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e Spectacular performance of the LHC since turn on!

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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* Many new or precision measurements
enabled with large data sets collected in

2015-2018 (~151 fb1)

Amazing measurements with the Higgs

Most precise Branching ratio B -2 UKL measurements
New top mass measurements and tt+V(W,Z),H cross-sect.
Multiple interesting and intriguing results of searches for

the BSM resonances

29/08/22 Slawek Tkaczyk

Corfu 2022



What has CMS seen in the pp Run 2 collisions at 13TeV?
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Higgs Bosons — HO® and H*, Searches for

The July 2012 news about Higgs searches is described in the
addendum to the Higgs review in the data listings, but is not
reflected here.

The limits for H? and AQ refer to the m®* benchmark scenario for the
supersymmetric parameters.
Mass m > 115.5 and none 127-600 GeV, CL = 95%
HY in Supersymmetric Models (mH(I, <mHg)

Mass m > 92.8 GeV, CL = 95%

HTTP://PDG.LBL.GOV
VII. Addendum

Updated July 12, 2012.

On July 4, 2012, the ATLAS and CMS collaborations simul-
taneously announced observation of a new particle produced in
pp collision data at high energies [363-366]. The data samples
used correspond to between 4.6 and 5.1 fb~! of collision data
collected at /s = 7 TeV in 2011, and between 5.3 and 5.9 fb—!
of collisions collected at /s = 8 TeV in 2012. The observed

Page 4 Created: 6/18/2012 15:05

Mass m = 125.25 + 0.17 GeV (S = 1.5)
Full width T = 32128 MeV  (assumes equal
on-shell and off-shell effective couplings)

HO Signal Strengths in Different Channels

Combined Final States = 1.13 + 0.06
WW* =119+ 0.12

Z7* =1.01 +0.07

vy = 1.10 £ 0.07

¢ Final State = 37 + 20

bb =0.98 £ 0.12

ptp~ =119 +0.34

+ = = +0.16
T =115751s

Zy < 3.6, CL=95%

v*~ Final State = 1.5 +£ 0.5

ttHO Production = 1.10 + 0.18

t HO production = 6 + 4

HO Production Cross Section in pp Collisions at 1/s = 13 TeV =

decay modes indicate that the new particle is a boson. The evi- 56 + 4 pb

dence is strong that the new particle decays to vy and ZZ with ep LF <6l x 10:; 95% 62625
er LF <22 x10 95% 62612

rates consistent with those predicted for the Standard Model uT LF <15 x1073 95% 62612

(SM) Higgs boson. There are indications that the new particle invisible <19 % 95% B

might also decay to WTW —, and decays to bb and 777~ are

being sought as well.

29/08/22 Slawek Tkaczyk Corfu 2022 6




Differential cross sections

Rare decays or not allowed in SM: LFV
H->te/ue/tu

Couplings to vector bosons, quarks and
leptons and ttH (H->bb/tt/yy)

HH resonance studies (bb + bb/yy/t1)
Decays to non-SM particles:

H—>invisible or light pseudo- or scalar-
particles

A portrait of the Higgs boson by the
CMS experiment ten years after the discovery
Nature volume 607, pages 60—68 (2022

ae® .

MARKING 10 YEARS OF DISCOVERY



https://www.nature.com/articles/s41586-022-04892-x
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S In Run 2

CMS PAS HIG-22-001
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of the SM values
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CMS 138 o' (13 TeV) CMS

138 fb™" (13 TeV)
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Agreement with the SM production modes and decays channels
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Ratio to SM

CMS 138 fo' (13 TeV)
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2 Results

Nature 607 (2022) 60-68

+ Discovery * LHC Run 1 = This paper
—68%CL ---95%CL ¢ SM Higgs
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https://www.nature.com/articles/s41586-022-04892-x

and Beyond

Nature 607 (2022) 60-68

Runl1 JHEP 08 (2016) 045
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ttH - a direct probe to Top Yukawa At cplg while tH - a unique channel to study the relative sign of couplings while

p in Run 2

Eur. Phys. J. C 81 (2021) 378

Constructive interference when At and gy
have opposite sign

Large increase in the cross section

tHV + tHq + ttH with tt decays to multi-£ or all-jet final states

H->WW?*,ZZ*,tt — channels in 10 signatures depending on lepton
multiplicity

MVA, ML and ME techniques to separate ttV and tt+jets backgrounds
from signals

CcMS 137 o' (13 TeV)

