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 Physics results
*The Standard Model
*The Higgs particle

*Searches for New
Physics
«Searches for more Exotic
particles in the Detector
e Summary/Outlook
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LHC Operation

CMS Integrated Luminosity, pp, vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
/ /! /] 180
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N LHC Delivered: 162.85 b '

pp Run-2 finished 24/10/18 6:00 am

«2010-2012: Run-1 at 7/8 TeV CM energy =
«Collected ~ 27 fb1 e
*2015-2018: Run-2 at 13 TeV CM Energy ¢ © "
*Collected ~ 140 fb'l - 20
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LARGE HADRON COLLIDER

LHC / HL-LHC Plan iLum ’

Run 2 LS2 Run 3 HL-LHC
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aplice consolidation cryolimit LIU Installation . )
7 TeV 8 TeV button collimators interaction inner triplet St
——— R2E project regions Civil Eng. P1-P5 radiation limit installation
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The CMS Detector

Total weight 14000t C M S
Overall diameter 15 m ECAL 76k scintillating

PbWO, crystals
Overall length 28.7m MUON ENDCAPS

HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid
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Si Strips ~16 m?
~137k ch

-

Steel + quartz
Fibers 2~k ch

Pixel
Tracker Pixels & Tracker

« Pixels (100x150 um?)
ECAL ~1 m2 ~66M ch
HCAL -Si Strips (80-180 um)

~200 m2 ~9.6M ch

Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers (RPC) 16




Last Year: 10 years of LHC Operat

4

LHC switched on at 7 TeV end of > s o2

March 2010 BEAS Al o5
->The highest energy in the lab!

LHC @ 13 TeV from 2015 onwards
« Most important highlight so far:
The discovery of a Higgs boson

« Many results on Standard Model
process measurements, top-physics, b- |
physics, heavy ion physics, searches,
Higgs physics

« Waiting for the next discovery...

-> Searching beyond the Standard
Model

10 years later: CERN in “safe mode”
due to COVID19... ® ® & P

2020..2021




NOW:
Long Shutdown-2
till start of 2022

Pictures from

the present shut-
down and opening
of the experiment

Many “virtual” visits
to CMS in past months
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COVID has slowed down some operations in CMS
- Lockdown/travel restrictions/lack of in person

- Supplies from external sources (e.g. processors)
- All of these aspects impede progress indirectly

Nevertheless CMS continues progressing
- Preparation for Run-3
- Scientific output



Virtual Visits...

Virtual Visit to'the: o
Compact Muon Solenoid experiment at CERN




CMS Detector Status fo

CMS. | . .
vt CMS Detector Status Pile-up during run-2
Fractions of active channels high and stable since many years CMS Average Pileup (pp, V5=13 TeV)
Detector Active Fraction . ' 6000
Pixel - 2017 pp data taking (Sep) - Rl.ln “: <ﬂ> = 34
Tracker 4 o - ® 2018 pp data taking (May) - 2018: <l‘> = 37 5000
p H L ]
: E [ 2017: <u> = 38
EB+EE H "
ECAL = . : : 0 2016: <u> = 27
- 4000 B 2015: <;> = 13 (4000
£ H .
*
HCAL - nen : : 3000 13000
HB : :
e ' - m =
N . ; 20001 o' (13 TeV) =80.0 mb 12000
HO : ;
H H 1000} 11000
: : ) 0 © = (,o o o® 8
91 92 93 94 95 96 97 98 99 100 ks v ¥

Mean number of interactions per crossing

Fractions (%)

Run 2 pp data taking efficiency 92.3%
with 2018 data taking efficiency 94%

CMS experiment in a very good shape during run-2
We can successfully deal with pile-up ~ 40 events per bx



LHC Publications In

Total Exotica Standard Model Supersymmetry Higgs Top Heavy lons n 1 060 p u b I i Cati O n S 0 n

B and Quarkonia Forward and Soft QCD Beyond 2 Generations Detector Performance p p (a nd p Pb/ Pb Pb)
1058 collider data papers submitted as of 2021-08-06 p hYSiCS Si n Ce 1/20 1 O

About 100 papers on
Higgs studies!!
Paper 16 was the
discovery paper!
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S/(S+B) Weighted

110 120 130 140 150
m, (GeV)

ATLAS 201142 5=78TeV

http://cms-results.web.cern.ch/cms- AT
results/public-results/publications-vs-time/

About 150 more since September two years ago... >12,000 citations .
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Standard Model Measure

= e 2% Also many QCD, top CMS Preliminary
Q 1055_-% ¢ diffraction, heavy flavor &7 Tev cms measurement (L <5.0 1)

=" ) 8 TeV CMS measurement (L < 19.6 fb™)
o = . and heavy ion results! § 13 TeV CMS measurement (L < 137 fb')

C bnjetsy ¢ ¢ L. -= Theory prediction
C-~104Fl iznjét(s)é A Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV
(@)
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EW,Zyy,Wyy: fiducial with W—lv, Z-ll, I=e,u Th. Aoy, in exp. Ac

All results at: http://cern.ch/go/pN;7

I All measurements in good agreement with the Standard Model predictions!! I




Standard Model Measu

EWK Measurements

i M?y 2021 - i (I:MS Ere!imi'na[y
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ot
Theory 8 TeV CMS measurement (stat,stat+sys) et
13 TeV CMS measurement (stat,stat+sys) ————
qqW —— 0.84+0.08+0.18 19.3fb"
qqW . 0.91+0.02+0.09 359fb’
—_— 0.93+0.14+0.32 5.0fb"
—.— 0.84+0.07+0.19 19.7 fb"
e 0.98+0.04+0.10 359fb"
~ 1.74+0.00+0.74 19.7 fb"
— 1.77+0.67+0.56 19.7 fb"
et 1.20+0.16+0.21 35.9fb"
0.69+0.38+0.18 19.4fb"
e 1.20+0.11+0.08 137 fb"
o 1.48+0.65+0.48 19.7 fb"
- 1.20+0.12+0.13 35.9fb"
e 1.46+031+0.11 137 fb"
—f— 1.19+0.38+0.13 137 fb"
Al resuls at; 1 Prgduction Crosas Section Ra?io- C,., /O, °
http://cern.ch/go/pN;j7 * Yexp’ “theo

Measurements vs NNLO Theory

May 2021 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) =0
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) e

13 TeV CMS measurement (stat,stat+sys) e+
b4 _— 1.06+0.01+0.12 5.0fb"
WY, (NLO th) b ——  1.16+0.03+0.13 5.0fb"
WY, (NLO th) e 1.01+0.00+0.05 137"
Zy, (NLO th) —— 0.98+0.01+0.05 5.0fb"
Zy, (NLOth) e 0.98+0.01+0.05 19.5fb"
WW+WZ — = — 1.01+0.13+0.14 4.9fb"
ww bt 1.07+0.04+0.09 4.9fb"
ww B 1.00+0.02+0.08 19.4fb"
ww — 1.00+0.01+0.06 359fb"
Wz —— 1.05+0.07+0.06 4.9fb"
Wz e 1.02+0.04+0.07 19.61fb"
wz e 1.00+0.02+0.03 137 fb"
Y4 e 097+0.13+0.07 4.9fb"
Y4 — 0.97+0.06+0.08 19.6fb"
zZ —e 1.04+0.02+0.04 137 fb"

0.5
All results at:
http://cern.ch/go/pNj7

All measurements in good agreement with the Standard Model predictions!!

