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CMS at the Large Hadron Collider

General-purpose LHC detector Total weight 14000 t AT AR .2
Overall diameter 15 m S SOBAgRNRNE 5N PR\ \\| =

CMS DETECTOR CTEEL RETURN YOKE Overall length 21 m
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS £
Overall diameter :15.0m Pixel (100x150 ym) ~1m?* ~66M channels

Overall length -28.7 m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels

Stlicon == 7
Tracker y
Electromagnetic [/ ~* o
CRYSTAL Calorimeter
ELECTROMAGNETIC Hadron
?;:IBSORI?\{??R I()EVSSL) . Calorimeter Superconducting
/000 scintillating + crystals Solenoid [ron return yoke interspersed
with muen chambers
— El i
HADRON CALORIMETER (HC Muon ectron Charged hadron (e.g. pion)
Brass + Plastic scintillator ~7,000 channels - ==+ Neutral hadron (e.g. neutron) = c---. Photon
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CMS pp Data at LHC

CMS Integrated Luminosity, pp, Vs=7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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B LHC Delivered: 192.29 fb !
——7] CMS Recorded: 177.65 fb ' 2018

Js =13 TeV ,
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CMS Triggers for Run-2 (1.6 kHz)
e Standard triggers (leptons, jets, MET)

e B-parking triggers (up to 5 kHz)
10B events enriched in un-biased B decays

® Scouting triggers
reduced events with physics objects
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Excellent performance of the LHC in Run-2
e /s=13TeV
e max LHC luminosity (2018):

Lrrax = 2.14 x 1034 cm—2s-1

(factor of 2 higher than design)

At 13 Te\/, Oiot ~ 100 mb,

1 tb~1 corresponds to one
hundred thousand billion
proton-proton interactions

CMS Dataset Run-2
e 2016-2018: 137 fb~1 of pp data “good for physics”
e data-taking efficiency > 92% (2018: 94%)
* number of pp interactions per beam crossing (PU): <u> = 34
Delivered integrated pp luminosity
CMS Preliminary (13 TeV, 2018, 2.0x10% cm~2s~1)
Run-1
L | 4% . 5fb-1 at 7 TeV (2011)
v O o0 20 fb-1 at 8 TeV (2012)
Run-2
" 140 fb-1 at 13 TeV (2015-2018)
e £ Run-3
LA at 13.6 TeV (2022-2025)

Higgs: discovery to precision



Pile-up: an Experimental Challenge

Pile-up (PU) = <p> = number of inelastic p-p
interactions per bunch crossing (every 25 ns)

For instance, for Run-2 in 2018
<P> ~ Oinel X & x bunch crossing separation time
<p>~ 80 mb x 2x1034 cm-2s-1 X 25 ns
<p> ~ 40

w about 40 inelastic collisions are superimposed
on the event of interest

(zoom of the interaction region)

40 x 40 MHz = 1.6 billion proton-proton interactions per second!

October 22 Hlggs: discovery to precision

CMS Average Pileup (pp, Vs=13 TeV)
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Mean number of interactions per crossing
O(1000) particles emerge from the
interaction region every 25 ns
This implies

* high-granularity detectors with good
time resolution, resulting in low occupancy

* millions of electronic channels with good
synchronization

* radiation hardness



SM Production Cross Sections

10 years ago

Single and
Diboson
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SM Production Cross Sections

CMS Preliminar

B S Lo m 7 TeV CMS measurement (L < 5.0 fb™)

- o Lo @ 8 TeV CMS measurement (L < 19.6 fb™)
oo B Lo m 13 TeV CMS measurement (L < 137 fb™)
N jeﬁ(us); Theory prediction

m Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7

Ew 'Ew "v=w 'ew 'Ew Ew 'Ew
W Z Wy Zy WWWZ ZZ v wwwwwz wzz zzz WVy Zyy Wyy qaW qaZ WW qaWy ssWW qaZy qaWZGaZZ ot Wi,

EW,Zyy,Wyy: fiducial with W—slv, Z—lI, I=e,u

tty tZq ttZ ty W tttt ggH BEVHWH ZH ttH' tH 'HH
qqH.
Th. Ao, in exp. Ao

Summaries of physics results

October 22

Higgs: discovery to precision
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Nsig
Axex L

o X B =

one million events
per inverse-femtobarn
for a cross section
nb of one nanobarn
Produced (*) at Run-2:
e 30B W bosons
° /B Z bosons
Pb e 300M top quarks
e 8M Higgs bosons
. 40 EW ggZZ(—42) [fid]

Other main physics motivation
fb * explore the energy domain
around 1 TeV
e study the yet unknown physics
at the TeV energy scale


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

The Higgs Boson Turns 10!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-028
https://indico.cern.ch/event/1135177/timetable/

years

HIGGS boson

discovery

July 4 2022

The Higgs Boson Turns 10!

CMS-HIG-19-015
JHEP 07 (2021) 027

CMS-HIG-19-001
EPJC 81 (2021) 488

my = 125.38 £+ 0.14 (total) GeV
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001
http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013
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Higgs Boson Production and Decay

Main production modes
at 13 TeV (events for 140 fb-1)

theoreﬁcgl
uncertainties
ggH 7%
VBF 3%
VH 4 %
ttH 10 %

Gluon fusion

Top associated production

ggH ¢ ttH
86% <1%
~8M ) ~80k
ty >----- H
t
g

Vector Boson Fusion

VBF
% q,q’
~600k 4
W/Z
----- H
W/Z
a d,q’
October 22

W and Z associated production

WH, ZH

5%
~400k 4
q
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Branching ratios
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Main decay channels
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LHC HIGGS XS WG 2010

| o NN N
100 120 140 160 180 200

M, [GeV]

BF (my = 125 GeV)
H— bb 57%
H - WW* 21%
H- 1T 6.3%
H-—- ZZ* 2.7%
H— vy 0.25%
H— upu 0.022%
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015
http://dx.doi.org/10.1007/JHEP07(2021)027
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5.1 fb' (7 TeV), 19.7 fb” (8 TeV), 137 fb” (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001
http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
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Higgs Mass Measurements

137 fb' (13 TeV

~—

250

200

150

100

Events / 2 GeV

50

H—- ZZ — 4%
my = 125.26 4+ 0.21 (total) GeV

H = vy
* using a refined calorimeter calibration

my = 125.78 £ 0.26 (total) GeV

Run-2/2016 combination
my = 125.46 + 0.16 (total) GeV

S/(S+B) weighted events / GeV

137 fb' (13 TeV)
L L DL L

- H = vy, m, = 125.38 GeV

T | LI B | I LI B B | | LI |

I LI |

All categories

S/(S+B) weighted 7
¢ Data

— S+B fit

----- B component -

[+t1o ]

[ ]+20 .

lIIIIIIIIIlIllIlIIII
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| T |
B component subtracted

The Higgs boson mass measurement uncertainty

is still dominated by statistics
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Hlggs:

CMS-HIG-16-041
JHEP 11 (2017) 047

CMS-HIG-19-004
PLB 805 (2020) 135425

Run-2 2016, 35.9 fb-1

CMS

Run 1: 5.1 b7 (7 TeV) + 19.7 fb' (8 TeV)
2016:35.9 fb™ (13 TeV)

Run 1 H—yy

Run 1 H— ZZ— 4l

Run 1 Combined

—— 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

2016 H—syy W——> 12578+ 0.26 (£ 0.18) GeV
2016 H— ZZ— 4l l—T 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined T—- 125.46 £ 0.16 ( £ 0.13) GeV
Run 1 + 2016 = 125.38 + 0.14 (+0.11) GeV
|| | L 1 1 1 | L1 1 1 | L1 1 1 | I I I | | L1 1 1 | | I I | L1 1 1 | |
122 123 124 125 127 128 129
m, (GeV)
Combination with Run-1 result
my = 125.38 4+ 0.14 (total) GeV

e currently the most precise measurement (1.1%-)

e central value consistently used in CMS analyses

discovery to precision
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004
http://dx.doi.org/10.1016/j.physletb.2020.135425
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041
http://dx.doi.org/10.1007/JHEP11(2017)047