Combined | u=5.7 ::'01 [ 28 (stat) +33(? (syst)}

2lss +0t, | u=32""°

Significance for tH with M, =125 GeV:
Observed: 1.4c Expected:0.3 ¢ a0y, | umtssy

2lss + tr, | u=81"2

Significance for ttH with M,=125 GeV:
Observed: 4.7c Expected: 5.2c

IIIIIIIIIIIIIII
15 20 25
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Best fit u(tH)
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http://dx.doi.org/10.1140/epjc/s10052-021-09014-x

ttH (2016)
CMS-PAS-HIG-18-008

Z(IhH
EPJC 81, 13 (2021)

g9 — Hj + V(jj)H
arXiv:2107.13021

VBF-H
CMS-PAS-HIG-20-003

29/08/22 Slawek Tkaczyk

35.9-138 b’ (13 TeV)

CMS Preliminary

| Observed

Median expected

- 68% expected
95% expected

0

01 02 03 04 05 06 07 08 09 1
95% CL upper limit on B(H— inv.)

Corfu 2022

le Run 2
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Run 2

Phys. Rev. D 104 (2021) 032013

CMS 137 b (13 TeV) CMS 137 b (13 TeV)
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No excess observed in Run 2 data
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Run 2

Nature 607 (2022) 60-68
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https://www.nature.com/articles/s41586-022-04892-x

S Run 2

Nature 607 (2022) 60-68

Limits on Higgs boson self-interaction k; and quartic coupling ,, (VVHH)

95% CL limit on o(pp — HH (incl.)) / fb
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https://www.nature.com/articles/s41586-022-04892-x

* Proud discover the Higgs and performing
many original precision measurements
elucidating its properties

* Higgs may play a role as a portal to new
physics theories

—Still large uncertainties on the parameters

* Crux of precision physics measurements in
Run 3 and beyond

29/08/22 Slawek Tkaczyk Corfu 2022 19



e TOP Production and Mass
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Phys. Rev. D 104 (2021) 092013
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http://dx.doi.org/10.1103/PhysRevD.104.092013

CMS Preliminary May 2021
CMS Run 1 legacy >y 172.44 = 0.13 = 0.47 GeV
PRD 93 (2016) 072004
2015, muon+jets oo 172.62 +0.38 + 0.70 GeV
TOP-16-022 (2017), 2.2 fb
Lepton+jets _1 @~ 172.25 = 0.08 = 0.62 GeV
EPJC 78 (2018) 891, 35.9 fb
Dilepton 172.33 + 0.24 +0.66 GeV
EPJC 79 (2019) 368, 35.9 fb"’ ® RS -0.72
All-jets

—— 172.34 = 0.20 = 0.70 GeV

EPJC 79 (2019) 313, 35.9 fb”’
Lepton+jets, all-jets @~ 172.26 = 0.07 + 0.61 GeV
EPJC 79 (2019) 313, 35.9 fb"
Single Jet, p6 > 400 GeV -0
PRL 124, 202001 (2020) 172.56 = 0.41+ 2.44 GeV
TOP-19-009 (2020), 35.9 fb™ - B -0.69
Tevatron combination ~
arXiv:1608.01881 (2016) 174.30 = 0.35 + 0.54 GeV
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ATLAS, CDF, CMS, DO ~@— 173.34=0.27 = 0.71 GeV
arXiv:1403.4427 (2014)
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JES and MC modeling dominant m, [GeV]

Early Run 2 analysis !

tion Run 2

CMS-PAS-TOP-020-008

Direct measurement with 5d-fit
constraining the jet uncertainty
from W-peak in the ML fit

m, = 171.77+0.38 GeV(stat.0.04GeV)

CMS-PAS-TOP-021-008

Measurement from tt-jet cross
section

m.Poe = 172.94+1.37 GeV
CMS-PAS-TOP-021-012

Measurement of mass distribution
and m, in hadronic decays to
boosted jets

m, = 172.76+0.81 GeV
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Results consistent with the SM predictions

