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Large Hadron Collider (LHC)
Data delivered @+/s:

CERN accelerator complex

R1 6.1fb~' @7 TeV 2011
—e— R1 23.3fb~! @8 TeV 2012
R2 4.3fb!' @13 TeV s015
‘ R2 41.6fh~' @13 TeV 2016
AME R2 49.8 ! @13 TeV 2017
oue R2 67.9fb~! @13 TeV 2018
o
= R3 42.0fb~! @13.6 TeV 2022

314! @13.6 TeV 2023

266.4 fo~! and grows
® Lo =2.5-10% & (Lproj = 10 )

cm? cm?

e Collisions ~52/Hz
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Detector: Compact Muon Solenoid @
CMS detector with cut (phase 0)

Summary
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40 MHz
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS X
Overall diameter :15.0m Pixel (100x150 ym?) ~1 m? ~66M channels
Overall length ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID

N 20-52 p—p

MUON CHAMBERS

: N collisions
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endeaps: 540 Cathode Strip, 576 Resistive Plate Chambers

X

p—p = ~500 final
) romono covomarar, particles

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

~50 Tb/s

CRYSTAL

: Final )
Resolution

ELECTROMAGNETIC state

CALORIMETER (ECAL)

~76,000 scintilating PEWO, crystals

Y | 1.5-5% @ 60 GeV
e | 2-4% @ 10 GeV

u | 1-1.5% @ 10 GeV
i | o(10)%

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Z= DA
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Recorded “Frame”

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%930 GMT
Run/Event: 195099 / 137440354
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Highlights from 2012 2

s

&

é “ji:\;e[m:‘ga;y;b,, o e 5% CMS Preliminary {5 =7 TeV, L =5.05 1" ;15 = 8Tev, L =526 o' -
£ S o % IRL L B e B |
% E & 121 ® Data .
g \ T 2 Bz ]
% )\ 199% 2 10? Z ',ZZ ]
: 5| | BoIh ATLAS and CMS
510 3 L m;=126 GeV
10 "o ] have announced
: ' 1 ok A significant excesses at
155 115H;§o 125 130 135 140 145 [ invariant masses of
iggs boson mass (GeV) L
S e around 125 GeV.
H CMS Preliminary g"i“‘;'v"e:magged
SHE e R 5 ¢ Results of further
5=8TeV,L=531b" - . .
af /ﬁ\ e v ‘ studies were consistent
o // \ ] 0=80 100 120 140 160 180 with the SM Higgs
3 GeV
ot i/Q —3 e ma [GeV] boson.
F /
E + pa .
T @ Combined p-value ~ 5 o

23 124 125 126 127 128 129
Mass (GeV)
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The Central Piece of the Standard Model
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Higgs as a Probe and Vice Versa

Massive
bosons:
70 Wt H

Quarks:
d, u,s, ..

Leptons:
e, [, T, ...

m=90
------ bosons:
7> 8

Dark
Matter
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Higgs as a Probe and Vice Versa

Massive
bosons:
70 Wt H

Quarks:
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Leptons:
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X ’ m=20
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Higgs boson production modes
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Higgs boson decay channels

g) h)
v f
Kv Kt
H----- H-----
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i .
) 7.z P 7.2
W, t,b
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“Direct” Measurements

1. Look for bumps:

cms 391 13 Tey)
T T

4 oaa
60[- 3 Hazs) E
Da-zz
B gg-2z.2y"

Events / 2 GeV/

Integrated cross-section measurements:
e Select your favorite channel

e Full story in one number

0!
70 80 90 100 110 120 130 140 150 160 170

m, (G e For predicted processes
2. Extract signal: ¢ Depend on model assumptions
§\> 1C‘MS Pvehmma:y sty (uwrfvz
ek Currently:
e ¢ So far, so good: SM holds well
) =P
é 1 1 P
* b ! Parlunc\e mass]F(ZBev]
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1. Pick your space:

Differential measurements:
e Angular correlations:
o Spin—parity
o Exotic couplings
¢ Differential phase space:
o Boosted decays

o Jet multiplicit

2. Do your MVA: plctty

cMs 38617 (13 Tev) O DTy «-n

e | o EFT

[ VBF+VH SM .
a0 ol e 1 e Multiple channels
g s
2 o ...
&
Quite some possibilities for variations