Off-Peak Production and Higgs Width

CMS-HIG-18-002
PRD 99 (2019) 112003

CMS-HIG-21-013

Submitted to Nature Physics

gg = L/

S

MA\NNNY

gg > H— ZZ

—=

I

aE? + (b+ c)mE

By studying the high mass gg = ZZ region

indirect constraints on Iy
100 | | | I I | | I | | | | I
4—lepton production, CMS cuts, Vs=8 TeV
107 A4 77 qq - 4leptons
H gg - h - 4leptons
- gg - 4leptons(cont)

10'2= s gg - 4leptons(total)
= F
&) -3 g
S 0 o ’
g 107 _’___F
E = g9 — H — 40 ™

107 off-shell

oF on4shell
10 & WW,ZZ (t
10-7_ | |— | I I | L
100 200 500 1000 2000
mg[GeV]
destructive interference
- October 22 Hlggs:

—aE? + (d — ¢c)mE

Assuming equal couplings on-

and off-shell:

O.off—shell
gg—H—~Z7Z

O.on—shell
gg—H—~Z7

~ 'y

Combination ZZ — 4¢

and 77 — 272v

e evidence for off-shell
production at 3.60

M = 4 MeV)

discovery to precision

* negative interference between the

gg * ZZandgg > H— ZZ

e dominant background: gq — ZZ

CMS

4F;'IIII|IIII (13TeV)

<138 fb"
\

lllllll'*'

off-shell

1.5 2

off-shell
uF

O 2 4 6 8 10 12 14 16 18
-2AInL

Direct measurement:
'y <24 @(3.1) GeV

CMS-HIG-13-001
EPJC 74 (2014) 3076
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002
http://dx.doi.org/10.1103/PhysRevD.99.112003
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-001
http://dx.doi.org/10.1140/epjc/s10052-014-3076-z
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-013

Higgs Decays to Fermions

Summer 2017:
first observation by CMS of H — 777~

CMS-HIG-16-043
PLB 779 (2018) 283

Summer 2018:
first observation by CMS of H — bb

CMS-HIG-18-016
PRL 121 (2018) 121801

Winter 2019:
Obs. (exp.) limit on pp - VH(H — ¢C)
70 (35) x SM (35.9 fb-1)

CMS-HIG-18-031
JHEP 03 (2020) 131

October 22
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-043
http://dx.doi.org/10.1016/j.physletb.2018.02.004
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016
http://dx.doi.org/10.1103/PhysRevLett.121.121801
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http://dx.doi.org/10.1007/JHEP03(2020)131

H— 1T

First observed Higgs decay to leptons CMS-TAU-18-001
JINST 14 (2019) P06032

* Relatively large branching fraction (6%)
* main irreducible background: DY = TT

CMS 138 b (13 TeV)
e Observed —+ 1o tot + 1o stat
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-18-001
http://dx.doi.org/10.1088/1748-0221/14/06/P06032

VH, H— bb

Largest branching fraction (57%)

but overwhelming QCD backgrounds

138 fb' (13 TeV)

2 E
g 107 3 CMS ¢ Data 4
(= 5 i [ Background
i 10°F LI — e ]
5 E , Background uncertainty 1
10 —— Signal + Background 3
10* ]
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10°
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1
—1
) 105
% 1.5}
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0

Main analysis

* Hyrs) = 0-58 7 1¢

* significance: 3.30 (5.20)
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Z(2 _Q) H 2-lepton
WH 1-lepton

Z( 2V)H 0-lepton
VH VH (ne)

CMS-PAS-HIG-20-001

138 fo' (13 TeV)
CMS e (Qbserved

Preliminary — 110 (stat @ syst)
mm +1G (SYSt)

- 0.07 £ 0.18 +0.13
—e - 0.99 + 0.23 + 0.22
- - 0.81+0.23 +0.21

- 0.58+0.15£0.12

E 3 4 5 6
Best-fit u

Cross check analysis
(mass-decorrelated DNN for

event categorization):

Higgs: discovery to precision

S/(S+B) weighted entries
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-001

CMS Experiment at the LHC, CERN
Data recorded: 2017-Aug-20 18:16:45.926208 GMT
Run/ Event/LS: 301472 / 634226645 / 664

New pixel detector
installed in YETS 2016

First layer: 2.9 mm

7/

aZH (Z = ee, H — bb) candidate



Boosted Higgs Boson

PTH <350 GeV r

CMS, [vs =13 TeV (2017)

—~ X b-jet

pp—ZH
i L -~ pb+b
e*+ e

esolved jets

b-tracks

b-tracks
™~
e*- tracks

A Deep Feed-Forward Neural

Network using jet properties
information and secondary vertices
associated to the jets (43 input

variables)

Entries / 5 GeV

* 13% improvement in jet resolution

® 20% improvement in di-jet mass

resolution (as measured in data)

CMS-HIG-18-027
CSBS 4 (2020) 10
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CMS Experiment at the LHC, CERN
% Data recorded: 2017-Oct-20 03:55:39.135168\GM
Run / Event/ LS: 305313 / 624767783 / 36

huge improvement thanks to

dedicated “deep double b

tagger” (DDBT)

CMS-BTV-20-001

JINST 17 (2022) P03014

a technique
validated with

7 — bb

also spectacular improvement

Higgs: discovery to precision

//tH — 3.7

CMS-HIG-19-003
JHEP 12 (2020) 085

Phys. Briefing

An inclusive search for
highly-boosted H — bb

137 fb" (13 TeV)

> 25000 T T T | T ]
8 ~ CMS Preliminary W .
N — 450 < P, < 1200Gevy Z_ _
~ 20000— Deep double-b tagger :;:}\tﬂultijet ]
"g i Passing region ## Total background i
g B M H(0b), p =3.7 |
B Dat |
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0_ bl -I. ?=I’M¢f el o |
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o, 4
I g 2
© -
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o
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mg, (GeV)

e a small (1.90) excess is observed

+1.6

by 2.50 (0.70 exp)

CMS-BTV-16-002
JINST 13 (2018) P0O5011

In c-jet tagging
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-027
http://dx.doi.org/10.1007/s41781-020-00041-z
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-003
http://dx.doi.org/10.1007/JHEP12(2020)085
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons
https://cms-results.web.cern.ch/cms-results/public-results/publications/BTV-20-001
http://dx.doi.org/10.1088/1748-0221/13/05/P05011
https://cms-results.web.cern.ch/cms-results/public-results/publications/BTV-20-001
http://dx.doi.org/10.1088/1748-0221/17/03/P03014

Boosted Higgs Boson and Charm Decay

An inclusive search for

highly-boosted H — cc¢
PTH > 450 GeV

CMS Preliminary 138 fb~', (13 TeV)
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Validation:

+0.18

T0is (>100)

Hz _cc — 1.06

H(cc) signal strength (fixing Z(cc) to SM)

_ Q120
® iy =3 —19

® obs (exp) upper limit @95% CL.:
45 (38) x SM

CMS-PAS-HIG-21-012
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A search for VH(H — cC)

BDTs against background
resolved
- c-jet charm tagging with DeepJet
- c-jet energy regression using DNN
- kinematic fit in 2-lepton channels
merged (boosted: ptH > 300 GeV)
- mass regression using ParticleNet

o

138 fb (13 TeV
R A
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Higgs: discovery to precision

Hvz(Z—ce) = 1-01—0.21

CMS-HIG-21-008
Accepted by PRL

Phys. Briefing

138 fb™! (13 TeV)

LA B B LR B B rrrrrrrrT
—e— Observed ~ ----- Median expected

B 68% expected
----- 95% expected

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5

Observed 19.1

2L
Expected 14.3
Observed 20.4

0 5 10 15 20 25 30 35 40
95% CL limit on p
VH(H

— CT)

Validation:

023 5 70 (5.90 exp)

VH(cc) signal strength

_ 3.8
® UvH(ce) = 7.1 J_r3,5

* obs (exp) upper limit @95% CL.:
14 (7.6) x SM

e Constraint of the charm Yukawa
1.1 < |k.| <5.5 @95%CL


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-012
https://cms.cern/news/increased-confidence-higgs-boson-coupling-charm-quark

pa| CMS Experiment at the LHC, CERN
% Data recorded: 2018-Aug-05 09:43:33.747957 GMT
Run/Event/ LS: 320854 / 196048575/ 115

/(ee)H(cc) resolved candidate

[
CMS Experiment at the LHC, CERN
Data recorded: 2017-Aug-05 13:32:22.028928 GMT
Run / Event / LS: 300‘515 / 205888132 /117