1.5 2
Production Cross Section Ratio: 6,/ oy,

eo




ttbb Cross Sectl
E processes are important backgrounds eg in Higgs (ttH) studies

CMS Preliminary June 2021
—— Measurement ®  POWHEG+PYTHIA8
e A
=
B Ssar, D syt * b
aMC@NLO+PYTHIAS

Fully hadronic
35.9fb1

Dilepton
415fb1
arxiv:2012.09225

Dilepton
35.9fb!

L+jets
35.9fb!

PLB(803)2020 135285

JHEP07(2020)125

JHEP07(2020)125

CMS

Preliminary

Reference for oy,

MG5_aMC@NLO +
PYTHIA8 4FS

POWHEG +
HERWIG++

MG5_aMC@NLO +
PYTHIA8 5FS [FxFx]

POWHEG +
PYTHIA8

Measured cross sections systematically larger than predictions...

o - summary, 35.9 f5' (13 TeV)

: April 2020
®
i |+|
E I—.—l
: ® ttbb_alljet
o — PLB (803) 2020 135285
: ' ttbb_dilep
: JHEP 07 (2020) 125
A A ttbb_semilep
—— JHEP 07 (2020) 125
(-
1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1 2 3 4 5 6
Full phase spaceo,,, /

0'theo



Top Cross Sectl

S S I N Ry N S S N B BN B NN S B B IR B B CcCMS Preliminary o, summary, Vs=13TeV Jun 2021
o E v Tevatron combined 1.96 TeV (L < 8.8 fb ) CMS Preliminary Jun 2021 E NNLO+NNLL PRL 110 (2013) 252004
Pl e gmg I+Je;slel\?p|1_0ﬂ g?t;? TeV (L =27.4pb™) J1 0 My = 172.5 GeV, a,(M,) = 0.118:0.001 ol oot
S L B oS iete 7 v L=2. :)a ) . scale uncertainty e -
g B E‘ oMS ;if-jets 7TeV (L =354 fo 1 | " scale ® PDF @ ag uncertainty 0,; = (stat) = (syst) = (lumi)
§ ol aeniioee,
+jels e = o
® 1036 cms alljets 8 TeV (L = 18, 4o’ Dilepton eu , o 803 = 2+ 25= 20 pb
w — A CMSeu13TeV(L=43 pb 50 I"IS) EPJC 79 (2019) 368, L\m =359fb", 25ns
8 ~ % CMS dilepton 13 TeV (L = 35. 91b’)
o & CMS Ijets 13 TeV (L = 42 pb, 50 ns)
Q % CMS all-jets 13 TeV (L = 2.53 fb1))
H— + CMS t+e/u13TeV(L=359"fb [ Dilepton t+e/u. m 781+ 7 + 62+ 20 pb
; — % CMS hjets* 13 TeV (L =137.61fo™) 900; — ] JHEP 02 (2020) 1911 =35.91b™, 25 ns I ® x02220P
> * Pre"mlnaw : ----- I- ----- L I :
3 102 800F 14T 14
= — [ 13
© - 700F 4 All-jets —tt—— 4 25 4 .
[ L F i CMS-PAS TOP-16-013, L =2.53 b, 25 ns 834225118 = 23 pb
— B F[nweorso  [lMmHT14 ] int
——— NNLO+NNLL (pp) 600:— ]
B ——— NNLO+NNLL (pp) [@ere [rewi § 4
10— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 VYs[TeV] | L+jets ) [N 791+ 1+21+ 14 pb
= NNPDF3.0,m, =172.5 GeV, ay(M,) = 0.118 = 0.001 [*t,(M,)=0.113] 3 CMS-PAS TOP-20-001, L, =137 b7, 25 ns
C | I I I I SR T SR S I | I I I [ v v T
2 4 6 8 10 12 14
NNPDF3.0 JHEP 04 (2015) 040
Vs [TeV]
I | MMHT14 EPJC 75 (2015) 5
* Preliminary
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
. I . . : [as(mz) = 0.113]
Many detailed top studies ongoing N N R B N
Measurements get more precise 00 A0 o a8 1000 0 e
o, [pb]

Measurements in good agreement with the Standard Model predictions!!



tt plus Vector Bosoﬁ

t
d
u
”f+
CMS Preliminary ogy summary, /s = 13 TeV May 2021
Ttneo (W) = 0.59 *413(scale) + 0.01(PDF) pb } Tiheo.(t1Z) = 0.86 *097(scale) + 0.02(PDF) pb : Tineo.(ft) = 0.77 *§ 1, (total) pb
Eur. Phys. J. C 80 (2020) 428 Eur. Phys. J. C 80 (2020) 428 TOP-18-010
NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30 } NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30 : Madgraph+aMcNLO
My = 172.5 GeV Mip = 172.5 GeV Mygp = 172.5 GeV
omeas. T (Stat.) + (syst.) tOtal, stat. °
thy, Liy = 137 fb!
0.80+0.01+0.05pb T CMS-PAS-TOP-18-010
+0.12 40.13 R W, Liyy = 36 o'
0.77 %% "o P * JHEP 08 (2018) 011
+0.09 40.12 tiZ, Ly =36 b~
0.99 5.6 "0 PP R JHEP 08 (2018) 011
iZ, Ly = 78 o
0.95+0.05 + 0.06 pb |—o—o—o—| JHEPmOS (2020) 056
I 1 L 1 L ‘ L L L L | L L L 1 I 1 1 1 1
0.0 0.5 1.0 1.5 2.0

o(ttV) [pb]

Measurements in good agreement with the Standard Model predictions!!