Most precise values to date
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Summer 2020 combination of By 2 pp
(ATLAS, CMS and LHCb)

BB = ytyu~) = (269703) x107°

B(B® = it )y = (3.66 +0.23) x 10
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In Run 2

CMS-BPH-21-006
Summer 2022 By 2 CMS result

* BF normalized using B = J/psi K (nominal) and
B = J/psi Phi (alternative)

* New Multivariate Analysis (MVAg) used to
suppress backgrounds
e Fake rates in control samples Ks=>ntmt and ©® -KK

* New MVA based muon identification to improve
Kaon decays in flight

B(B;

= ) = (3834038 (stat) *18 (syst) "1 (s fu)] x 1070

Alternative using Bs—)/Wd: BB = u*u”) = [3 95103 (stat) 03 (syst) 0T (BF)} x 107

B(B°

— utu") = [0377575 (stat) T005 (syst)] x 10710

The results are compatible with the SM predictions

Most precise measurement from a single experiment
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ct production

* What else is being seen in Run 2 data ?
— Or else...what have not been seen ... yet

* A set of Universal Measurements serving many original
phenomenological analysis needs in a variety of models

 Examples of such results — selected today:
— SUSY Phenomenology
— Search for new higgs particles neutral or charged H*/-, H**
— Di-boson resonances in VV, Vy, VH, HH channels
— 7', W’, LQ, excited quarks, resonances in di-jets

* Many improvements observed in existing Run 2 results
compared to Run 1 using new highly optimized ML techniques
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EWK production of chargino-neutralino pair
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No sign of SUSY found at the LHC Run 2
continue probing the TeV scale using Simplified models
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| higgs ¢

CMS-HIG-21-001
arXiv:2208.02717

¢ - 11 decays in lepton or hadron decays

95% CL limit on o(gg¢)B(¢—t) (pb)
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Limits set [60 - 2000 GeV] ranging from 10pb to 0.3fb
e.g. two excesses in ggd at 0.1 and 1.2 TeV with ~3c

In MSSM scenarios M 12> & M, ¢12° additional Higgs bosons with masses below 350 GeV excluded
Corfu 2022 30
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http://arxiv.org/abs/2208.02717

ggF and VBF production considered
Fully leptonic final states (ee, uu, ep)

New analysis techniques implemented
Various width hypothesis considered

Heavy higgs excluded up to 2100TeV
@95% CL depending on the production

model

Upward fluctuation observed in data
over the expected background

Signal hypothesis at mass of 650 GeV
with highest global significance of 2.6
for VBF production only

Additional exclusion limits obtained
on MSSM and 2HDM scenarios

29/08/22 Slawek Tkaczyk
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to WW decays
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CMS-PAS-HIG-021-011
CMS Preliminary 138 fb (13 TeV)
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Higgs
CMS HIG-20-017

Eur. Phys. J. C81 (2021) 723

q

Leptonic decays of VV and VBS selection

Interpretation using Georgi-Machacek model with additional triolets <
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6 operators providing a better fit than SM alone among them 2.9TeV =-— triplet 0.2-0.35@95%CL
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http://dx.doi.org/10.1140/epjc/s10052-021-09472-3

I

onhic Resonance

Models: Gravitons, heavy spin-1 bosons (W’, Z’) and spin-0 radions
Decay channels: Bosons highly boosted reconstructed as 1 super-jet with a new algorithm

CMS PAS B2G-20-009

138 b (13 TeV) 138 fb™! (13 TeV) 138 fb™ (13 TeV)
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x-section and branching ratio B” type model: rad: 2.7 TeV at 95%CL
V’: 4.8 TeV at 95%CL
Mild excesses observed @2.1&2.9TeV
with 3.65(2.30) local (global)
significance
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eptoQuarks