W(eVv)H(cc) boosted candidate

arXiv:2202.03772

Particle Transformer for jet tagging
(ParticleNet Dynamic Graph CNN)


https://arxiv.org/pdf/2202.03772.pdf

H— py

Exclusive categories: ggH,
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Phys. Briefing Obs. (exp.) significance: 3.0 (2.5) o
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006
http://dx.doi.org/10.1007/JHEP01(2021)148
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006
http://dx.doi.org/10.1007/JHEP01(2021)148
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons

H — uu (VBF)

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jul-07 12:00:20.388864 GMT
Run / Event / LS: 276495 / 223808853 / 188

- Drell-Yan background
) considerably reduced
g i\ - by VBF topology
requirement (two
\ forward jets)
B

\ VBF H = pp candidate



H— Zy & €8y

A rare decay that proceeds mostly through

loops similar to H —yy
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| H— puruTy

Tree contribution not
negligible in the ppy
. e+e_}/ Channel

m(£7¢7) > 50 GeV

Obs. (exp.) significance:
2.7 (1.2) o

BH — Zy)/B(H — vy) = 1.5J_“8:g
consistent with the SM

expectation (0.69 £ 0.04)
at the 1.50 level
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Signal Strength Modifiers

Signal Strength Modifiers p:
ratios between the measured
Higgs boson yields and SM
expectations

observed

yet to be
observed
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Decay Channels
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Signal Strength Modifiers

Evolution of common signal strength

Higgs Discovery

e up to 10.4 fb-1 at 7-8 TeV
e 1 =0.87x0.23 (mostly stat)

Run 1 combination

* up to 24.8 b1 at 7-8 TeV
e 1 =1.00x0.13 [ £0.09 (stat)
+0.07 (exp)

Run 2 combination

* up to 138 b1 at 13 TeV
e = 1.002 £0.057 [ £0.029 (stat)
+0.033 (exp) = 0.036 (theory) ]

CMS p-value for SM
hypothesis: 5.8%

October 22

+0.08

oo (theory) ]

Y

n’'=1.13+0.09

7

W =0.97 3

WW

uWW — 0.97 +0.09

T
u*=0.85+0.10

bb

+0.22
u® = 105753

My

= 12170

2y

n =259

CMS-HIG-22-001

Nature 607 (2022) 60 -1
CMS 138 fo' (13 TeV)
/ ined +
W — Observed +15D [ 1, combined +1 SD
1 1 1 4—01& 1 1 I |+035 1 1 I 1 +0|54 1 1 I 1 +O7I1 1 1 1 I 1 !{_034|
1.08 4] __#_1 .00 530 ' o 1.43 447 - 1.19 4o : .1 38 29
: : : :
| | | |
10.14 10.48 +155 +6.59 10.73
0.93 014 E 0.32 1048 : E 0.00 E 1224755 E 0.00
| | ) |
| 1 1 1
0.90 011 | 0.73 1028 | 2417072 | 1.76 1975 | 1.44 +0.32
040 x 0.24 N Bl (v o067 e
: : : :
| 1 1 1
| 10.17 : +0.61 : 10.65 i 10.44
0.66 +0.21 L 0860 BIRECR | 18905 0350
| 1 ) |
| | | |
2.97 : +0.42 : 10.36 : 10.46
5.31 i2.54 N _'L.__ 1.26 4 _.L 0.90 ', , _0-90 0.44
: : :
f T L |
0.33 074 ' 5 1086 : 5.63 3% H 5 7263
-0.70 ! -0.73 : 3.36 . ! —2.21 >l
! 0 | 2 4 6 8 1
: ] 1 ] 1 ] l |
1.39 3.82
3.86 j1 23 Sle : 4.43 t2.89
|
] ] ] ] : | ] ] ] | ] ] || ] | ] ] | ] | ] | ] 1
O 05 1 15 2 25 0 1 2 3 0 1 2 3 4 0 1 2 3 4 0 05 115 2 25 3
ggH VBF WH ZH ttH-+tH
+0.26 +0.24 +0.18
n =087 +008 . = 0.80 £0.12 b, = 1.497028 b =1.2970% poo=1.437008
/
g q,9
4 .H
t ., Wz
86% ... ao Th L e H
t _
q A
o q,q W/Z

Higgs: discovery to precision

28


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001
https://www.nature.com/articles/s41586-022-04892-x

Kappa Framework

considering also Higgs decays to

assuming effective couplings to e invisible
ggH, Hyy and HZy e undetectable (non closure of other BFs to 1)
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both invisible and undetectable are consistent with O
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Kappa Framework

CMS 138 fb™ (13 TeV) e Compatibility with SM within 10%
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Higgs Differential, STSX, EFT

Differential distributions
Distributions unfolded for selection
efficiency and resolution effects and
compared to theoretical calculations

e ptH, yH, n(jets), n(b-jets), n(leptons), etc.

STSX (Simplified Template Cross Sections)
Fiducial x-section measurements by

production mode in various kinematic regions
* no unfolding of detector effects
* reduced theory uncertainties

EFT (Effective Field Theory)

Consistent set of perturbations of the SM
e assume no NP at LHC energies
* mostly preserves symmetries of SM

October 22
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Higgs Differential Cross Sections
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STSX

Maximising sensitivity to BSM physics while limiting model dependence
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From Z = 4% analysis, examples of
e STSX bin definition
e yields in bins and bin migration
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CMS Experiment at LHC, CERN
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ttH (H — yy)
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Effective Field Theories

35.9-137 fb' (13 TeV)

CMS ® Observed O Observed (other cj=0) CMS-PAS-HIG-19-005
—t1o Jiks (other cj=0)
HEL: Higgs Effective Lagrangian (*) Preliminary — +z 20 (other ¢ = 0)
,OSM=89°/0 .
B HEL Parameters Definition
_ 2 c,, X 107 —— )
E}«L—£SM+§:0]‘fj/A . e % 10° ca="Tnls
] j
(¢, ~Ce) X 10° ——lll——— ce x 10° oo = %%v_f/_\%
e flavour-independent dim-6 operators O, i
1 T~ 2 Cdx 10 H Cy X 10 Cy = —02%
e Wilson coefﬂuentsﬁ//\ (hon-zero = NP) B
e A\ = scale of physics beyond the SM (BSM) ¢, x 10 — o ca % 10 cq = —v*44
c, x 10* — ce x 10 cp = —0* 4%
Constraints obtained using u f 2
. . . . 5 Cwaloz CHW:%Z_VKJiFi‘z/_\l
parametrisation of the EFT variations Co X 10 ———— g A
in bins of the STXS, including B (cww = c5) X 107 cpypy = S o — 205 Jy
. Cu X 10 ——— +
e all Higgs decay channels
1 1 1 1 l 1 | | 1 l | 1 1 | l 1 1 1 1 l | 1 1 1 l 1 1 1 1
* specific analyses targeting nth 20 -15 10 5 0 5 10

Parameter value

Simultaneous maximum likelihood fit with 7 HEL parameters:
CGI CAI CUI Cdl CII CHWI C\/VW— CB
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005

CP Properties of Coupling to Vector Bosons

Run-17-8 TeV, 5-19.7 fb-
Study of CP structure of HVV ul y

® H — ZZ* — 42 o CMS \s=7TeV,L=51f" \s=8TeV,L=19.7 ft" _ CMS 1s=7TeV,L=51f5"1s=8TeV, L=19.7 &5’
"GC'J' éj e CEAS data --- MediaPn expected : : : :
* VBF K oot mry me '
S — CMS data o i O+:3 JP—30 ]
. . : S 0.08f or ;'0; .+G; y
Spin-parity 0+ of the Higgs boson g "
: : 3 . 20
established with Run-1 data g 006
0.04} o . ..ﬁ i . . i
CMS-HIG-13-002 i -20
PRD 89 (2014) 092007 0ol S R
i . S R S
%% ""20 -10 0 10 20 30 . o ' T ' P T 2 : 2 : 2;1 | > 2 2
2% In(Ly /L) any any q@—X any qg—X any gg—X q@—X any gg—X gg—X gg—X
| CMS 137 fb' (13 TeV)
= VV VV VV 2' e L L DAL DL DL B
aVV | k + k q2 | k3 (Q1 + QQ) m2 ok o —— Observed, fix others
2|
l | (A}/V) I (Agv)z VEVIEV2 10 % -~ Expected, fix others
) - — Observed, float others
— -~ Expected, float others
(1) gx(2)uv VV ex(1) £x(2)pv
+ a’2 [TRY f + a3 [TRY f _Cl
" J U £
anomalous CP-even anomalous CP-even 3 |
CMS-HIG-19-009 |
. PRD 104 (2021) 052004 . . 3
Production and Higgs coupling to vector boson
decay angles : :
i 1 -
sensitive to CP Run 2' 13 TeV, 137 1o consistent Wlth pure CP even 91 08-06-04-02 -002 0 002 02040608 1
fa3
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-002
http://dx.doi.org/10.1103/PhysRevD.89.092007
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009
http://dx.doi.org/10.1103/PhysRevD.104.052004