0 0.2 0.4 0.6 0.8 1
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10 Years After the Discovery

Aurelijus Rinkevicius (Vilnius University) Higgs at CMS 2023-10-10 17/33



Experimental Setup The Discovery Higgs Studies 10 Years On Recent Studies Summary
0000 00000 00000 00000 0000000000 e]e]

Summary of LHC Run 1

T T oo T T
£>  1"ATLAS and CMS ‘
E V4 .
< F LHC Run1 w Productions Decays
o [ ATLAS and CMS “#-ATLASHCMS C:‘énﬁs anld cMs - ATLAS+CMS
- LHC Run 1 =+ ATLAS un -
|_|_O 10 1;’ 3 L c R -+ CMS L -rg::s
E |LT E 9gF ;I; :i;«: u‘l‘/ L:-OF :ZZ
X L [
1072? 3 W ——— pz i
: ¢ ATLAS+CMS Ve — L -
[ 2 ... SM H|ggs boson ", e e
10°° — [M, €] fit E — - T
[ 68% CL [ P e ———
[ 95%CL M) —— i =
107 T R . ——— - —
= 1.5 : : T : T : T Mo B : T PO T
m -1 -05 0 05 1 15 2 25 3 35
o Parameter value
- u ;V
i) Ll b d i b d i L,
T -1-050 05 1 15 2 25 3 35 4
m il il il . Parameter value

0
107" 1 10 10°
Particle mass [GeV]

JHEP 08, 045 (2016)
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: Summary of LHC Run 2 (1/2)
*®
CMS 138 b (13 TeV.
E> |:; 1 _
E m,=125.38 GeV
F H wZ,. .
> e Productions Decays
L CMS 138 b (13 Tev) CMS 138 1 (13 Tev)
S 1071 . El ® Observed [ 4150 (stay  Observed [ 1 D (stan)
£ = 115D (stat 0 syst) [0 1 5D (syst) == +1 5D (stat O syst) [ £1 SD (syst)
é_lf F L —— +2 SDs (stat U syst) — 42 SDs (stat 0 syst)
v L Stat Syst = Stat Syst
1072E i Hogn P 09799 w00 00 [ e 113w008 w005 0%
: Vector bosons M| & os0ms 5 s = oo 5 3
3 [ 3" generation fermions - | |
10°%F u < " | Laa om0 u = 0.97:000 2005 2000
E §'"" § 2 generation fermions wH = oz T ons r
fe . [ ue i 0.85:010 006 2008
e SM Higgs boson H  e— 12637 o 2 -
i L oo 10502 o 01
s L nnd il
— : n = 08492 iy 038 -
% E " e W S
<] r L
; """""""""""" *% """""""""" §” H —6.057% o % 2| 5, cq0r 097 <ous
o w G e e 2507107 097 0
T | L L L L L L L
24 | Ll . . 0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4
Parameter value Parameter value

1 10 10?
Particle mass (GeV)
Nature 607, no.7917, 60-68 (2022)
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Summary of LHC Run 2 (2/2)
Coews T w——
* + Discovery # LHCRun1 + This paper | | :i;zz;s(::::‘s'nl:‘ﬂSmsm
15[ [—eescL --os%CL 9 SMHiggs |- KW: e
Lo ] ::7 ij’
n 1 <= e Improved resolution WRT Run 1
f - o CMS alone!
Y ST S - I e Rare channels become visible
v Parameter value .
o ttH, pu, Zr, ...
g e B gty soessiny ¢ H self-coupling (HH) on the horizon
e Data is consistent with the SM
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- Prominant Signal in Many Modes — Further Studies Possible [