Top Mass Determil

CMS Preliminary May 2021

Dilepton B PY
JHEP 07 (2011) 049, 36 pb 175.50 + 4.60 = 4.60 GeV

Dilepton —@— 17250 = 0.43 = 1.43 GeV

Steady improvements over the
EPJC 72 (2012) 2202, 5.0 b .
Albjets last years in Run-1

] -4
EPJC 74 (2014) 2758, 3.5 fb 173.49 = 0.69 = 1.21 GeV

Lepton+jets s—e@=—173.49 = 0.43 = 0.98 GeV

JHEP 12 (2012) 105, 5.0 o PreC|S|0n better than 0.30/0

Dilepton —@— 172822019 = 1.22 GeV
PRD 93 (2016) 072004, 19.7 fb"' sextEEl

All-jets

172.32 = 0.25 + 0.59 GeV
PRD 93 (2016) 072004, 18.2 fby" =hess

Hadronization model uncertainties
one of the main limitations

Lepton+jets
PRD 93 (2016) 072004, 19.7 fb

CMS Run 1 legacy
PRD 93 (2016) 072004

172.35 = 0.16 = 0.48 GeV

172.44 = 0.13 = 0.47 GeV

Dilepton
EPJC 79 (2019) 368, 35.9 fb

This is not the final word yet
-Run-2 combination under way
-Experiment combination next

172.26 = 0.07 = 0.61 GeV

Lepton+jets
EPJC 78 (2018) 891, 35.9 1b”

All-jets
EPJC 79 (2019) 313,359 fb™

Lepton+jets, all-jets
EPJC 79 (2019) 313, 35.9 fb™

Srasseup samoe o Note: the average value at LHC
Shaletop e w0507 g somewhat lower than Tevatron
Tevatron combination - one: 174.30 + 0.64 GeV
. Driven by DO result. Still not really

ATLAS. CDF. CMS. DO —@— 173.34 = 0.27 = 0.71 GeV

arXiv:1403,44T’ (2014) ReSOIved yet. e

L1 11 I | | | | I | [
160 165 170 175 180
m, [GeV]

L S I S X I |




Precision Measurement of the Z Invisi

.M sty e Utilizes the similarity in kinematic
N e St characteristics between the decay of
a0 \.... = 4owy the Z boson to neutrinos and to
- = Hm@” “ﬁH} ?Zl’d;:é%gﬂ;;i)e;}_ charged Ieptons_ (electrons/ mt_Jons)
K TG | S0han" 0 | e e Select events with p ., and with
| | P dileptons & calculate the pre
B T T excluding the dileptons from the event

pii= Gev)  Di-leptons excluded
SMP-18-014

CMS Preliminary ~ 36.3 fb~! (13 TeV)
N T I T LI T I T LI T T LI T I T LI T i

e The invisible width, I, ,is then

extracted from a simultaneous fit to
: : data regions containing mostly Z
ALEPHE o 3450 4 48 Mev boson decays to neutrinos and those
: : dominated by Z boson decays to
electron and muon pairs.

L3F —e— — 498 + 17 MeV

F—e—— 539 +31 MeV

E T, = 523 + 3 (stat) + 16 (syst) MeV

o 523 + 16 MeV
T —— H - .
o sy Single most precise direct measurement

Competitive with combined direct LEP result



W Decay Branching Fr

Precision measurement of the W boson decay branching fractions

Combining all the measurements to get All BR

CMS LEP
B(W — ev.) |N10.83£0.01%0.10)% §10.71 = 0.14 £ 0.07) %
B(W — uv,) |[§10.9440.01 +0.08)% §10.63 £ 0.13 4 0.07) %
SMP-18-011 BW — 17;) [10.77 £0.05+0.21)% §11.38 £0.17 £0.11) %
B(W — h) 67.46 4 0.04 + 0.28)% -
with LU
B(W — v) | (10.89+0.01 +0.08)% (10.86 £ 0.06 & 0.09)%
B(W—h) | (67.3240.024+0.23)% (67.41+0.18+0.20)%

CMS Freliminary 359M ' (13TeV)

W bosons from o ous

CMS LU (68%/95% CL)
#* LEP

top quark decay§ W ev, 1 (1083 £0.10)% - LEP LU

) w/ LU
g b One b jet B ) < (67 32 £ 0 231
ekl At least one decay to e / p (trigger) Wiy, | dosszoomn e

tA

yy_._tqu e/ / 1/ hardons decay
g b Additional jets

30 categories ->ML fit of the categories

W—Tv 1 (10.772021)% ==

0100 0105 0110 0115 0120 0125  0.130
Br(W — tv)



Jet Differential Distr

HERA DIS + CMS (jet and top)

Inclusive jet cross sections in p;

and rapidity, with anti-k; algorithm
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measurements: effect on the gluon

CMS Preliminary

Hessian uncertainties

CMS Prelimina 2 120
< 10 hminary [ 3637 (13 TeV) SMP-20-011 G [ [uera u2 = m?
Anti-k (R=0.4 .
3 10 f A s NNLGUET ®NP ® EW Z 1007 Wl HERA+CMS
8 .05 ||y:<c11.g Ex 18') < ool
a 5<lyl<1.0 (x =
10° ""I_._LF 10<iyi<15 (x 10'3) x 80F g =0.1177+ 0.0036
2z v 15<lyl <2.0 (x 109) C
At S 60 m, = 1702+ 0.7 GeV
s H—l—ﬁ—|+ Z
o2 1:_’—'—‘1._ 401 (also extracted)
102F 201
3 C
107 F . ol il il PR
- 515 —— HERA+CMSHERA
10°F e
E - =. 1
10°F B
i 05 . . .
-1 L n L L P S L L -4 -3 - -1
10760 200 300 1000 2000 3000 10 10 10* 10
Jet P, (GeV)
CMS Preliminary 33.5fb (13 TeV)
14l Iyl <0.5 05<lyl<1.0 { 10<lyl<1.5 1.5<lyl <2.0 Comparlson with
12| fit NNLO calcvulations
: =Al — N. Glover et al.
081  Antik, (R=0.7) ++
[ Tot. exp. unc. -- NNLO PDF unc.
0.6 F -+ Data(statunc.) + —NNLO scale unc. —Hy scale E
100 200 1000 100 200 1000 100 200 1000 100 200 17000

Jet P, (GeV)




Measurements of By
Summer 2020 combination of By 2Hu (ATLAS, CMS and LHCb) =

Eg. BPH-20-003 The results are compatible with the w2
(S i svwmssemssoe SV predictions within 2.1 standard Ve
o Diftge Loig. | deviations

B(B — ptp) = (26974%) x 10°°

B(BY = it Y = (366 +0.23) x 10°°
B(B® — pu~) < 1.6 (1.9) x 10710 at 90% (95%)
e R < 0.052 (0.060) at 90% (95%)

My [8eV]