CMS-PAS-EXO-19-016

3rd gen. LQ with a pair of Tt and b-quark in the final state %_Q\< zi‘wa< —

LQ predicted by many extensions of the SM iQ< s

137 fb' (13 TeV) 137 fb™' (13 TeV)
-8_ 1 02 ; CMS Prelimina ¢4 —=0bserved ; ﬁ_ 102 CMS Prelimin 0 = Qbserved ;
5 E ---- Median expected E 5 -:-- Median expécted 3
5 § 10 ; I 68% expected ; 3 § 10Bs Il 68%; expected ;
o) E 95% expected E [0} \’*&& 95%: expected E
s E 55 olptcalr ; s e Y 2 Opio :
— 1 ?‘&XY K25 B E et 1 R S K=25;p=t, k=0 E
E B 3 £ ’ 3
= 107k . 5 107
o E E Q
g e
S 107%E - 510
- E E 3
O B ] O ]
X 107° E E § 10°° E
s - o ;
1 0_4 1 0—4 1 (| 11 11 11 (| 11 11 11 !
600 800 1000 1200 1400 1600 1800 2000 2200

800 1000 1200 1400 1600 1800 2000
Leptoquark mass [GeV] Leptoquark mass [GeV]

2]
o
o

95%CL Limits set on LQ coupled to b-quark and t lepton

with LQ masses excluded :

LQscalr— below 1.25 (1.37)TeV with A=1(A=2.5) ULimits set on LQ coupling strength to b-
LQector — helow 1.53(1.86)TeV for k=0(1) and A=1 quark and t lepton:
LQector — below 1.86(1.96)TeV for k=0(1) and A=2.5 e.g. excluded portion of the parameter space

| that can explain b-physics anomalies

For LQ mass of 2TeV an excess of ~3.4c observed in the

t-channel LQ exchange
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Overview of CMS leptoquark searches

CMS Preliminary 20-137 fb1 (8, 13 TeV)
0.2-1.44
LQ(ej)LQ(e)), BR(LQ~»€j)=1,j=u,d 1811.01197 36 fb~! (13 TeV)
,S 0.2-1.27
Q LQ(ej)LO(&f) + LO())LQ(ve)), LQ, j=u,d 1811.01197 36 fb~! (13 TeV)
N 0.3-1.76
Q‘ eLQ(ej), BR(LQ—»¢ej)=1,A=1,j=u,d 1509.03750 20 fb~! (8 TeV)
lq 0.2-1.34
LQ(et)LQ(et), BR(LQ—et) =1 2202.08676 137 fb~! (13 TeV)
0.2-1.53
LQ(uc)LQ(uc), BR(LQ - uc) =1 1808.05082 36 fb~! (13 TeV)
. 0.2-1.29
o LO(uELQ(uc) + LQ(uC)LQ(vyS), BR(LQ - uc,v,s) =0.5,0.5 1808.05082 36 b1 (13 Tev)
St 0.3-0.66
~—  uLQ(w)), BRILQ-pj)=1,j=u,d 1509.03750 20 fb~! (8 TeV)
@ 0.3-1.42
,q LQ(ut)LQ(ut), BR(LQ-»ut)=1,A=1 1181090155 5 | o= 36 fb~! (13 TeV)
S )
0.2-1.42
LO(ut)LQ(ut), BR(LQ - ut) =1 2202.08676 137 fb=1 (13 TeV)
0.3-1.02
LO(Tb)LQ(tb), BR(LQ~Tb) =1 1811.01197 36 fb~! (13 TeV)
P 0.2-0.74
o TLO(tb), BR(LQ=»Th)=1,A=1 1806.03472 36 fb~! (13 TeV)
= 0.5-1.02
~— LO(tt)LQ(v:b) + v-LQ(Tt), Equal LQ coupling to Tt, v:b, A=2.5 2012.04178 137 fb~1 (13 TeV)
Iq LQ(Tb)LQ(vt) + TLQ(v<t), Equal LQ coupling to tb, v.t,A=2.5 2012.04178 I 137 b~ (13 TeV)
e esLTs
0.2-1.12
LQ(Tt)LQ(Tt), BR(LO—=Tt) =1 2202.08676 137 fb~! (13 TeV)
o - » . 0.5-1.14
P LO(e)LQ(Ve()), BRILO = vewj) =1, j=u,d,s, ¢ 1909.03460 137 b~ (13 TeV)
o 0.5-1.2
Y LQ(v:b)LQ(v:b), LQ—»v:b) =1 1909.03460 137 fb~! (13 TeV)
N 0.5-1.14
Q’ LO(t)LQ(vt), LOQ=vet) =1 1:9.0'9..034 6 0 15000000 Ot AT 137 fb~! (13 TeV)
1-1.5
lq LO(veU)LQ(vel) + Vel Q(vel), BR(LQ > veu)=1,A=1 2107.13021 137 fb71 (13 TeV)
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Scalar ~ B Vector(k=0) W@ Vector(k=1) Mass [TeV] cCMS LQ 2022 ICHEP 2022
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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PF Jet 1.
pl = 2218 TeV