1
CcMS 138 fb™ (13 TeV) CcMS 138 fb* (13 TeV) CMs 13873 TeV)
> 500 T T T T T > T T Ho Dat
) H-yy } Data & [ H-ww +Data 3 o # paa
2 1000~ (® 100~ — signal e
'S 2000[-S/(S+B) Weighted — Signal 0 — Signal w0 B uncertainty:
5 B uncertainty: s [ B uncertainty: e O+1sD
3 1500 15D s | [J+1sD g
g o
g 2 3
2 % r b 50— —
2 1000 = 500~ — g
5 -] ]
s 3 T El
S s00 © L ?
5 2 5
2 E 2
: % + :
8 5 | 3o
g g
& f
500 b s + 8
Il Il Il Il | Il L
110 120 130 140 150 160 170 1‘00 1%0 200 L L
m,, (GeV) 100 150 200
Wy m; (GeV) my, (GeV)
1
cMs 138 fo (13 Tev) cms 138 b (13 TeV) s M (13 TeY)
> T 5| P T T T T T ® 8y, Dat
8 By 2z 4 Data o H-zy + Data 8 o ¢ Data
— signal 2+ - SI(S+B) Weighted — Signal
<o -2z, 2y g | sis+B) weighted — Signal 5 e B uncertainty:
P g 8§ B uncertainty: 3 +1SD
S 250 [ 9922, 2y S 200~ i =
2 [ B g [J+1sp 34 1
. 2 £ g
200 | 2 b
k] 2 2 4
2 ;
h ¢ T Ikl MMM\H ||
w00 £ R g i T‘T
@ k]
]
50 } @ -2r 1
0™§0 100 130 200 300 400 500 (S LU v 13 L ]

m,, (Gev) 110 115 120 125 130 135 140 145

150
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Search for the Higgs Boson Decay to a Pair of Electrons

CcMsS 138 fb! (13 TeV)
Ty

cms 1887 (13Te) 3 sof T TTTTITTOITIOITIoI o
g § PH-ceim=125380ev § g
S O3 VBF (i ete 107 B3 DV (Z e = FagiTago
H 3 Ml s evels’ 2 S it we 5 o
g 150 =R 4 Daa s
2 2
& &

T T SO T

Ty
B component subtracted

i W 1 * Very low cross section
: S T e o The weakest SM coupling
, Cms 138 6 (13 Tev) e BDT tagging helps with DY
wh — Gt s e Miniscule signal = BR limit study
z: | 95% expected . BSM N 0(10_9)

Phys. Lett. B 846, 137783 (2023)

95% CL limitonB(H - e'e) (%)
8

P P I I T I I W F T N
120 121 122 123 124 125 126 127 128 129 _ 130
m, (GeV)
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Search for CP Violation in ttH and tH Production in Multilepton g
Channels |

e A prominent ttH measurement
Many backgrounds

o Multiclass ANN to separate
CP separation by BDT
Consistent with the SM

E JHEP 07, 092 (2023)

30 00 50
The ttH node in 2Iss+01, category

cMs 138 fb™ (13 TeV)
T T T T
Gl —ssweL £ CJH - Multiepton B
5 £
4 Su expected ECH - wiz
= CJH - Multleptoniyy/zz

Fesssct
P8
s Bestfit
E # SMexpected

ey Es o
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yinclusive and Differential Fiducial Cross Sections in H — vy (1/2@

e Consistent with the SM

CMS Simulation 13 TeV 2018 CMS Simulation 13 TeV 2018

F Smusion i wf ® s

] * High resolution final state

] g e Fiducial selection

=20 furamt : o

My (GeV) iy (GeV) e Double differential measurements
CMS 137 fb* (13 Tev) CMS Simulation 13TeV

§ pe f ® Ufg = 73.4f§‘g(stat)fgé(syst) fb
£ 4 Data . .
o B omonent ] osm =754+4.11
2 W0
2 wf O*20 3
H

JHEP 07, 091 (2023)

T
200 B component sublracted -
1500
1000
0
o X $ ot
" N

1 B TN A
200~

m,, (GeV)

Aurelijus Rinkevicius (Vilnius University) Higgs at CMS 2023-10-10 25/33



Experimental Setup

The Discovery Higgs Studies 10 Years On Recent Studies Summary
0000 00000 00000 00000 0000@00000 (e]e]
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"‘ﬁar “oms 137f0"' (13TeV) e T cms 137" (13TeV)
Wy Mao (C@NL0, NNLOPS ggH + HX. T £ 0 Hop