06 ATLAS, CMS, LHCb - Summer 2020 ATLAS, CMS, LHCb - Summer 2020
LT T T ; T [T T T T I T T T T T

L F 7 reimmy S amas 1 © eeimny 3 Includes data
= osE '_,:’_’._7-_’_'_ 2011-2016data . CMs 3 = 05F 2011 - 2016 data 3
T F7 S TesrmmTTSao -oLHOD ~ f 1 up to 2016
+§ 04/ /1 o T ">~ —Combined ¥ = 04F E

F . . g 3 r ]
i N L5 E
. ER 1 Next stop full
] i = 0'15_ E Run-2 data

A NS 1 . incuded
5 1

5
BB — pu) (107) B(B! — ) (107)




Measurements of By 2HM

T CMS Expériment at the LH . GERN
- .-""j"/ ; / = &
V-

B >uM candidate

21



Observation of Triple J/¥ p

Study of double and triple parton scattering in pp colisions BPH-21-004
Five candidate events are observed in the full Run-2 data sample

CMS Prelimina (s=13 TeV,L=133fb" 5=13 TeV, L = 133 fo”!

t Data
— Total
S dhy Iy Iy signal

+ Data
— Total

. dp dhp Jhy signal S Ay Ay Iy signal

Events / 50 MeV
Events / 50 MeV
Events / 50 MeV

PETY FETTE FRETE PEUTE FETY PPETY FEUT] FEET) FTeT Fre
[T PPN PTIL FPPRL FPPRY PP I

. ,2 3.3 . .
mlwu] (1] [GeV] mu*w] 2] (GeV] miwu’] (3] [GeV]

Production is expected to be dominated by DPS and TPS CMS Preliminary 133 fo” (13 TeV)

o cms Vs=13 TeV, Jiyp+Jiyp +J/\p

the DPS associated effective cross section parameter is: i OMS, 3-8 TV, I+l

Phys.Rept. 889 (2020) 1
——i AM‘I;"LVA}JSd s-8 TeV Jhp+dhy

- +1.4 +1.5 S
oEfﬁDPS = 2'7—1.0 (exp)—l.O(theo) mb — Luc‘{bl =13 ToV, Iy iy

——i DO, s-l 96 TeV J/q +Jhp
<« Do F _1 96T*3VB o‘.’/“ +Y
ATLAS 15=8 TeV, Z+b—Jhp

F clPhys. B 916 (2017) 132-
——i ATLAS zo-208 TBV Z+J/u

where o yps is an effective interaction area:
pp_)l/;2+X S RTLAS 5.8 Tov. Wiy

p wl +X Phys.Lett.B 781 (201 !)48549!
PRV X _ (T Ops Tsps s RE
DPS %

v

—_— UA2 5=640 GeV, 4-jet
Ueff DPS P a— o
' - CiS, 157 ToV’ et
DPS cross N . B
Sections —_— FEMPSur-)7 TeV, W+2-jet
ATLAS, is-7 Tey, Wiz
| —_— S,'ﬂns,, {c' 123 TeV wWw
Fiducial cross section: ——— 2'0 P 4'0 R 6'0
+141 ——
olpp = /Y I/Y /Y X) = 2727155 (stat) + 27 (syst) fb Oyt pps [MD]




The Higgs




Brief Higgs Summary (

X s e s s e S T T 5.1fb" (7 TeV) +19.7 b (8 TeV) + 77.5 o' (13 TeV) "
£ [ ATLAS and CMS — Hoyy ] i B R R S S L
2 60 — HoZZ-4 B . CMS
c [ LHCRun1 — Combined yy+4 7 | — Observed
q E ----- Stal. only uncert, | --- Expected
S5t i 1ol — Observed, 201642017
r ; 1 --- Expected, 2016+2017
41— - 4 I
C £
3k 332
L 1 ™
L 4 1
2F E
1= =
NI, W A ; ST e
124 1245 125 1255 12t 4 6 8 10 12 1a

Width
< 9 MeV
(95%CL)

Mass = CMS+ATLAS
125.09 +0.21(stat)
+0.11(syst) GeV

We know already a lot on this brand New Higgs particle!!

0.5

R 359 ! (13 TeV) CcMs E=7TeV,L=511"; §=0TeV, L=197 1"
T [ T
- CMS e I Tie -
E ot He .
2 [ — CMS data
X [ ]
$ oo0s- .
9 [
= [
@ .
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[ CH-bb (M- ] 0.02- ; ]
| (rzz [OH-y [ . ]
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S log(LWP = 01)/LUP = 07)

kaY

Couplings are
within ~15-20%
of the SM values

Spin =
0+(+) preferred
over 0-,1,2

We continue to look for anomalies, i.e. unexpected decay modes or couplings,
multi-Higgs production, heavier Higgses, charged Higgses...



Higgs @ 13 TeV In

Higgs in 2021.
2012 2021
CMS 5=7RVL=51b" \s=8TeV,L=53m"
% +I Dt T > llllllllll
ata 8 6F >05 17
g 1 B z+x g: fone cMs AT (13 Tev )
5 ! Do £ R Y
= I M= eV o af o~ r [ H(125) ] 1K '
c 120 2 = 72 72¢ ]
g > el =nET 7.7 m|II|op Higgs
' - I X 1 produced in Run2
m,, (GeV)

1 per experiment

80 -ul)o 120 1:;0 mlim(Gesl%O 1 1 1 m;(Gev)
* The mild deviations seen in Run-1 are gone ®

* Observation of H—bb in the associated production channel
« Direct observation of ttH production

* No deviations from Standard Model Higgs expectations
yet!!

The Higgs Boson is still very
much Standard Model-like!

{r =174




Higgs Mass

H — yyand H — ZZ — 4/ decay channels with the Run 1 and 2016 data
0 excellent detector performance in lepton/photon energy scale determination

0 single experiments are better than ATLAS + CMS Run | combination
0 still dominated by statistical uncertainties 2002.06398

CMS
CMS a7 —
= [ H=vy +H—>ZZ— 4l Combination —— Run 1
Run 1: 5.1 o™ (7 TeV) + 19.7 fo” (8 TeV) —Total | |Stat. Only 2 [Runt:51 17 (7 Tev) 4197 16" @ Tev) — - Stat. Only
2016:35.9 fb” (13 TeV) N gl 2016:35.9 " (13 Tev) —— 2016
Total (Stat. Only) C — — Stat. Only
Run 1 H—yy — 124.70 = 0.34 (= 0.31) GeV r —— Run1+2016
5 N — — Stat. Only
Run 1 H— ZZ— 4] 125.59 = 0.46 ( = 0.42) GeV N
Run 1 Combined 125.07 = 0.28 ( = 0.26) GeV 4
2016 H—yy M= 12578 = 0.26 (= 0.18) GeV 3l
2016 H— ZZ— 4| 125.26 + 0.21 (= 0.19) GeV C
2 -
2016 Combined 125.46 + 0.16 ( = 0.13) GeV r
Run 1 + 2016 125.38 + 0.14 (= 0.11) GeV "
1 1 | | I | | | I | I | I | I | I I | | | I | | L 11 1 I | I | I || B 1 1 1 |

122 123 124 125 126 127 128 129
m,, (GeV)

my = 125.38 & 0.14 GeV.

