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Measurement of the Higgs boson inclusive and differential fiducial production cross sections in the diphoton decay channel with pp collisions at /5 Submitted to JHEP 25 August 2022

HIG-21-001 Searches for additional Higgs bosons and for vector leptoquarks in 77 final states in proton-proton collisions at /5 = 13 TeV. Submitted to JHEP 4 August 2022
HIG-21-006 Search for CP violation in ttH and tH production in multilepton channels in proton-proton collisions at /5 = 13 TeV. Submitted to JHEP 4 August 2022
Search for the exotic decay of the Higgs boson into two light pseudoscalars with four photons in the final state in proton-proton collisions at /5 Submitted to JHEP 2 August 2022

Search for the Higgs boson decay to a pair of electrons in proton-proton collisions at /5 = 13 TeV Submitted to PLB 30 July 2022

Search for a charged Higgs boson decaying into a heavy neutral Higgs boson and a W boson in proton-proton collisions at +/; Submitted to JHEP 4July 2022

A portrait of the Higgs boson by the CMS experiment ten years after the discovery Nature 6 4 July 2022

Search for nonresonant Higgs boson pair production in the four leptons plus two b jets final state in proton-proton collisions at /5 Submitted to JHEP 22 June 2022

Search for Higgs boson pairs decaying to WWWW, WWxr, and rrrr in proton-proton collisions at 3TeV Submitted to JHEP 21 June 2022

Measurements of the Higgs boson production cross section and couplings in the WW boson pair decay channel in proton-proton collisions at /5 Submitted to EPJC 20 June 2022

Search for nonresonant Higgs besen pair production in final state with two bottom quarks and two tau leptons in proton-proton collisions at Submitied to PLB 19 June 2022

Search for Higgs boson decays into Z and Jiyy and for Higgs and Z boson decays into J/y or Y pairs in pp collisions at /5 Submitted to PLB 7 June 2022

Search for Higgs boson decay to a charm quark-antiquark pair in proton-proton collisions at Accepted by PRL 11 May 2022

Constraints on anomalous Higgs boson couplings to vector bosons and fermions from the production of Higgs bosons using the 77 final state Accepted by PRD 10 May 2022

Search for light Higgs bosons from supersymmetric cascade decays in pp collisions at Accepted by EPJC 28 April 2022

Search for Higgs boson decays to a Z boson and a photon in proton-proton collisions at Accepted by JHEP 27 April 2022

Measurements of Higgs boson production in the decay channel with a pair of 7 leptons in proton-proton collisions at /5 = 13 TeV Submitted to EPJC 27 April 2022

Search for Higgs boson pair production in the four b quark final state in proton-proton collisions at /5 = 13 TeV 8 19 February 2022

First evidence for off-shell production of the Higgs boson and measurement of its width 14 February 2022

Search for invisible decays of the Higgs boson produced via vector boson fusion in proton-proton collisions at 5 27 January 2022

Just this year alone starting January, CMS produced 20 papers!

If Higgs Physics is broad than what does it mean for SM Physics?
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If it has Higgs, it falls to Higgs \
If it has top quark, it falls to top quark 4'

What’s left? W, Z, y, ... ’
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If it has Higgs, it falls to Higgs \
If it has top quark, it falls to top quark 4'

What’s left? W, Z, y, ... ’

Minor exception: jets only final
states are still in SMP
(i.e. QCD studies are included)



SMP-18-014

SMP-21-013

SMP-21-001

SMP-20-003

SMP-19-009

SMP-21-002

SMP-18-011

Recent results

Precision measurement of the Z boson invisible width in pp collisions at \/E =13 TeV
Observation of same-sign WW production from double parton scattering in proton-proton collisions at \/K =13 TeV
Observation of electroweak W W™ pair production in association with two jets in proton-proton collisions at \/E =13 TeV

Measurement of the mass dependence of the transverse momentum of lepton pairs in Drell-Yan production in proton-proton collisions at \/E =13 TeV

Measurement of differential cross sections for the production of a Z boson in association with jets in proton-proton collisions at \/E =13 TeV

Measurement of the Drell-Yan forward-backward asymmetry at high dilepton masses in proton-proton collisions at \/E 13 TeV

Precision measurement of the W boson decay branching fractions in proton-proton collisions at \/E =13TeV

Focusing on just this year
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Observation of electroweak W*W™ pair production in association with two jets in proton-proton collisions at
Measurement of the mass dependence of the transverse momentum of lepton pairs in Drell-Yan production in proton-proton collisions at \/E =13 TeV
Measurement of differential cross sections for the production of a Z boson in association with jets in proton-proton collisions at \/E =13TeV
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Recent results in SMP

So many since last CIPANP

so | can’t cover all!