CP Properties of top Yukawa
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CMS-HIG-19-013
PRL 125 (2020) 061801

ttH (H — yy) (6.60)

* categories optimised for best CP
sensitivity

¢ 3 bins in Dg. score (BDT trained with
CP-odd and CP-even samples (JHU)

H“ = 0.00 £ 0.33 @68 % CL

o pure CP-odd hypothesis
excluded at 3.20 (2.50 exp.)
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CP structure of the Htt amplitude:
_ m L
o (Htt) = — Tt WK, + iRys5)w

- | & | . 3
f CI_[I)tt — ) - 12 Slgn(Kth)
| ke |” + | &

combining H - 47 and H — yy
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N
8 |
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CMS-HIG-19-009
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009
http://dx.doi.org/10.1103/PhysRevD.104.052004
https://cms.cern/news/scrutinizing-production-and-decay-kinematics-higgs-boson-using-its-golden-decay-channel
https://cms-results.web.cern.ch/cms-results/public-results/publications/CMS-HIG-19-013
http://dx.doi.org/10.1103/PhysRevLett.125.061801

CP Properties of the H = tt Decay

¢cp : a variable sensitive to the

polarisation of the T leptons

* angle between the T decay planes
in the H rest frame

¢ 0°in the CP-even case (SM)
vs £90° in the CP-odd case

* measured using either the 1-prong
momentum and impact parameter
vector, the m9%(—Yyy) momentum or
POo(—m*t-) momentum (3-prong)

CMS ptp 137 fb ! (13 TeV)
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» QMSE’Xperi\ment at the LHC, CERN
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1 / [

Full Run-2, 137 fb-1

§ Observed

| M BestfitH — 77

TT bkg.
Jet = 1,
Others
Bkg. unc.
—— PSH — 17
— BestfitH — 17

® aclear H—TT
signal despite
the huge Z—TT
background
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CMS Experiment at the LHC, CERN
2 Data recorded: 2018-Jul-17 03:21:01.157638 GMN’
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¢CP — 40 + 170

e CP-even

preferred to
CP-odd at the

~30 level!
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Direct Searches for Invisible Higgs

Higgs as a portal to new physics? H — yr CMS-PAS-HIG-21-007

491" (7 TeV), 19.7 b (8 TeV), 140 fb™ (13 TeV

~—

From global fit: B(H — invisible) =7 5% T | | | | -
\(% 09:_ CMS Preliminary 95% CL upper limits
. . M in k r N E . E —— Observed E
Considered topologies ain backgrounds 8080 -o Vedn oxpectd E
. ® 7 o u % expecte -
* monojet (ISR gluon) L = VU " orE -Zij o E
. Py . . 1" " = - ° - | .
e VH hadronic, resolved or not W + jets with “lost” lepton % " oz 02 04005
. Py M u 7
e ZH leptonic QCD multijet T o5t .=
e \/BF 0.4F-
- 0.21 (0.18)
° ttH 0.3F
CMS-EXO-20-004 -
o . l1§7fb‘]1, 2016-2018 (13 TeV) JHEP 11 (2021) 153 0.2 -
L | 95% CI_I upper limits | I(;MS 1 . § .
3 | wm 95%expected * Monojet et Mono-V: 0.1 _:
\‘30.8— - 68%'expected | ] o - | | | | -
S| e Median expected — AB(H — invisible) < 28 (25) % @95 % CL - = = = >
f 06 . . 3 > >
I | CMS-HIG-20-003 : : . .
< | _ S5 A (R e Combination of direct limits
N _ VBE: ABH — invisible) < 15(8) % @95 % CL
l . AB(H — invisible) < 18 (10) % @95 % CL
0.05— Clomlbineld — II\/Ior;o-\) — I'Vlor;ojelt
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http://dx.doi.org/10.1103/PhysRevD.105.092007
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Constraints on Dark Matter

Collider Search
49" (7 TeV), 19.7 fb' (8 TeV), 140 fb ' (13 TeV)

4.9 (7 TeV), 19.7 b (8 TeV), 140 fb™ (13 TeV)

¥u_ 1.3 _0.3 c% < c\ll_l 10_34 | | | L I| | | I L II | | | | | L
o - bM M5 _E CMS Preliminary 90% CL Limits
ﬁ Direct | g 10 B(H — inv) < 0.14
1.2]= —0.25 %’ detection § 10°° .. Higgs portal models
| S 5§ "~..0'. = Fermion DM
; DM SM 0 10-40 'o,n.,..... —== Scalar DM
= > e, ‘e, - \/ector EFT DM
1.1 0.2 ¥ .
m Indirect detection 1074 "’u.}, Vector DM, ;00 66
X "‘:’- Y Vector DML,TJ,:/:?)"&V
o) a4 2 UV-comp
10 ‘ Vector DM, _1 Gev
1 0.15 g .’0..'
E 10—46 Oov.‘." ‘.ll"‘lllllll gunust sunnt®
o) _ag " Direct Detection
0.9 0.1 2 10 += CRESST-III
j - =+ DarkSide-50
G 107 g ssax PandaX-4T
08 005 O\o 10—52 ] Lol 1 Lol " LIUX-ZIEPILII\II L1111
B & 1 10 10° 10°
067 '0!8' B 09 1 1.1 1.2 13 O - : .
. Interpretations in the framework of Higgs portal models
V
. . of Dark Matter
Observed limit as a function of kg and ky c | I e
: : : _ omplementary at low mass with limits
in the “global-fit 95%CL ellipse”, the limit E | yd . .
rom airect detection experiments
ranges between 14% and 17% X
See presentations by Thomas Biekoetter
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Search for Lepton Violating Decays

CMS-HIG-20-009
PRD 104 (2021) 032013
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BH - er) <022%

CMS 137 b (13 TeV) CMS 137 b (13 TeV)
IIlIilllllllllllllllllll'llll IllliII]IIIIIIIIIIIIIIIII]III %(Héﬂfr)<0.15%
Mt s 0 Jets l et,,, 0 Jets l
0.37(0.33)% | H — ut BDT fit N 0.44 (0.39)% B H — et BDT fit |
pe , 1 Jet e Observed et,, 1 Jet e Observed
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0.58 (0.83)% X 0.42 (0.86)% d 1073 o | ;
ut et E - lo 3 I" :
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1 1 2 3 4 5 1 1 2 3 4 5 - s 15
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- ', [ :
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' i L@ E A
- e W 2%
! M 1 1 M _5 | I | IO\O:I 11 IO\IIi | El L lc:ll:l
Lepton flavour violating Yukawa couplings constrained typically to below 10-3 107 s - - 1
oo - : 10 10 10° 10 10
Limits are competitive with other searches, such as T = 3y and T = py Y |
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009
http://dx.doi.org/10.1103/PhysRevD.104.032013

Search for Additional Higgs Bosons

Most of the extensions of the Higgs sector compatible with data predicts the

existence of multiple scalars mixing together
® deviations on H(125) couplings, BSM decays
e additional scalars

CMS-HIG-21-001
Submitted to JHEP

138 b (13 TeV)

—e— (Observed

-------- Expected _

- 68% expected ]
95% expected E

Searches for physics beyond the SM (BSM) in TT
final states

classified in number of b jets

g9

- CMS 138 fb (13 TeV)
_ LA . 1 - ™3
'@ —e— Observed
’5 102 | e Expected ~
T - 68% expected
_e_
E’ 10 95% expected =
A%; -
_Q -
8 1 E =
© 5 :
c bb®
g 10—1 -
£
1 107%¢
@)
o\o 3
m — —
0 10 :
- Low-mass High-mass
_4 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1
10 70 100 200 300 1000 2000
. m, (GeV)
b b ,7 \
< P gb
, /