M,, is known to a precision
of almost 1 per mille

2019: my = 125.26 + 0.21 GeV



Higgs Widt

Technique: on-shell to off-shell cross section

5 1 fb (7 TeV) + 19.7 b (8 TeV) + 77.51b ' (13 TeV)

i CMS
. —— Observed

-- Expected

" | Observed, 2016+2017

-- Expected, 2016+2017

b L
\Fn\\ a lower bound

arXiv:1901.00174

2
gonshell 8e8tizz
gg—}H—)ZZ My FI—I
goff-shell gégHgl HZZ

gg—H*—ZZ ™ (2m2)2

Parameter Observed Expected
T'y MeV)  3.27350.08,9.16] 4.1739[0.0,13.7]

SM Higgs
width =4 MeV

We start to get

on the Higgs

I' <9.16 MeV (13.7 exp.) @ 95% C.L. | width!
Run1 + Run2, H = ZZ* — 4¢




Higgs to Diphoton

2103.06956

Full Run-2 results

137 b (13 TeV) ,

) 137fb (13TeV)
6%—'---|-"-|""|""| """"""""

- H—yy, m, =125.38 GeV AII categones

50 - S/(S+B) weighted ]
- ¢ Data

— S+Bfit

[6)]
-2AInL

Fe e B component
a0 [Jx1o -
I:l 2 0 7

S/(S+B) weighted events / GeV

4= Best fit
— 68% CL
""""" 95941(:L
¢ SM

k ! L1l lI|IIlIlIIlIII[IIlIIlIIIIl
05 06 07 08 09 1 1:1

100 110 120 130 140 150 160 170 180

m,, (GeV)

All data: categories weighted
With S/(S+B)

= 112499 = 1.12+0% (theo) *093 (syst) 07




Simplified Template Cross Se

Simplied Template Cross Sections (STXS) 1610.07922

» ATLAS, CMS and the theory community have been working together in the LHC Higgs
Working Group to setup a common framework for Higgs boson measurements in Run 2.

» Reduce theory uncertainty and model dependence on measured bins

» Each Higgs boson production mode is split info numerous templates by kinematic features that are
highly correlated with reconstruction-level objects.

t
(c) Higgsstrahlung 4% (d) tt Production ]%

Nijets pT (V) pT (H)

pT(H)
Njes | Mii, pT(H+jj) (if Njets>1) | Nijefs |
Mii, pT(H+jj) pT (H)
(if Njets>1, VBF-like)

Adapted by the LHC experiments to maximally reduce impact of model
dependence and theory assumptions



STXS: Higgs to Diph

2103.06956 “Event classification”

= gl + gg — Z(qq)H + bbH

= VBF + qq — V(qq)H
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Higgs to ZZ -> 4 |

Full Run-2 results

2 1 03 04956 5.11fb" (7 TeV), 19.7 fo' (8 TeV), 137 fb' (13 TeV)
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nitor

[800, 1200] GeV
b, =917
[675, 800] GeV
n,=8775]
[600, 675] GeV
W, = 8.3%7
[550, 600] GeV
n = 3773
[500, 550] GeV
h,=-36%,

[450, 500] GeV
n =-05%]

-0

2006.13251

nggs

137 b (13 TeV)

H-

ol

Boosted Higgs to bb

Higgs bosons (H) produced with transverse momentum (p;) greater than
450GeV and decaying to bottom quark-antiquark pairs, and using Z->bb as

[800, 1200] GeV
= 0613

[675, 800] GeV

4024
H, =078

[600, 675] GeV

+0.24
M, =087 g5

[550, 600] GeV

+0.25

n,=0.93%,

[500, 550] GeV
n =0.85" +0.22

-0.18

[450, 500] GeV

+0.30
U =1.24] —0.24

137 fo' (13 TeV)
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el —
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g = 3.7 £ 1.2 (stat) ) 0.7 ® (syst) "¢ TOF (theo)l— 2.50 effect
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Higgs to Di-Muon An

Evidence for H->puu with full run-2 data sample (3 sigma)

SM coupling strenght [1.197030 (stat)+8 ﬁ (syst). 2009.04363

137 b (13 TeV)

Experiment at the LHC, CERN
; ﬁ scorded: 2018-Sep-30 16:00:48.744704 GMT
'/,».“ - mEvem /18:323755/ 1362838897 / 755

®
S
)
T
O
=
n
= 2
)
L
)
|

700 - All categories —— S+B (u=1.19) —
i S/(S+B) weighted ... Bkg. component
o m,=125.38 GeV 1o ]

S/(S+B) Weighted Events / GeV
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m,, (GeV)

First evidence of Higgs coupling to second generation!



Higgs to Di-Muon

137 b (13 TeV)

o 35.9-137 fo'' (13 TeV)
: > III T T T TTTTT IIIIII T T T IIlIII T
T gl> L L]
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-1 e |
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R | E - " ; .- ]
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. i 1os 102 p
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First evidence of Higgs coupling to second generation!



Searching for Decays t

Decays can have information on couplings to first and second generation
Fermions. Expected rates however very small (in SM)

q

arXiv:2007.05112

1371b™' (13 TeV) KK 1371b” (13 TeV)

% _CMS T % suojléﬁélI‘III‘IIr"l”II‘”HIHII“”I‘”HIIL .

[ Data [ ¢ Data i
8 ' 8 | f No signal observed
- P —— Background 1 I —— Background 1 O SI na O Se e
‘a N Il Bkg uncertainty ] :; 4001 I Bkg uncertainty
b= J —H—>2Zp, B=30% ] E k —H—2¢, B=0.7% |
S 4000 o 1 5 ¢ °
> >
L L

About factor 700
away to reach SM
coupling sensitivity
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Limits on HH Produ

Expected and observed 95% CL upper limits on ratio of the cross section
to the SM expectation for several channels B(HH—yybb), B(HH—ZZbb)
and B(HH—bbbb) with full Run-2 statistics

Run 11 2016, 35.9 fb™"
Expected 12.8
Observed 22.2

bbZz, 138 fb™
Expected 39.8
Observed 32.5

bbbb, 138 fb™
Expected 7.84
Observed 3.88

bbyy, 138 fb™
Expected 5.55
Observed 8.40

CMS ---- Median expected

—e— Observed
Preliminary B8 689% expected
13 TeVv <--- 95% expected

Phys. Rev. Lett. 122 (2019) 121803

1

Getting closer !!