Precision messurement of the Z boson invisible width in pp collsions at F = 13 TeV
Observation of same-sign W production rom double parton scattring n proton-proton collsions at
Observation of lectroweak W' W pair productionin association with two e in proton-proton callisions at |
Moasuroment o the mass dependence of the transverse momentum of lepton pairs in Drll-Yan production i proton-proton collsions at 5 = 13 TeV
Measurement ofdifferential cross sections fo the production of  Z boson in association with s n proton-proton collsions at & = 13 TeV
Messurement of the Drll-Yan forward-backward asymmelry st high dlepton masses i proton-proton calisions at & = 13 TeV
Procision measurement of the W boson decay branching fractions i proton-proton calisions at & = 13 TeV
Measurement of the production cross section for 2 + b jetsin proton-proton collisions at & = 13TeV.
Evidence for WIIWZ vector boson scatteringinthe decay channel ¢1qq prodiced n association with two et in proton-proton collsions at & = 13 TeV.
Messurements ofthe associated production of W boson and a charm uark in proton-proten colisions at s = 8 TeV
Messurement of W*7 diferenia cross sectionsin proton-proton collisions at 7 = 13 TeV and effectve field theory constraints
Measurement and QCD analysi of double-diferentia inclusive et cross sections i proton-proton calisions at & = 13TeV
Measuroment o the inclusive and difisrental WZ production cross sections, poarization angles, and tipl gauge couplings in pp calisions at /5 = 13 TeV
Measurement of double-parton scattring in inclusive production offour jts with low iransverse momentum in proton-proton colisions at = 13TeV.
Study of quark and gluon jet substructure in Zvjt and dijt events from pp colisions.
Moasurements of the slectroweak diboson production coss ssctions in protonproton colisions at = 5.02 TeV using leptonic decays

Measurement o theelectrowesk production of Z7 and two Jets in proton-praton colsions at ' = 13 TeV and consiraints on anomalous quaric gauge
couplings

Messurements of Z bosons plus jets using varisbles sensitive to double parton scatiering in pp colisions st 13 TeV
Messurements of the pp — W77 snd pp — Z cross sections at 5 = 13 TeV and limits on anomalous quartic gauge couplings
Messurements of angular distance and momentum ratio distributions inthree-jet and 2 + two-et fnal states n pp colisions.

Hard colorsinglet exchange n djet events in proton-proton collisions st 7 = 13 TeV
Messurement of Wy production cross sectio in protonproton colisions at i = 13 TeV and constraint on effective fed theory coeficients

ments o the differentisl ross sectins of the production of Z:+ jets and 7 +}ets and of 2 boson emission collinear wth a et i pp collisions at
Tev

surement of the Z boson differental production cross secton using itsinviible decay mode (Z — 17) in proton-proton collsions at i = 13 TaV.
Measurement of diffrential cross sections for Z bosons produced in association wth charm et i pp collsions at s = 13 TeV
Search for the rae dacay of the W boson nto a pion and a phaton n proton-proton callsions at 5 = 13 TeV
Measurements of production cross sections of polarized same-sign W boson pairs in assoclation with two et I proton-proton callisions
Mossuremants of pp —» ZZ production cross sections and constraints on anomalous rple gauge couplings at | = 13 TeV
W W boson pair roduction in proton-proton collisions at 7 = 13 TeV
Observation of lactroweak production of Wy with two jats in proton-proton collisions at 5 = 13 TeV
Evidance for slectroweak production offour charged leptons and twojas in proton-proton callsions at 3 = 13 TeV
Massurements of the W boson rapidy, hlicky, doubl-diferential cross sections, and charge ssymmelry n pp collsions at 13 TaV.
Observation of the production of three massive gauge bosons at s = 13 TeV
Depandance of inclusivejo production on the anti-kr ramater in pp colisions at /5 = 13TeV
Measurements of production cross sections of WZ and same-aign WW boson pairs In assoclation with two jes n proton-proton collisions at i = 13 TeV

Messurement of thecross section for lactroweak production of  Z boson, a photon and two et in proton-proton collsions at ' = 13 TeV and constraints
on anomalous quartc couplings

Measurement of the associated production ofa Z boson with charm o botiom quark jetsin rotonpraton colisions at i = 13 TaV.