* model-independent limits at low and high mass
e model-dependent limits for MSSM benchmarks:
additional scalars excluded below 350 GeV
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two 30 (local) excesses

for gg® around

100 GeV and 1.2 TeV

Higgs: discovery to precision

95% CL limit on 6(ggo)B(d—trt) (pb)
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1 CMS Supplementary 138 o' (13 TeV)
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Searches for X & YH

CMS-PAS-HIG-21-011

Search for X - YH,Y — bb,H — yy b
9
topologies encountered in extensions of MSSM v  HNY b
e NMSSM: extended with complex singlets v
e TRSML: extended with two real singlet fields H ™
9
Y
_ CMS Preliminary 138 fb'' (13 TeV)
% 014 -_>Imx - 300 GeV (xmm)l ;I)p—>X—>HY—>w'b5 (Spin-0) |
,\1013 . m =350GeV (x10") . Expected limit + 2 std. deviation e T
1Q — x imit + 1 std.deviation ot
S10 - - ncoo) T Ot Largest deviation: Search for X — YH, Y — bb,H — bb
m, = 450 GeV (x10") —e—— Qbserved 95% r limit . o (o
TOTE o000 local significance of 3.8a for
— ™ - 5550 (1 CMS-B2G-21-003
T 10° my = 600 GeV (x10%) (mx’ mY) — (650, 90) Gev Accepted by PLB

my = 650 GeV (x10")
my = 700 GeV (x10°)

"

my = 750 GeV (x10°%)

S * in the boosted regime: my in 0.9-4 TeV
e ) e both Y and H are boosted

— X
33

10 ‘ ’_’mx =900 GeV (x10%)
Q. 950 GeV (x10' . .
g e e ParticleNet GNN technique used
10_2 | 1 I | | | | | | | | | | 1 | | | | | ° °
200 400 600 800 1000 Largest deviation:
m, [GeV]

local significance of 3.10 for

= (1600, 90) GeV
See presentations by Lata Panwar and Stéphanie Beauceron (my, my) = ) Ge
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Higgs Potential and Self-Coupling

Higgs field potential: V(@) = —u?| \2+/1 | \4

SM T>T: NP T>T,
4 )
V
() T V(o
— T<T,
. I'=0
. ®
2d order Ist order \?
 Baryon Asymmetry of the Universe (BAU) V(h) = lmPZI h? + AV h3 + — h4
baryogenesis requires 1st order phase transition 2 4
to sustain out of equilibrium condition during EWSB Setl;f'clg:j‘;?irng quartic
* my > 80 GeV — 2d order ,
EWK BAU implies a moditication of the Higgs potential inthesM Arg = 4 = My
’ 2v2

New Physics must modify the potential and the self-coupling

First order EW transition implies large deviation from the SM prediction (kx = 1)
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Double Higgs Production

The direct measurement of the tri-linear
self-coupling A is a key goal at future

. The my spectrum depends on Kj
colliders

e softer at large values of | Ki |
e reduced selection efficiency
® harder close to maximum

interference (double structure)
 clear signatures (possible boosted)

At the LHC/HL-LHC, the most sensitive
process is double Higgs production

8 760660660y » 9 H 8 7666660601 }\ o
ggF p! Y U S
g
8 G6000000%—~<—@-—————-- il > .. ..
) - . i In a non-trivial way, limits
t t A

on double-Higgs ggF and
VBF production cross-
sections are a way to put

VBE constraints on Kx and Koy

kv ko

inspired from M. Rieger, HH 2022
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| S D I |

negative
interference

(max @ ky=2.45) |

102

Signal enhancement oVBF / o¥BF
o
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Double Higgs Production

Search for non-resonant double Higgs production

Y
-1
ZZ N Decay % _E 0 ICIMIS | | 1 | | 1 | I 1 I I-| 3I8 flb 1 (|1 |3 |TeV)
cc ) K =K =1 —e— Observed ~ ==--- Median expected .
L 1 Ky =Ky =1 B 65% expected also constraints on A through
M | [ 95% expected single Higgs production
107 B T
WW — 4.97 3.80 2.78 - -20- i
D e 40 RIS CMS 138 b (13 TeV)
bb32.38 25.38 9.70 7.10 3.27 3.14 Observed: 32 S L
| | | | | | 102 All other ¥ = 1 ¢ Best fit
bb WW 99 1t cc Z7Z Y — — W1 s
Multilepton CMS-HIG-21-002 : O]+ 2 SDs
Expected: 19 Submitted to JHEP ; iy
. . Observed: 21 . '
Most sensitive — — PP = i -
ob vy CMS-HIG-19-018 5
channels Expected: 5.5 JHEP 03 (2021) 257
° Obbb Observed: 8.4 B . o H
bb "C"C CMS-HIG-20-01O Indirect interpretation :
o VI = .
ObTT Expected: 5.2 Submitted to PLB e NS [ R -
° ObYY Observed: 3.3 §
[ ] A
* multi-leptons bb bb CMS-HIG-20-005 CMS-B2G-22-003
oxpected: 0 PRL 129 (2022) 081802  Accepted by PRL
(4W, WWTT, TTTT) e
e bbZ7(4% Combined CMS-HIG-22-001 " .
(4¢) Expectod: 25 Nature 607 (2022) 60 Most sensitive so far:
vea: o. o
- o S bbbb boosted analysis

1 10 100

95% CL limit on (pp — HH) / & Obs (exp) : 9.9 (5.1) x SM

Theory
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-004
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001
https://www.nature.com/articles/s41586-022-04892-x
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018
http://dx.doi.org/10.1007/JHEP03(2021)257
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005
http://dx.doi.org/10.1103/PhysRevLett.129.081802
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003

Combined Constraints on kx and Kzv

95% CL limit on o(pp — HH (incl.)) / fb

CMS
T T T

L K =Ky, =K, =1

1 I 1 Ll 1 l 1 1 T I |l T T I
—— Observed  ----- Median expected -
~— Theory prediction [E¥88 68% expected

138 b (13 TeV)
T I I I 1 1l T I 1

----- 95% expected
N N
10° E § §
\ \
10° \ -
N\ N\ _
Excluded \Q § Excluded
\ N\
10‘_111111111|>"::i\‘~,1|| P | 1|1$11 | E
-6 -4 -2 0 2 4 6 8 10
Ky
CMS 138 fb™ (13 TeV)
o 10°F™ T 1 T | e
=~ - K=K =K, =1 — Observed ~ -=--- Median expected -
:J ~— Theory prediction [E¥¥ 68% expected
é ----- 95% expected
I
I
1
o 10°F =
L ]
o)
c
K o
2V = Excluded Excluded
1
@)
X 10
o) C
o N
1 | Ll § T NN | .
-2 -1 0 1 2 3 4
Kov
October 22

CMS 138 fb' (13 TeV)

> 2.0—| T T ] T 11 — 71 r ] 1 1 1
gN I Ke=HRv = + Observed — 68% CL
Z ¢ SM Higgs ---95% CL

15 i

1.0_ |\‘ o o \‘ B

o5k 0 T ’ -

O-O_| | | N | | | L H

4 2 0 2 4 6 8 10

Ky

e Kx € [—1.24, 6.49] and kyy € [0.67, 1.38] @ 95% CL

* Koy = 0 excluded with a significance of 6.60,
establishing the existence of the quartic coupling VVHH
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Towards High-Luminosity LHC

LHC HL-LHC

EYETS LS2 13.6 TeV AL 13.6 - 14 TeV

13 TeV

energy
Diodes Consolidation

8 TeV splice consolidation cryolimit LIU Installation . . HL-LHC PE—
7 TeV e button collimators interaction . inner triplet . . T . )
R2E proiect regions Civil Eng. P1-P5 pilot beam radiation limit installation 5 H | LU M
prolec ﬂ /— ﬁ ) LARGE HADRON COL}IDER
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 mmm""“
5 to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS |/
beam pipes . . , . HL upgrade
nominal Lumi 2 x nominal L“”ljl ALICE - LHCb 2 x nominal Lumi

75% nominal Lumi | /"' upgrade I
/m 190 fb! G 450 fo integrated [ELLURL
luminosity JOIE{ %