CMS-PAS-HIG-20-004

CMS-PAS-HIG-20-005

JHEP 03 (2021) 257

I 1 IIIIIII L1 1 1 111
2 3456 10 50 100 500

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

... Will be a target for the HL-LHC



Search for LFV Decays:

1912.01662

Thad
El

Thad
p

CMS

u 0 Jets
0.37 (0.33)%
ue 1 Jet
0.40 (0.43)%
u 2 Jets
0.50 (0.49)%
uT VBF
0.39 (0.30)%
ut, 0 Jets
0.31 (0.34)%
ue 1 Jet
0.36 (0.57)%
ur, 2 Jets
0.77 (1.13)%
ut, VBF
0.58 (0.83)%

ut
0.15 (0.15)%

137 b (13 TeV)

H — ut BDT fit

e Observed

% Median expected
[ 68% expected |
] 95% expected

X

-1 0 1 2 3 4 5

95% CL limit on B(H— ut) %

CMS

et,, 0 Jets
0.44 (0.39)%

er,, 1 Jet
0.68 (0.44)%

ey, 2 Jets
0.78 (0.55)%
er,, VBF
0.57 (0.35)%
et,, 0 Jets
0.42 (0.34)%
et,, 1 Jet
0.56 (0.53)%
et,, 2 Jets
1.35 (1.08)%
et,, VBF
0.42 (0.86)%

et
0.22 (0.16)%

137 b (13 TeV)

H — et BDT fit

e Observed

X Median expected
[ 68% expected |
[ ] 95% expected

Bl
-E
»

IIIJ|I\IIIIII\lIIII‘IIIIlIIII

-1 0 1 2 3 4 5
95% CL limit on B(H— et) %

H— ut
H— et

Observed (expected) Best fit branching
upper limits (%) fractions (%)
<0.15 (0.15) 0.00 £ 0.07
<0.22 (0.16) 0.08 +0.08

Yukawa coupling
constraints

< 1.11(1.10)x 1073

< 1.35(1.14) x1073

No sign of Lepton Flavour Violating Higgs decays in the data




MSSM Summary Res

Observed and expected 95% CL upper Observed and expected 95% CL upper
limits for m, versus the MSSM parameter  |imits for m, versus the parameter tanp
tanp in the hMSSM benchmark scenario. in the M125h scenario; arxiv:1808.0754

&0 CMS Preliminary 35.9 fb' (13 TeV) 50 CMS Preliminary 35.9 fb' (13 TeV)
Q. 7 <=l N
S 508 / / E 50 M;*° scenfario

40 \

4
301
o
20 //"'
7
&

101\//

|:' Observed exclusion 95% CL

== Expected exclusion 95% CL
h(125)
EPJC 79 (2019) 421
AH/M = pp
CMS-PAS-HIG-18-010
A/H — bb

N I:I Observed exclusion 95% CL

JHEP 1808 (2018) 113 ~—— Expected exclusion 95% CL

AH/h — Tt
JHEP 1809 (2018) 007

W H~ OO
w -p o o~
7 ',:;-*/‘/ '

H— WW (lv lv and Iv qq) AHM = pp
JHEP 03 (2020) 034 CMS-PAS-HIG-18-010
H = hh (bbrr) AH — bb

2 \:] PLB 778 (2018) 101 2 ; JHEP 1808 (2018) 113
i N AH/h — Tt
P PAS 17027 ] e 1808 (018 007

‘ — Zh (lkt) \\\ \\ . \\\\

\

H — WW (lv v and v qq)

— aI’XiV'1 910.11634

miSSM. 125 + 3 GeV b .

N X JHEP 03 (2020) 034
1 2 ] \ | | | | h'MSS“AI -I \ 3 \ RN \I\\ 3 \\\I\\ 1 I 1 1 1NN | I
130 200 300 400 1000 2000 100 200 300 400 1000 2000

m, [GeV] m, [GeV]

No MSSM signal in the Higgs sector



Brief Higgs Summary

Combination of all Higgs production/decay channels at 13 TeV
Check of overall consistency of the couplings

35.9-137 fb' (13 TeV)
Observed
. : : s : . |35'9 fb,-1 (13 TeV)l CMS L =10 (stat @ syst)
gu- : I ' ‘ s a -=1o(syst)
I CMS Dkyregion 1 Prehmlnary T 210 (stat)
2r i ) 1 | —— =20 (stat @ syst)
s 20 region . Py, =54%
+ Bestfit 4 m :
Y SM expected 1 ggH i
1.5 4 | i
i 1 e _‘_"T—
723) - HIG-19-005 |
1 : 3 . Update W|th M |
36-137 pbl |
- - B —
" [QH—bb [JH-ee 1 More channels |
0.5 __DH—>ZZ DH—’YY ] belng
s I:!H—-WW DCombine? Ho= 1.17’_L8:%8 ] completed M —'-'—
S— — — T P B S R
Di L 1.5 2 0 05 i 15 2 2.5
v Parameter value

arXiv:1809.10733

Results in agreement with | # = 1.02¥3¢

the Standard Model | =1.0240.04(th) & 0.04(exp) & 0.04(stat),




The Future: Studying the Hig

L= | e

=] /(==
: E:%! «More LHC Data 2022-2024

| HC upgrade ! 2026-2036
/_\' *Experiment upgrades!!
*Other/new machines...

—iggs as a porta

® having discovered the Higgs!?
Many queStIOI”IS are St|” unanswered: e Higgs boson may connecf the Standard
«What explain a Higgs mass ~ 125 GeV/? Eadeli ot ser

*What explains the particle mass pattern? SU(3)exSUQ2)xU(1)y
hidden

eConnection with Dark Matter?
\Where is the antimatter in the Universe?
*What is the origin of neutrino masses?

Higgs
sector

quarks
leptons




New Physics Searches




New Physics”

-New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

o cMs

Technicolor?

. signal

Zz

Ly»ww 7
fL=01fb1 -

B a0z (W

Eventz/50 Ge V.

ertries / 10GeV/ct
E

entriss / 10G=V/ !
5 « & @

-
.......