Detormination of the strong coupiing constant () from measurements ofinclusive W* and Z boson production cross sections in proton-proton collsions.
Vi =T and 8 ToV

Exidance for WW production from double-parton interactions in proton-proton collaions at = 13 TeV
Messurements of diferenialZ boson production cross sections in proton-proton coliaions at ' = 13 TeV.
‘Search for anomalous riple gauge couplings In W and WZ production inlepton + jt events In proton-proton collsions at = 13 TeV
Mossuroments ofrple-differential cross sections or inclusive solated-photonsiet events i pp collisions at & = 8 TeV
Search for anomalous slectroweak production of vector boson pairs n associaton with twojets n proton-proton collsons at 13 TeV
‘Search for the production of W*W-W* events at s = 13 TeV
Mossurement of slectrowssk production of W bason n association with two et in proton proton colisions at
Asimuthal separationin neary back fo-back et topologies I inclusive 2-and et avents in pp collsions at i
Search for W boson decays to three charged pions.

Measurement of slctroweak WE boson production and search for new physics In WZ + two jets events in pp collsons at & = 13 TeV

Messurements of the pp — WZ inclusive and diferenial productin cross section and conraints on charged anomalous tipe gauge couplings at 5 = 13
Tev

Moasurement ofthe differental Drel-Yan cross section in proton-proton colfsions at 7 = 13 TeV
Measurement of associated producton of s W boson and a charm quark i proton-proton callisions at 5 = 13 TeV
Evant shape variables measured using multjet fna sates n proton-proton collsions at |5 = 13 ToV
Search fo rare decays of Z and Higgs bosons to iy and s photon i proton-proton callisions at 5 = 13TeV
Measurements of the diferenta o cross section 33 3 functon of thejot mass i diet events from proton-proton colisions at & = 13 TeV.
Messurement of iferntis cross sactions forincusive solated-photon and photonsjets production n proton-proton collisions at 7 = 13 TeV
Measurement of diffrential cross sections for  boson pair production in sssociation wthfts at 5 = 8 and 13 TeV
Messurement of the weak mixing angle using the forward-backward ssymmetry of Drell-Yan events in p collisions 8 TeV.
Moasurement of diferential cross sections for Z boson production in associaton wit et in roton-proton colisions at & = 13 TeV.
Electroweak producton of two jts in association with a Z boson in protonproton colisions at i = 13 TeV.
Asimuthal corelations for inclusive 2jet, 3jet, and et events inpp collisions at 7 = 13 TeV
Measurement of associated Z+charm production n proton-proton collisons at 5 = 8 TeV.
Moasurement of differentialcross sections i the ¢ variabe for inclusive Z boson production n pp collsions at & = 8TeV

Measurements of the pp — 77 producion cross section and the Z — 4/ branching fracton, and consirsins on anomalous rple gauge couplings st ¢
Tov

(Observation of lectroweak production of same-sign W boson pairs I the o e and two same-sign lepton final state n proton-proton collisons at 5 = 13
Tov

Moasuroment of vector boson scattring and consirants on anomalous quarti couplingsfrom events with four lsptons and two ets In proton-proton
colliions at s = 13 TeV.

Moasurement of thediferenial cross sectionsforthe associated production of a W boson and jts in proton-proton collisions at
Measurements of jt charge with it events i pp collisons st 5 = 8 TeV.
Messurement ofthetriple-cffrential dit cross section inproton-proton colisions at ' = 8 TeV and constrsints on parton distrbution functons
Moasurements of the pp — W7 and pp — Zyy cross sections and limits on anomalous quartic gauge couplings at & = 8 TeV

‘Search for anomalous couplingsin boosted WW/WZ - ¢4 production i proton-proton collisions at 5 = 8 TeV

—
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Precision Searches
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Precision measurements Chang
g =, v
g I=, v
Parton QCD at Structure of
Distribution different V->ff

Function scales couplings



Z boson branching ratio to invisible particles
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2206.07110
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W boson branching ratios Chang
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fermion _
Large Electron-positron
W (LEP) Collider results
had 2.80 higher Tv: BR
fermion
~30% uncertainty
b
e, U, T
V . . . .
Slice and dice into final states:
e, H, T, had ee, ey, UU, eT, UT, e/ + had
\Y; had
b Then, measure the rate

Use top-quark pair production process
BR(Top quark - Wb) ~ 100%
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Phys. Rev. D 105 (2022) 072008

35.9% ' (13TeV)

¢ Data
Expected (pre-fit)
Diboson (non-WW)
Z+jets

3 -

.9
o .
a,
le.
[ry

other
7,7,

HT,

Hp
MC stat. unc.
post-fit syst. unc.

np: N;22,Ny 22, Z veto

1.50

5125

% 1.00 iPls 5 letr g Xorairl

a
o

0.75
0.50

4

25 50 75

-1
35.9fb (13TeV)
Z +jets ph
other ut,
T, MC stat. unc.
T,h post-fit syst. unc.

pr: N;=1,N, =1

80

e e e e

100 120 140 160
T
p; [GeV]

100

125

Events / GeV

1.50

180 175 200 225
€
pT4 subleading [Ge\/]

CMsS

e

e

3597 ' (13TeV)

Data

Expected (pre-fit)
Multijet

Diboson (non-Ww)

Y+ jets
Z +jets
other
ety

ch: N;24,N, 22

ch
MC stat. unc.
post-fit syst. unc.