Non-official HL-LHC schedule

- e s — 1 3500
.NSW L§3 StCthl:jleb 1 S | nominel | —L__ : 3000 o  Possible scenario (CERN DG, Jan. 2022)
phtporinaisii ol B IR == 2500 = eRund (2029-2032) = 740 fb-1 (PU140)
’ = .18 . 2000 = eRun5 (2035-2038) = 1300 fb-1 (PU200)
270 tb=1(PU50) Z ; 1500 5 o
* |S3 extended to 3 years = o 3
3 2 ALICE3 >
_:c 2?2?—50284 2029 E‘? S EEE T el - Expect 2500 fb-"1 by the end of 2038
e start of Run-4: 0 0 .
2028 2030 2032 2034 2036 2038 2040 2042 3250 tb~1 by the end of 2042
Year
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CMS Phase-Il Upgrades

Phase-ll '[echnica

Barrel Calorimeters
e crystal granularity readout at 40 MHz

B

T ———l

Tracker * precise timing for e/y > 30 GeV
e all silicon (strips and pixels) e ECAL operation at Iqw temperature (10°)
* higher granularity (>2B channels) * upgraded laser monitoring system

® |ess material
® coverage extended to |n| =4 =

The Ph X dcof th The Phase-2 Upgrade of the
he ase-2 grade of the | N CMS Tracker F

~AAC . . f - :
CMS Barrel Eglorlmeters . v Technical Design Report ¢ The Phase-2 Upgrade of the
Technical Design Report X x N ’

TECHNICAL DESIGN REPORT

A MIP Timing Detector (MTD)

e precision timing on single charged tracks 1T IB‘?"elt S
(30 to 40 ps resolution) 1 -SOTIMERETS ot
Endcap Calorimeter (HGCAL) e Barrel (BTL): LYSO crystals + SiPMs
® silicon pixels (EM) and ® Endcaps (ETL): Low Gain Avalanche Diodes
scintillators + SiPMs (HAD) /Lw

/ N A
The Phase-2 Upgrade of th QA e 2
CMScEnﬁccapp&r;li):'imceter ) o e A iRl r T e e

for the CMS Phase-2 Upgrade v ! CMS Level-1 Trigger

Technical Design Report Technical Design Report Technical Design Report

o . =

L1-Triager

* 3D shower reconstruction with %
precise timing [\ O

Muon Detectors

e DTs & CSCs: new FE/BE
readout electronics

e RPCs: new electronics

e new GEM/IRPC chambers

e extended muon coverage
to [n| =3

L1-Trigger

e track trigger at L1 (40 MHz)

® [atency up to 12.5 ps

® triggers on displaced muons
and long-lived particles

< ’ < & Beam Radiation Instrumentation and
I )
W [ AW/ | Pee= Luminosity (BRIL)
DAQ/HLT 7 ®* BECM/PLT refit
m e HLT output at 7.5 kHz I * new T2 tracker

s, N /4
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https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2272264

HL-LHC: A Huge Step in Sensitivity

Al AR i C9) CMS-HIG-22-001
e starting 2029 Nature 607 (2022) 60
o /s=14TeV

e <u> = 140-200 CMS — . —
2.0F —YY —> g
¢ £ upto7.5 1034 E + —:
> L > 2500 fb_1 1 Og_ _____________ + _________ , _____ :1.00__I___________________* _________ + 1oo|_:
3 E : - -
0.5 :_ -0.95 o L 0.95 _:
so far < 10% of the total _, 0.0F E
CMS Phase-2 Projection Preliminary 3000 fb™" (14 TeV) O 5 :_ _:
expected dataset E I L i 1 . . - . - :
- >LL, LY [ T T T T T T ]
N b B 24X 2.0F H— Z/ H— 11 =
CMS Run-2 B AN = - L n :
/si= 1;r1]'ev 43 000~ 1.5F _ N " E
L =137 fb- O o0k | CMS HL-LHC =IO O + ......... SN PV [ N R 00—~ Bl - 43
& E Is =14 TeV 5 O + e I + ¢ |7 I :
CMS Preliminary 2016 + 2017 + 2018 137.1 o (13 TeV) 2000:_ L =3 ab 0.5 :_ 095 -0.95 _:
%240? T AAARRARAE R~ 1500:_ E E
(5 2201 ¢ Data = : 0.0F - .
& . ) IIH(125) : = a B - ]
= 200} l Qe-z2.2r - 1000~ = E
g 180; =ggx - ] 500:— I i e ™ - _05 - ] ] I ] I ] -
T 1605 - é - T . | | T I I T
140 : - % s 90 100 110 120 130 140 150 160 170 2.0 - H—> WW H— [SH VY E
= & 1 i (GeV
"3 : 3 . | 1] ERE SERERRREEY CRRRRRAEE 0'°°I --------------------------------- -
swF o f 0.5F -0.95 =
203'_.2 d y taw SRR e e :
0™ 80 100 120 140 (1C6§0V) With HL-LHC (3000 fb_1) O'OE .
My (€ —05F =
. ml}_’ly = 125.38 = 0.07 (tot) [£0.02 (stat)] GeV T S T eV I
: ISe C Is - e C Is
ATLAS/CMS White Paper for Snowmass ° mIL-LIf = 125.38 £ 0.03 (tot) [£0.02 (stat)] GeV very Run ;  Pape thie very Run ;  Pape thic

e I/ <0.18GeV @95 % CL
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001
https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2805993

HL-LHC: Couplings Modifiers
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CMS-HIG-22-001
Nature 607 (2022) 60

At the HL-LHC,
high precision tests
of the SM

precision below 5%
for all considered
couplings

Potential for more

sophisticated tests of
the SM (e.g., EFT)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001
https://www.nature.com/articles/s41586-022-04892-x

HL-LHC: Higgs Self Coupling

CMS Phase-2 simulation Preliminary 3000 fo' (14 TeV)

§ & HH - BbWW, e + eu channels
210 Signal (x2000) I tt E
w —x, =10 I Drell-Yan -
105 — K= 4 - ttH i

CMS

bbzZZ*(42)
very rare but
clean final state

3000 fb' (14 TeV)

CMS Phase-2 Simulation Preliminary 3000 fo' (14 TeV)
> lll\]lllllllllllll Illlll]lll]]ll IlllYlllll]lllg
8 0.3 -
© oz
o B I WH
2 - [ VBF(H) ]
§ 0250 v, EEZH E
@ L I 9o(H) ]

r CJtH b

0.2 = HH — bbZz(4l) |
0.15— l —
0.1 |
0.05f . —

920 121 122 123 124 125 126 127 128 129 130

-0.2 0 0.2 0.4 0.6 0.8

BDT output

102 bb bb bb tt — bbb -
= _ bbbb bBWW*(2vev)
. exploit resolved and main bkg: £t
> — - bOOSted b-jets 0 0102 03 04 05 06 0.7 08 09 1 .
g 10 NN output
= = = . CMS Phase-2 3000 fb™! (14 TeV)
El_ i ! : § 10 St P CMS Phase-2
— — — c 108 [ Single Higgs m— 4
% - - 2 g L e g 10 Simulation Preliminary
1k 10 — . :
CTL g - bt S T "\ 95% CL upper limits - Median expected
a L i i i i . 1°6 T -\~ bbbb - bbtr
S 12k bbyy Combined T} \bbwiviv)  — bbyy
2 > bbZZ*(4l)
E - °
O 10
>
[}
(0))

I llllllfl
1 lllllIlI

bbtt

\heoretical prediction

®
“'.“o : 1
’Ou'
]

| I I I | I | : | | | 1 | | | | 1 | |

-o- Combination

®000e 00000000« .‘ :r_;.;.‘.

..........