Dijet Pair 1:
pt = 3.49 TeV
mass = 1.88 TeV

PF Jet 3,

pt=1733TeV
eta=021
phi =245

PF Jet4,
pt=1.408 TaV
eta= -41)7;
g hi
v pls
Dijet Pair 2:
PF Jet2, =
CMS Experiment at LHC, CERN pi=2002Tey pt = 345 TeV
Data recorded: Sat Oct 28 12:41:12 2017 EEST eta=0. -
Run/Event: 305814 / 971086788 phi=-1.27 mass = 1.86 TeV
Lumi section: 610
el D.. Pail =
PF Jot 3, ijet Pair 2:
t = 1.451 TeV /
o007 // pt=282TeV
! phi=2.97
mass = 2.10 TeV

PF Jot 2,
pt=1520 TeV,

PF Jl 4, eta=1.10
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eta =-1.23 ¢ ]

phi=-1.23

o)
: 2
y o
/\ PF Jet 1, e < 0
Dijet Pair 1: \\ 5:524:275\/ X
pt = 3.07 TeV ’ QRGO e Y 1072
mass = 2.00 TeV Run/Event: 315721 / 200841184
- Lumi section: 151 )(
. . <3
Resonant: 2 events in tails (8,2)GeV 10
3.96(1.60) local (global) i
10]

Non-resonant: extended limits on stop in
RPV SUSY 3.66(2.50) local (global) @950Ge Vg
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In 4-jets - Run2

CMS PAS EXO-21-010
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Extra Dimensions
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Fermions

Leptoquarks

Heavy Gauge Bosons.

string resonance
2y resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k2 = 112

Scalar Diquark

tt+4, pseudoscalar (scalar), g7, X BR($-21) > =0.03(0.004)
tE+9, pseudoscalar (scalar), g, X BR($-+20) > = 0.03(0.04)

quark compositeness (1), s =1
quark compositeness (8), s = ~1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (qd), go =0.25, 9ou =
vector mediator (¢f), g =0.1, o

a
. Gou
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non-rotating BH, Mo = 4 TeV, neo = 6
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excited electron,
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VMSM, [Vey? = 1.0, [Vl =1.0

UMSM, VeV (Ve[ + Vi) = 1.0

Type-lil seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet
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scalar LQ (pair prod.), coupling to 1% gen. fermions, §
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Overview of CMS EXO results
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LHC / HL-LHC Plan
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improvements during LS2 (2019-2021)

107

Total integrated luminosity (fb—!)

Data up to 2022-08-22 2022 (pp 13.6 TeV)
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After Run 3 : Major LHC detector upgrades
during LS3 (2026-2028)

HL-LHC running in Run 4 + from 2029
onwards
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 Many precise and important measurements from Run2
already available:

— Higgs boson, Top quark and gauge boson measurements
— Direct searches for new physics

* No signs of physics beyond standard model yet, but
Run2 analyses continue and Run3 has just started

* Improved limits on new particles produced directly
can be used to further constrain the model building |

* The well known open questions still remain!
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 Many more new and interesting results from Run 2 which | had no
time to discuss : focus on full data set and newest results

e Other talks at this conference extend the coverage:

— Mon 28.09 — 10:30 — Lydia Brenner — “Higgs boson property measurements at
the Atlas and CMS experiments”

— Sat 03.09 — 17:00 — Vasiliki Mitsou — “Searches for supersymmetry with the
Atlas and CMS detectors”

— Mon 05.09 — 13:00 — Nishu Nishu — “Searches for dark matter with the Atlas
and CMS detectors”

* More information about CMS publications on CMS twiki
— CMS Preliminary Public Results
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ke Leptons

CMS-PAS-B2G-021-004
Vector Like —Leptons from 4321 UV-complete model 96.5 b (13 TeV)