400 GO0 00 1000 f?ﬁp_ 1408 1600
W mass (Gel)

Little Higgs? :
Extra Dimensions? Hidden Valleys?
— o T—=Zt=liblv B
E 48 A TMS —) A Conceptual Diagram
3 s 300 b 9'
% 2.5
P L— q

Il blv mass (feV) ——

What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that



SUSY force particles

0. v Y ‘ Candidate particles for Dark Matter
8 — Produce Dark Matter in the lab

» » - .4
% Picture from Marusa Bradac



"Where's Wally?" (c) Classic Media Distribution Limited. All rights reserved.

Finding Wally in 2 dimensions is already tough.

1| What about finding SUSY in 105 dimensions? 2




Supersymmetry: Glui

|

I
PP — 80, § = qqX]  Moriond 2021 pp = 39, § = bbX®  Moriond 2021 PP =098, g —=>ttX]  Moriond 2021
;‘2000_|| L L O B2 I L L i L L L ER R ;2000—]|"'|]]'| L L L L ;2000_111r11111]|1111r111rl]III[IIv]IlI]I:
& 1800, CMS 137 fo' (13 TeV) 1 3 1800 CMS 13707 (13TeV) | @ 1800 CMS 137 fb' (13 TeV) |
= [ 1704.07781 (™), 36 fb" ] = [ 1705.04650 (M), 36 fo” ] = F —1908.04722, 0-lep (HF™) |
<1600 —1908.04722, 0-lep (HI™) Expacted 81600 —1908.04722, (’;n-.llzp (H=) ~Expected B2 1600F. —1909.03460, 0-iop (M) Expected ]
£ [ —1909.03460 (Mr,) —Observed | £ - —1909.03460, 0-lep (M) —Observed | £ " 2103.01290, 0-lep (stop) —Observed |
F ] B - ] [ —1911.07558, 1-lep (M,) ]
1400 e 1400[— PSR e — 1400}~ —2001.10086, =2-lep (é’ame-sign) =
r 1 u ] F 171011188, 0-lep (stop), 36 16" e ]
1200— S ] 12001~ / Y -] 1200~ = —
1000 7 3 1000} ) - 10001 L\ \ 3
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4001~ - 4001~ . 4001~ -
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mg [GeV] mg [GeV] mg [GeV]

No significant signal to date
Within the context of the SMS:
Exclude gluino masses ~ 2300 GeV for neutralino masses up to 1000 GeV




Supersymmetry:

1400
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m io [GeV]
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Moriond 2021
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my [GeV]

No significant signal to date
Within the context of the SMS: Exclude squark masses ~ 1700 GeV

m 2’0 [G eV]

« b-squarks and light
,4,4,20 squarks

_ b
pp —Dbb, b—b X1 Monond 2021
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Chargino and Neutralin

Direct production of
“electroweakino” pairs

Z
e e ~0
X o\\ X1

W:I:

1600

£1400

m ')‘('o [G eV]
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Exclude masses up to 1400 GeV for neutralino masses up to 800 GeV

pp — X3 X3 Moriond 2021

_CMS Preliminary 137 fb1 (13 TeV) ]

[ —2012.08600, 21 OS (WZ)
—SUS-19-012, 21 SS + 231 (W2)  Obssresd -
—SUS-20-003, 11+bb (WH)

—SUS-18-004, soft 2/3-lep (W2)

—SUS-19-012, 21 SS + 23| (XX~ BF(1)=0.5, x=0.5)
—8US-19-012, 21 SS + 23| (XX3—7Tv17, x|-0 5)
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Top Squark Search

Partner of the top quark — the stop— Ear .
plays a prominent role in Natural Models :

SUSY-20-002

CMS Preliminary 137 b (13 TeV) CMS Preiiminary 137 fo' (13 TeV)

; 0? . S 10? -
© 1400 pp—>t1t1t—>tx -8_ o 1000 pp—>11l11—>bx —>l'JW)(1 -8_
0] Approx. NNLO+NNLL exclusion ~ O Approx. NNLO+NNLL exclusion ~
‘:;a poo| = Observed = 10y, 10 & o =Observed = 10y, 10 §
£ ==Expected = 10, ..o S €™ goo| ::2 Expected = 1 O periment 18
1000l Expected Ol -+ -Expected 2l 1, o o E;ngzg (1): M= (m?‘+m;,c:,)/2 | ] o
--------- Expected 1l - - Expected corridor | 3 g ---‘-Exgected ol E g
i S 600 1 G
140 § Y e — 1 &
E 107 © E 107 ©
1 E Ll i 1 E
- : 00_ \.\," ", » :
107 © . - =107 o
o = Q.
o . [o}
= ] - >
I
10° D 2001 10° O
(| ||||||| 10_403 I (Ll e 10—4m
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

m- (GeV) m. (GeV)

Within the context of the SMS:
Exclude with masses up to 1300 GeV for neutralino masses up to 600 GeV

Is this getting critical for Natural Modm
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Search for Di-lepton R

The “classical” search for high mass new neutral gauge bosons
Use opposite charge high p; same flavor leptons

137 fo' (13 TeV) 140 fb (13 TeV)

310FcmMs  vome | 1 39 \Ren pme | CMS 2103.02708
(210; [4/Z —e'e E (210;r EIv/Z ='W
@ 135 Mt tW, WW, WZ,ZZ, v« 1 g 135' mti, tW, WwW, Wz, ZZ,
S [ldets L S r [lJets = = - =
g1 ) 1810 (1 Tota Background (NR) No signal -> New limits with

10 — G, WM, = 0.05, M = 35 TeV 3 10°F — Gy, kM, =0.05, M= 3.5 TeV

102 s Ziggm M=5TeV _' 102 on Zoe M=5TeV

the full Run-2 statistics
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%

10 1 10
1 3 1
107" E 107" 7 7
10 3 ” Channel Z'ssu Zy
18_4 18_4 Obs. [TeV] Exp. [TeV] Obs. [TeV] Exp. [TeV]
b S SAIVERNE. . | PO Rt SO ee 472 472 411 413
£os RO AR I R il 4 4o 4 43
g -05F ; th] £ -05F | N : ee + i 5.15 5.14 4.56 4.55
@« ~175900 200 300 1000 2000 « 170100 200300 1000 2000
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137 fb' (13 TeV, ee) + 140 fb' (13 TeV, uu)
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Search for Dark Photons |

Search for a Higgs boson produced via vector boson fusion, decaying
to an undetected particle and an isolated photon
Experimental search: 2 VBF-jets +photon+ Missing p-

2009.14009
130 fb™ (13 TeV)

10:I I I | I T I I [

; CMS — Observed

_ _ 55 68% expected
1k VBF+p " +y = 95% expected  _
: ++ 0.05 x O, E

1 I 1 | | | L 1 | ‘ 1 | | | | 1 1
No excess Observed 200 400 600 800 1000

my, [GeV]




