,stat+sys)

Jan 2022
CMS EW measurements vs.
Theory
qqWw g
qqz [ —C—
qqZ .
WV —e—i
vy—=WW =
aqWy —
os WW e
ss WW ~+ . H
ss WW
qay
qay
qqWZ

qqZZ

0.84 +0.08 £ 0.18
0.91+0.02 = 0.09
0.93 £0.14 = 0.32
0.84 +0.07 £0.19
0.98 £ 0.04 = 0.10
0.85 +0.12 £ 0.18
1.74 £ 0.00 £ 0.74

v 1.77 £ 0.67 = 0.56

1.20 + 0.16 = 0.21
1.12 £+ 0.15 £ 0.17
0.69 £ 0.38 £ 0.18
1.20 £+ 0.11+ 0.08
1.48 + 0.65 + 0.48
1.20 £+ 0.12 + 0.13
1.46 + 0.31+0.11
1.19 £ 0.38 £ 0.13

CMS Preliminary

——0—+
——e——

——eo——

19.3 fb™
35.9 fb™
5.0 fb’

19.7 fb!
35.9 fb™
138 fb™"
19.7 fb
19.7 fb™
35.9 fb™
138 fb™"
19.4 fb™’
137 fb™
19.7 fb”
137 fb™
137 fb™

137 fb™

0
All results at:

2 3 4
Production Cross Section Ratio: o, /
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Observation of Vector Boson Scattering in ZZjj

Higgs boson regularizes the weak boson scattering cross section at high energies

q 7 q ¢ q ¢ q q
arXiv:2004.10612
A A A Z w A
w/z i w
..... : H W
wiz ¢ 1 : W
A /JZJ.!JVWW\, 7 A 174 7
q q q q q q q q

/ZZjj analysis exploits decays to four charged leptons (#£4¢ ) and (££vv)

Multivariate analysis to separate EW signal from backgrounds (e.g. QCD ZZ)

Events / 0.125

Data / Pred.

22—

20}
18}
16}
14}

LI L NN L B LA B B
o Data B ZZ(EW)

7 B ZZ(QCD) mmggZZ

I Others 222 Uncertainty

ATLAS
Vs =13 TeV, 139 fb
CEee

Signal Region

by /f%/)ﬁ%

-1 -08-06-04-02 0 02 04 06 08
MD

Events / Bin

Data / Pred.

o —_
ey hwi

35

301

25

201

15

10

a

ATLAS' mmZZ(EW
{s = 13 TeV, 139 fb‘-O”‘ers =ﬁ%§%%é)
14477)] =] ggZZ £z Uncertainty
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Observed (expected)
significance for EW
production: 5.50 (4.30)

ATLAS also observed
vector boson scattering at:

e 6.90in WW channel
e 5.30in WZ channel

- All VBF VV channels
have now been observed



HL-LHC: Branching Ratios and Cross Sections
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Combination of ATLAS and CMS for systematic uncertainty scenario 2

» Theory uncertainty remains the largest component for most measurements
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HL-LHC: Couplings and Coupling Ratios

s=14TeV, 3000 fb per experiment (s =14 TeV, 3000 fb"1 per experiment
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Combined results for ATLAS and CMS for systematic uncertainty scenario 2

» Coupling ratios on the right allow for reduced uncertainties in general
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HL-LHC: Couplings and Coupling Ratios

s=14TeV, 3000 fb per experiment (s =14 TeV, 3000 fb"1 per experiment
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Combined results for ATLAS and CMS for systematic uncertainty scenario 2

» Coupling ratios on the right allow for reduced uncertainties in general
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Where we are now: recent developments

CP properties: CP-odd
component to couplings with

; CMS Pre//m/nary 137 fb (13 TeV)
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Note: analyses using ttH production by ATLAS and CMS exclude pure CP-odd top
coupling at more than 3o C.L.
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Tests of Lepton Universality in W Decays

for Rt/u

1 15. CMS Preliminary 359f ' (13TeV)
Tension from LEP in ratio of decays
of W to taus vs electrons and muons
1.10
New results from CMS consistent with
SM expectation o105
1 N
Consistent with recent ATLAS results & >
' \\\;\\\\\
\\ + CMS
Large LHC samples allow for 055 Lo
improved precision over LEP ATLAS
CMS (1D)
0'98.90 0.95 1.00 1.05 1.10 1.15
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B(W —ev)
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Ryje = B(W — uv,)/B(W — eve) | 1.009 & 0.009 0.993 +0.019 -
Ri/e = B(W = 1) /B(W = et,) | 0.994 4+ 0.021 1.063 +0.027

Rejy = BW — tv)/B(W — uvy) | 0.985 =+ 0.020
Rz/¢ 1.002 £ 0.019
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1.070 £0.026 0.992 + 0.013
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