Assumes no HH signal

for most

channels, ttH
is the main
background

-2 0 2 4

1 - irreducible bkg: Z(tt)bb
S . . [— _ owsehese2 s000 (1472
Ea,/ hi HL —o— Observed E 50:_ Simulation Preliminary + Pseudo-data .
V L Spa ~L/~/ : o [ PpoHHoybB e Nonresonant backgr. ]
C,quneper C |---- Median exp. 2 400 1p, 350 <M, <480 GV Ful backgr
o 2
- ggojo exp. w sob- —— Sig. + Full backgr.
o eXp. i
- -4
CMS-HIG-22-001
Nature 607 (2022) 60 : : bbyy
T R I R e T 140[G \1/—;15 peaking t?H and
my,, (€ '
non-resonant bbyy
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001
https://www.nature.com/articles/s41586-022-04892-x

HL-LHC: Higgs Self-Coupling

ATLAS and CMS 3000 fb™' (14 TeV) ATLAS and CMS HL-LHC prospects
~ 12 '
- —~ L ' . . .
\E’ HL-LHC prospects :CI/ i '-I SM HH SlgnlfICanCG.' 40 ',' 90k HH pairs produced
N —— ATLAS J1ok it | 0.1<Kk1<2.3[95% CL] :
! —— CMS Yo vl 05<Ki<1.5[68% CL -'
=== Combination -
99.4% CL 8
combined
6 combined significance: 40
K Ilm r 1
95% CL 4 >‘ easu.e.d
= with a precision
bbWW1t(evev)
of of £50%
68% CL
0)
‘2 14 0 1 2 3 4 5 6 7 8
K, K2
HL/HE-LHC WG2
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https://arxiv.org/abs/1902.00134

Conclusion

After the discovery in 2012 with Run-1 data ATLAS(*) and CMS have firmly established that the
discovered state was consistent with being the Higgs boson, a scalar particle (spin-parity 0+) with
couplings to the gauge bosons W and Z at the level required to restore unitarity at the TeV scale.
The mass of the Higgs boson was already measured precisely with Run-1 data (< 2%.). The coupling
to the top quark was inferred from the gluon fusion production mode and the decay to two

photons. Strong evidence for the decay to tau leptons confirmed the non-universal coupling of the
Higgs boson to quarks and leptons.
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See presentation by Giovanni Marchiori
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Conclusion

With Run-2 data CMS has entered precision Higgs physics: Run-2
o | x5.6

e o(H) x 2.3
* better detector
e improved analysis techniques

* observation of VBF and VH production and of decay to bottom quarks (2018)
* observation of ttH production by combining many channels (2017)

and with H — yy alone (2018)
e Higgs couplings with precision 10% or better for W, Z, t and T, 20% for b and p
e evidence for H = pgp and first hint of H = Zy;

huge improvement in the search for H = cc Very exciting Higgs physics
e evidence for off-peak production and constraints on the total width; programme with Run-3 and
constraints on the invisible width HL-LHC data to comel

® spin-parity probed via angular correlation in di-boson decays, VBF, ttH and H = 1T
e differential cross-sections, simplified template cross-sections,
effective field theory interpretations
e searches for new scalars in extensions of the SM,
from the very low to the very high mass
e searches of heavy resonances decaying to Higgs bosons
(resolved and boosted topologies)
e search for double-Higgs production;
first meaningful constraints on Higgs self-coupling
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CMS at the Large Hadron Collider

CMS

Compact
Muon
Solenoid

100 m underground
at LHC Point-5 (PS)

T S —— ——————

T —— Sy —
-
—

close to the village
of Cessy

at the foot of the
Jura mountains
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Particle Flow

Om

. . Key:
A global description of the Y e
. . Electron
event, using optlmal Hadron (e.g. Pion)
----- Photon
combination from all sub ®
47
detectors

@

o
oy
Q~~. /

Reduces the impact of energy
resolution in HCAL Sikcon
* in multijet events, only 10%
of energy goes to stable
Hadron Superconducting
neutral hadrons Calorimeter Solenoid

Transverse slice
through CMS

. Electromagnetic
};’ ]' Calorimeter
’

Iron return yoke interspersed
with Muon chambers

Detection and measurement of “particules”

produced at the interaction point * light-flavour jets (u, d, s quarks or gluon) for each object

* heavy-flavour jets (c or b quarks) specific energy and

o n?uons i » tau-lepton jets position caI:[I).rc;tlons
® o (X ) o °
ehECtm;; 4 P otorllsh 4 e “fat” jets with sous-structures (W/Z, H, t...) are applie
[ | . . .
charged hadrons neutral hadrons * missing transverse momentum (neutrino, DM...)
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The Kappa Framework

Parameterisation based on multiplicative coupling modifiers, used to

characterise Higgs boson couplings

. ) : : . Way to identify potential
treei {evel coupln?gs to partlcles. Kw, Kz, Kt, Kb, Kc, K, Ky deviations in Higgs couplings

 additional effective couplings: Kg, Ky, Kzy to bosons and fermions

Link to signal strength measurements:

2 2 2 __ SM
. % B K< X K K —O"/O'-
Uit = i / S = k 5 I where ; Z ZSM,and k= Dy /TN

assumes narrow width
approximation

Generalisation to incorporate a BSM (invisible) width and untagged decays:

2 SM
ke X 1
'y = =8 H , where /4:%1 — Z B?Mli?c
1 — (Bmv + Bunt)
f Untagged decays:
rare SM (or BSM) decays
that are not directly probed
Ratio of coupling modifiers, immune from dependance in ' by searches

A\ij = Ki/K;,comparedto  Kgz = Kgkz/KH
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Resolved and Effective Kappas

Effective
Loops Interference scaling factor Resolved scaling factor
Production
o(ggH) v g-t Ky 1.04x7 + 0.002x2 — 0.038K Ky,
O o (VBF) — — 0.73k3, + 0.27x%
3 o(WH) — — K2,
S 0(qq/q8 — ZH) - - K
o r(gg — ZH) v Z-t 2.46K2 + 0.47x} — 1.94x 7K,
‘g o(ttH) — — K2
S o(gb — WtH) — W-t 291k} + 2.31x3, — 4.22Kkw
=4 o(gb — tHq) — W-t 2.63k7 + 3.58K3, — 5.21Kkkw
o(bbH) — — Kg
Partial decay width
w I"ZZ _ _ KZ
& WW 5
s T - - w
© rm v W-t x> 1.595, + 0.07x7 — 0.67Kky Ky
@ e _ _ K2
= bb >
© r - - K‘i
S e — — Ku
Total width for BBSM =0
0.58x7 +0.22x5, + 0.08x3+
§F v — Ky + 0.06x2 + 0.026x2 + 0.029x2+
+0.0023x3 + 0.0015x7, +
+0.00025x7 + 0.00022x;
EPJC 79 (2019) 421
K Coupling Modifiers, LHC Physics (2017) CERN YR4
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/

Global SMEFT Fit

see P. Hernandes & J. deBlas @ EPPSU Granada
Effective Field Theories (EFT) are tools to probe indirectly New Physics (NP)

SMEFT :

X i ~(5) e (6) 0(6)
ottom-up approac _ D
P abp LsMerFT = L8M - + E |
. I}eyond the K-framework 1 operator 2499 operators
global fit include also the di-boson and EWK AL =2 (59 B-, L-, F-Conserving)

precision observables

A = cut-off of the EFT

effect of a Z' in the dilepton spectrum . . . .
N — ¥ Non-renormalisable terms imply violation of

> E T | 3
O ~ — Dilepton Bkg ] . . . .
O o8 e unitarity at high energies 9
N E Z\ - (3 TeV) g (6) 2
s : ox (c;’/A") s
E 10tk - (
O - g -
o F . i
10° & u/’.’, =
f s | ¥ NP must manifest itself before unitarity is
10° \ 5 .
: | violated
10 = max <
E E1e < A/
1 =1 1 1 | | I | | | | I Y | | I | | B [ | | | | |
500 10IOO 15100 20|OO 25100 30100 35100 4000 4500
Dielectron Invariant Mass [GeV] ¢i®) can modify gauge, Higgs, and top couplings
NO resonance seen
but deviations wrt SM
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Anomalous hVV Couplings

¥ SM hVV Lagrangian:

h
LgthV = [Zm%VWjWJ + mQZZMZlJ

¥ dim-6 SMEFT hVV Lagrangian:
h
hV'V 2 — 2
ALEYY = = [Be mb Wi Wy +@em} 2,2,

2
@%W:’/WJ/ +@92 (Wu—aywlj; + h.c.)

evVg®+4°

05 ra va e’
GWGW +Cy Aur A HC

2 /2
g
Z;LVA/_LI/ T(Cz2 A Zp,VZuV

HC09° 2,0y Zyuw —I—@Q’Z“B,,AW]

m 7 independent parameters

¥ Parameters are related by gauge invariance:

(5Cw — 5Cz NP contributions to mw: only source of custodial symmetry breaking

Cow = Crr + 2 sin? 6’wcz7 + sin? Hwaw
1 _

Cwd = 5 79 g2czl:] + g’ 2sz — €

g —g - -

1

-9

2

CyO 2

g
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sin? @, — (g° — ¢’ %) sin® chzv]