Potential to explain B-physics results tensions with SM T T T[T T T T[T T T[T T T T[T T T
h CMS Combination of 2017 and 2018 4
é Preliminary " Asymptotic CL_ expected
c10°'F B = 1 std. deviation ]
® o'~ r + 2 std. deviation :
v | = N std. ]
- : I — Theory prediction i
% = | e Observed il
o _
o
o
= _
. ) : . [
Final states with more than 3 b-jets and a pair 510_2
(tv, 1T, vv) in the final state ?;
-
' S
Expected exclusion of VLL masses below 640 GeV =
Observed: small excess in the data ! 3
Observed excess consistent with presence of VLLUswith | &2 | L DN
mass of 600 GeV at the level 2.8c 510500 600 700 800 900 1000
over the background only hypothesis VLL mass [GeV]
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ke Quarks

-021-007 CMS-PAS-B2G-020-011

W+, Z,H W-,Z,H

Vector Like — Quarks in single and pair production
Resonans of t/b quarks with bosons

138 b (13 TeV) .
3 1 0 L B B B B B T T T T T T [ T T T T [ T T T T ] = y Wt Z,H
= C imi 1 ] ! !
= - CMS Preliminary T'—=tHH—=yy) 7 = e 3 e R (S TEY)
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Exclusion of TVLQ below 1.54 Tev@95%CL

Exclusion of B VLQ below 1.56 Tev@95%CL
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. ttH channels

Eur. Phys. J. C 81 (2021) 378
tHV + tHq + ttH with tt decays to multi-€ or all-jet final states Direct probe of Top Yukawa cplg At

Unique channel to study the relative sign of couplings g70000009——1
th At
MVA, ML and ME techniques to separate & - -- - - - H
ttV and tt+jets backgrounds from signals t A

H->WW#*,2Z*,tt — channels in 10

. ) cms 137 b (13 TeV) cms 137 fo” (13 TeV)
signatures depending on lepton
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Significance for ttH with M,=125 GeV: Best fit (tH) Best it u(ttH)

Observed: 4.7c Expected: 5.2
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ering: Wy
CMS-PAS-SMP-21-011
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* Observation of the Wy EWK production
e VBS Signature: 2-j w/ large m; & Anj,
* NLO EW corrections not included

(a) Barrel (b) Endcap

Expected. limit Observed. limit Upound

5.1 < fy/A* <51 —5.6 < f0/A* <5.5 1.7
T1< frn/AN* <74  —78< fun/A* <81 2.1
18 < fiun/A* <18 —19< fip/A* <19 20
25 < fas/ At <25 =27 < fys/A* <27 27

. .o — : 33 < fau/A* <33 =37 < fuu/A* <36 2.3
Significance: EWK Fiducial Wy Cross section: 34 < ;ﬁ:/lﬁ <36 —39< chﬁ:/zﬂ <39 27
Observed: 6.0c Wy EWK: 644=19.2 + 0.4 fb -13 < f/A* < 13 ~14 < fry/A* < 14 2.2
Expected: 6.8c Wy inclusive: 6= 90 + 11 fb 043 < fro/A* <051 —047 < fro/A* <051 19

027 < fr1/A* <031 —031< fr;/A* <034 25

072 < fro/A* <092 —085< fr,/A*<1.0 23
029 < frs/A* <031 —031< fr5/A* <033 26
023 < frg/A* <025 —0.25< fre/A* <027 29
-0.60 < fr7/A* <0.68 —0.67 < fr;/A* <073 3.1
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t-channel LQ exchange with tv in the final state
and typical channel for W’ search

ptoQuarks
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Excluded: QBH below 6.6TeV, W’ below 4.6 TeV

Limits set on g, coupling strength to quark and t lepton as
a function of its mass :

e.g. excluded portion of the parameter space that can
explain b physics anomalies

1 I 1 1 1
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Analysis of full Run2 and first Run3 datasets
progressing rapidly
* Many big questions remain unanswered
— Higgs Mass value at 125 GeV
— Particle mass spectrum
— Nature of Dark Matter
— Origins of Neutrino masses
— Absence of antimatter in the universe

* Higgs discovery only the first step and more precision
measurements or a new discovery yet to come

— Perhaps in some of them the Higgs may play a role as a
ortal to new physics theories
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