Events / GeV

150

CMms

Data

Expected (pre-fit)
Diboson (non-WW)
Multijet

200
n
pT,subIeading [GeV]

Z+jets
other

T,h

ph: N]Z4,Nb22

TuTh

359 ' (13TeV)

MC stat. unc.
post-fit syst. unc.

s 125
X

w
2 1-00

o
Q075

0.50

300
P} [GeV]




W boson branching ratios

35.9fb (13TeV)

Confirms SM
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Phys. Rev. D 105 (2022) 072008
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Phys. Rev. D 105 (2022) 072008

Use measured hadronic

branching ratio Depends on 0 at Mw and CKM elements

0.967 +0.011

Fixing other parameters from world
average values from PDG, one can
obtain |V¢s| value indirectly

(Although indirect), precise Vs measurement provided



Simulation/Data
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Rare process searches/measu rements Célha'gag
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Rare process searches/measu rements Chang
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g q
Triple gauge Quartic gauge

interactions interactions
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Rare process searches/measu rements cFIha.gg
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Rare process searches/measu rements cFIha.gg
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Rare process searches/measu rements cFIha.gg
g q
g q
Triple gauge Quartic gauge
interactions interactions
g g
Triple gauge Quartic gauge

interactions interactions
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Rare process searches/measurements
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Data/pred.

W2Z polarization measurements
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eW,' JHEP 07 (2022) 032

W | Three ) _ L=V
V' charged
| lepton final

Z
| state

wz, Wz, wz, Wz,
wz, lWZEWK [llqq—~2ZZ BWZEWK  [lqg—2Z
t [ WY t [tzq I Xy
Left-polarized
Right-polarized
———-—_——=wg — | ongitudinal

_‘_

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

q,, cos(®y) cos(6,)

24



Fractionof L, R, O willadd up to 1

fL+fR+fo=1

So parametrize in two 2D

fL - fR \"A fo
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—— Observed, 95% CL
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Importance of vector boson scattering Chang
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[Denner, Hahn, 1997]

]\[n = 100 GeV

/\
5(I)O 1010() QOIOO ( 5] !.
YL e

VBS sensitive to Higgs mechanism

credit: J. Manjarres




WW scattering
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WW scattering
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WW scattering

1412.2641
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Variable
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WW scattering Chang

Description
Invariant mass of the two tagging jets pair

Pseudorapidity separation between the two tagging jets
pr of the highest pr jet

pr of the second-highest p jet

pr of the lepton pair

Azimuthal angle between the two leptons

Zeppenfeld variable of the highest pr lepton
Zeppenfeld variable of the second-highest p lepton

Transverse mass of the (p?, piss) system

—+— Data Higgs Nonprompt
Multiboson [ | DY QCD-induced WW
tW and tt m— \/BS

Y Uncertainties

0.8 1
DNN output

Florida

2205.05711

Trained deep neural network
machine learning algorithm to
identify events that is more
similar to VBS events

First observation of VBS
opposite-sign WW
5.600bs (5.20exp)

30



~2000 needed to
make evidence

eve
I = e -

/-4
23 O\I

(Today)

Rapid

expansion of

2,3, 0reven4
massive particles

tW product

atop  UF

frontiers VH diboson 20
Mx=t w,z,H~ 100 GeV WZ scattering 19
| WW scattering >
tWHZ < 17
_ _ every O(1 B)}» Higgs boson 15
1 massive particles 12
or 2 at most WZ diboson
- 07 LHC1
every 0(1 0 M) WW/gg diboson C13
_— LHC
W, Z boson Top quark | 7%y at0n
83 LEP 95
e bl :
80 90 o]0 10 20
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ZZ scattering Chang

WW2Z triboson Florida
WWW triboson
VVV triboson
ion
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“SM p”

~similar cross
section as tttt

Higgs w

Top

The final states are getting more intertwined than ever
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At the LHC SM physics is being tested in various ways

For processes with large cross section we are slicing and
dicing the data

For processes with small cross sections we are now
finding SM processes that produce O(100 GeV) particles
up to multiplicities of three and four. (e.g. WWW, 4-top)

In the future, HL-LHC will provide us large dataset to
iImprove precision measurements

And also allow some of the rarest processes with large
multiplicities to be probed
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