7D _292Cz[:] T (92 + g' 2)sz — 6207»7 — (92 — g’ 2)0;,;7]

A. Falkowski arxiv:1505.00046

de Blas et al, arxiv:1907.04311
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Anomalous TGC

¥ SM TGC Lagrangian: ig cos Oy 7

LIGC = igcos b, :(WM—I/W‘FM _ W;VW—M)ZV n ZWWﬂLW—’/'

] - W
T z'g Sin Hw _(WM_VWJFM - W:VW_M)AV ™ FWWJFMW_V— iqsin€>‘ww~v’7

¥ dim-6 SMEFT TGC Lagrangian: W

ALYTEC = 160 k) AW FW, + ig cos By, (W:;/W_“ - W, W) Z"+

9,2 +117— Z@ . + — TV —
+(0g17 7 5/{7)Z’“’WM W | 4 m%v (SlllwaN "W pA‘;,"+C086’qu W "’Zg)

¥ 2 aTGC parameters can be expressed in terms of anomalous hVV parameters:

1
o91: = 5ra g7 €9 %+ cn(g? — 9 2)g * — cia(g® + 9 )g * — el + ' *)g]
sz_ﬁ . o2 B g2 — g2 C
Y 9 792+912 2'792+g/2 zz

w 1 independent parameter

A. Falkowski arxiv:1505.00046 de Blas et al, arxiv:1907.04311

October 22 Hlggs: discovery to precision


https://arxiv.org/abs/1907.04311
https://arxiv.org/pdf/1505.00046.pdf

Anomalous hff and (h)Vff Couplings

¥ dim-6 SMEFT hff Lagrangian:

h )
AL === 3" (Sys)ij (my)jififj +hec.

U
feu,d,e

e CP-violating phases are set to zero and off-diagonal terms are not considered
m keep 5 independent hff parameters

OVt (=(dvu)33), OVc (=(dvu)22), Oyb (=(dvad)33), Oyr (=(dve)3s), OVu (=(dVe)22)

¥ dim-6 SMEFT (h)Vff Lagrangian:
Aﬁé WVIT_ % (1 — 25> W (@Q%)@VL'VW%+(593V.L)iDUL'7Mdi @g%R)auRv“dﬁ—l—h.c.)

— h
+\/gz+g’2<1+25>zy, <92L9m fL+Z(COZRafR’Y fR

f=udey f=u.d,e

with 59€V = 0971, — 59%,1,  assume flavour-diagonal couplings

09wy 1, = 097 LVekM — VCKM@%,L » impose U(2) for the first 2 families

w keep 15 independent parameters: 6 (Z€2) + 3 (Wev) + 2 (Zul) + 4 (Zdd)
October 22 Hlggs: discovery to precision




Equivalence Theorem: Vff & hVff

In the SM, the Higgs boson

field h is one of

4 ddl as part of an SU(Z)L doublet F. Riva, HL/HE-LHC symposium, 2019

W=
¢ B h::
-~ \(v+h)+ih"
H L
Vv
\V
Vv

October 22

Ch. Grojean, ECFA/EPS, 2019

At some level of precision (not yet reached at the LHC)
electroweak and diboson processes will interfere with Higgs

measurements
V connection between
vector boson scattering
H____ and Higgs couplings to
bosons
one of the purposes
V of SMEFT is to exploit
7 fully the connections
connection between between the
VA decays to fermions electroweak and
and Higgs decay to .
Zff Higgs sectors

f  contact interaction term
(grows with energy)

Higgs: discovery to precision
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SMEFT Fit Parameters for Higgs Studies

Neutral Diagonal (ND) scenario

 a sufficient set of SMEFT parameters to describe Z-pole EWPQO, diboson
and single Higgs processes at colliders

e assumes flavour-diagonal neutral couplings

o assumes flavour universality for the first two families

e 1 (dm) + 6 (hVV/aTGC) + 1 (aTGC)
5 (hff)
6 (Z22) + 3 (Wev) + 2 (Zuu) + 4 (Zdd)

w 28 new physics parameters

To compare with results from the kappa-framework studies

e project the ND SMEFT fit results onto observables similar to Higgs coupling
modifiers and Zff effective couplings

o complete with TGC modifiers to get the correct number of independent
parameters

October 22 Hlggs: discovery to precision
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HH Production & Self-Coupling at LHC

pp — HH

| | | | | E
HH production at 14 TeV LHC at (N)LO in QCD 1
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO

ggF

box

¥ (ots of information from differential

cross section in muH

October 22

/7
7/
/

- @
Kt KA

e o(pp — HH)/o(pp — H) = 1%0

N\

triangle

destructive interference between box and triangle

o2r—mmmmm—m — ™ ™
| ," S LHC 14 TeV
- 0.1}
O
— 1
= 00}
o |
o .
'y [ o - == Box
-S -0.1 : """" ~,__,,*" ==== Triangle
interference | \ "°°°° Interf
B o —————
¥ 300 400 500 4 600 700
Large box-triangle O (GeV) Largestsensitivity to A

cancellation at threshold from interference

Higgs: discovery to precision

e o(pp = HH) =30 fb at /s = 14 TeV
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STSX Bin Definitions

- VH(V - leptons)
pi[200,300]
pH[300, o] (60,1201 p¥[0,150]
pi[0,200]
WHSS
= 0-jet = 1-jet > 2-jet
WH3?¢
pi[0,10] pH[0,60] m;;[0,350] pH[0,200] pH[200, o]
ZH3¢
pii[10,200] pr[60,120] py [0,60] m;;[350,700]
ZH4P
pr[120,200] pH[60,120] m;;[700, o]
H
pH[120,200]
Stage 1.2 VH = V (— leptons) H
l |
q¢ — WH qq - ZH g9 — ZH
24
75
150 ' .
250 . ' _
400 F----- roon- et I BEnr hene e R—
00 : : . X . . ! . : . . . .
O-jet  1-jet > 2-jet O-jet  1-jet > 2-jet O-jet  1-jet > 2-jet
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pr[150, o]

WHSS

WH3¢

ZH3¢

ZHAt

pH 200, 00)

\: pH 200, 300]
P [300, 00)

gegH
|
| |
Pt [0,200]
[
[ [ |
=0 Jet =1 Jet >2 Jet
P[0, 60]
__gv_‘@‘_[_(}z_l_fl_] _______ pH[60,120] | my > 350
1 H
p1[10,200] pH [120, 200]
— p0,60] -
" mjj < 350
— p [60,120] [ Measurement bins
] P% [120, 200] 1 Finer subdivision
of NN classes
qqH

< 2 Jet or myj; [O, 350]

> 2 Jet and m;;[350, 00)

pi [0, 200]

m;; [350, 700]

m;j [700, OO)

VH

pH [200, c0)

WH

p¥ [07 150]
pY[150, c0)

ZH

p\Tf [Ov 150]

pr[150, 00)
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ttH Measurements

CMS 137 fo'' (13 TeV)
_.CQ :' L L L L L L L ':
= ]
. : T . : 7 CMS 137 fb" (13 TeV
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Run-2 Performance

Comparison of Z mass resolution
before and after final calibration

O, | Mee [%]

CMS

Thanks to a huge effort of improvement in calibration procedures and software tools, CMS
Run-2 analyses are performed on an optimally calibrated data sample (Legacy Run-2 data)

included in Legacy Run 2 data
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L1 + HLT efficiency

performance

CMS o' oo, 30 o, son’ o) 1o T

- Mu8 part of double-muon trigger -

1—tag matched to IsoMu24 s

- moffline| <24 |
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Extensive measurements of

Run-2 L1 and HLT trigger
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Impressive improvement in analysis
techniques with intensive use of state-
of-the-art ML techniques, deep-
learning neural nets, etc.

e PU mitigation

* b- and c-jet tagging

* T-lepton reconstruction

e | orentz-boosted jet tagging and mass

® efcC.
/ outgoing particles
?5/ \\\\ t'\ £ 4‘j 4
1\‘ 3
{A
’\.\.\... /
i N / H ?
."0'!&;“ /
A w ?
collision point / \V...Q\g
zZ ?
proton beams /

t ?

......

arXiv:2202.03772 Particle Transformer for jet tagging
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