5% MADGRAPHS aMC@NLo, NNLOPS
t  Data, statosyst unc.
10 340185 systunc,

13716 (13TeV)

it

;
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NIV,

Search for Exotic H - AA — 4~

x10° 136 b (13 TeV)
> T T Tt
< 136 fb™ (13 TeV) x103N 8 30,0""5 m,-SR n m,-SR
< w Data
3 3 2 = —— . E
= (0] - [ Bkg. unc. (stat + syst)
i w 2 0F ] e m, =0.1GeV |
£ 0. Qg -04cev
=
1]
[=
[}
i
=3 E T T T T T . .
grosp T T e I': merged diphoton
velepe e R
0 Eogs— . . . H‘ ?‘H—
0 02 04 06 08 1 12 8 55070 °

m.. [GeV] L A: low-mass spin-0 particle

x10° . ‘Jzem‘(‘n TeV)

5 S S0t ‘ 613 e e Used new reconstruction to get I'
S % SR 0 SR 17 CcMs 95% CL. limits i
S 2 ] o e BR limits consistent with the SM
~ @. unc. (stat + syst) N -+ Median expecte 1
£ 20 L m,=0.1Gev 3 I 1 68% expected Phys. Rev. Lett. 131, 101801 (2023)
2 5 m, =04 Gev ¥ 102 95% expected El
womE m, = 1.0 GeV s EZCMSH - yy ]
E ]
: ]
& -3
j 107 E|
[} ]
2 ]
n L L L L L 1
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; 138 "3" (13Tev) CMs 138 fb™' (13 TeV)
. B H(125) 74X ;BOD ' ) B H(125) ) - ZiX
8175 = qaezzy 4 Daa] G + £ @-2z2y  + Data
5150 B gg-ZZ. 2" = gg-2Z 2y
e
vIO.O
B
5.0
2.5
0.0'
N AP * Well-measurable final state
g ¥ A A T 1 ‘
S ¢ Rich differential program
. . ) .
oMs 81 7 Pushing event-generator limits
L
EExp. 0, =286'0% (stat) 2 (syst) — Expected \ ORI . .
o g — G B EmL e Consistent with the SM
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Search for Lepton-Flavor Violating H in e, Final State

138 fb-" (13 TeV)

138 fb' (13 TeV)

g ¢ Analysis in ggH and VBF cats.
R e cor ¢ Energy scales = main uncertainties
s s 3 LoMs o sewiwme e 380 (28) deviation mx = 146 GeV

I 1 i - ¢ Consistent with the SM @125 GeV

m B- B0 HIG-22-002

107 * E % 3 E

10 E ol
ol
b 4 by
o
’ @ LU #
10916 115 120 125 130 135 140 145 150 155 160 s , , , , , |
L R )
m, [Gev] My [GeV]
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Measurement of VBF H — bb
E o v ;‘mma‘m‘ . 13 Te\i % 1 . 54‘ 510 (13 Tev)
0.10 FNN . - g
f’/ \\ -
7 i 2 .
wst M 1" ® Major background: QCD
Y URUUTTIUNTY S e Major irreducible background: Z+jets
5 1GeV] — — .
N , %08 a3Tey e Other backgrounds: tt, t/t, W+jets
& 70FCMS
P SILEELY e VBF: 3 tight categories on BDT
§ OMS Y Shhenes i (G0 L
I e Wl o ossom e Significance (qqH): 2.4 (2.7) SDs
S af e Consistent with the SM
b ., ) quﬁf —egp—— 101 70}7 (syst) + 0.36 (stat) HIG-22-009
25 om— ,
T m 1 ) 265| ——— 0.96 + 0.22 (syst) + 0.22 (stat)
g i VR TIR L
a — LA K E A
100 150 200 e v TS
M5 (GeV) Best fit o/og,,
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H---- ¢ H---- W oH--- e Dominant backgrounds: DY+, DY+jet
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Summary %

¢ Run 2 resulted in a variety of the Higgs boson studies
* Deeper probing of the Higgs boson continues
e So far studies are consistent with the SM Higgs boson
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