Search for Right-Handed W and H

Events with two same-flavor leptons (e or 1) and two
(boosted) quarks are selected. EXO-20-002

For my = 1/2myx Wg is excluded at 95% CL
for 4.7 and 5.0 TeV for the e and the mu channel.
A 2.950 deviation seen at (m,g,m,) = (6000, 800)GeV

CMS Preiiminary 137 fb" (13 TeV)
c 10tET— T . g
-_E ee Stal.+syst. uncert. 3
& Resolved SR —4— Data ] CMS Preliminary 137 b (13 TeV) , CMS Preliminary 137 o' (13 TeV)
2 4 Postfit i - 5\10“,....|y...|....|..,.|....§ & Wegrrrrrr o e
o Zesets E = E =
> [ . = 10° \ my = MyR/2 - e my = myR/2
L Monprompt 1 |8: Combined ee channel 3 = Combined uu channel
10? 1 Other backgrounds 5 o} BN ] =
- - E o 1 =~ =
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} ] o«
10 1 = = 10 T ;‘r
B o =
] ;I 1= -
‘1;_ 10
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- T B 102k - - Expected limit Expected limit
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ajn ; -l o[ 95% expected 95% expected
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Heavy Neutral Le_

Neutrino portal: vMSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

! "
°V1: :
8 ns?l#n 3
MeV 1.777 Gev
w
tau

-The lightest singlet N; (mass = KeV):

- Good dark matter candidate. w

-N,, N5 (mass in 100 MeV - GeV region): P
- Mechanism to give mass to neutrinos | v
- Explain baryon asymmetry o

Displaced vertices




Search for Long Lived

-

q

Search for long-lived
<: heavy neutral leptons (HNLs)

! Vg
muon
EXO'20'009 x ele.CtrQn 13716 (13 TeV) . L 137f5'(13TeV)
5"10'2%CMS | st gﬂmﬂcms = "E"“:::.:"“"‘ "

A\ — - CMS 31 prompt (2016) |

HNLs produced through mixing AN A ==
with SM neutrinos in final state 10t o N
of 3 charged leptons + a neutrino  « N\ =~ R T wef\
Low mass HNLs are long lived ol ] gl Meiorna ST

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

my, (GeV) my (GeV)
—577—2
T ocm V A LB A 1:{17fbl(1:?T?V) o U VLR B 1:|17fb|(13TeIV)
N N Nl qz‘m 102 *CMS : DEI.PHlpIolnm E 211072 ES\CMS : DELPHI:Iumm E
f’xehmlneuy : grsc:ed”’""' (2018) - Preliminary T SMS S prompt fanie) 3
10° N E0 Bpected 120 10%E %
Search for 3 leptons; two form a ] LN
. 10 3 1048
displaced vertex \
10° _—:é 10°F
Different sensitivities for Diracand [ |
MajoranO neutrinos 0 68 0 12 14 6 10 650 12 14 16

m, (GeV) my (GeV)




Hunt for Long Liv

CMS and LLPs

arxiv:1911.00481 — CODEX-b

LHC coverage
(ATLAS, CMS, LHCb)

heavier (2 10 GeV) —

A
—
[
g
B
§ m"ss
%: Yey ™ i
5 %)
5 SCHEMATIC
i r
<—near ~m far—
CT

e How to unlock CMS’ full LLP discovery reach?

e How far can we extend the mass and lifetime?




Search for LLPs associat

Higgs decay into long lived scalars EX0-2020-03
eSeach in central tracker for up to 4 displaced jets

eTrigger from Z leptons

CMS Plrellllrr‘nlrlyary . 117 fb (13 TeV)
= pp — ZH — Z(IT) H(SS): S — bb (100%)
‘? 10° —— Observed limit (95% CL)
— — Median expected limit y

10 . mg=15GeV « mq=40GeV - mg=>55GeV

68% 68% 68%
expected expected expected
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No excess observed




Search for Displaced Low

Use scouting data selected for multi-muon events

Example scenarios EXO-20-14
- Dark photons
- Single scalar field resonances Include 2 and 4 muon
final states in the search
l
¢ CMSﬁP'reu;nm _ E— 101" (13TeV)
Zp g 10 Emgg —>h —Z,Z, —2u 2X(X = ) —— Observed limit (95% CL)
h—- - @- - . é +gg — h — Z,Z; — 4y (ct,°=10 mm) - 6”:/;‘:";;”:"""'“"
107 95% expected

9

Trml I IIIIIIII T U
lIlIIIlI | IIIllIII ||

lll 1 A1 AL ll‘lll
1 2 3 4 5 6 7 8 910

i
] d’,"’< _ 10°
t L’
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Search for LLPs In the

f

EXO-20-015

f The muon system acts as a sampling
==,< f calorimeter

n 01 02 03 04 05 08 07 0.8 09 1.0 11
8° 843° 786° 731° 67.7° @25° 575° 52.8° 48.4° 44.3° 404° 36.8° n 8
8 v -
— [ T 11 T 1 7 7T I- LIS S B LI T T [ 1 T 1.2 335°
‘g - H i ;,- "_- ; /7 7 o ” i = DTs
o E [ mB4 1 13 305°

3 14227
] 1.5 252°

1.6 22.8°

L 172
3 18 188°
T 4 19 170°

.d 20 154
~T = 21 1400
""" 3 22 128
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24 10.4°
25 94°

Sensitive to a
broad range of
LLP particles

30 57°
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Search for LLPs In the

CMS Simulation Preliminary

.~~§
Large cluster of hits

137 b (13 TeV)
a 1 TTTTRT T TTTTIT T T TTTTT T IIIIIII T I".‘II\ "_
/p) 7]
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cC E 0 .
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CMS Simulation Preliminary

Decay in
Muon Chambers
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k? = 172

Scalar Diquark

i+, pseudoscalar (scalar), gi., x BR(¢-+2() > = 0.03(0.004)
t + , pseudoscalar (scalar), i, X BR($=+21) > = 0.03(0.04)

«quark compositeness (ad). N =1
quark compositeness (f), s = 1
quark compositeness (qd), Nuea= =1
quark compositeness (ff), Mums = -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (xx). gq = 0.25. gom = 1.m, = 1 GeV
(axial-)vector mediator (gg), gq = 0.25, gou = 1,m, = 1 GeV
scalar mediator (+4/tf), gq = 1, gom = 1, my = 1 GeV
pseudoscalar mediator (+1/t), gq = 1, gos = 1, my = 1 GeV'
scalar mediator (fermion portal), A, = 1,m, = 1 GeV
complex sc. med. (dark QCD), my, = 5 GeV, cTy,, = 25 mm
Baryonic Z', g = 0.25, gom = 1,m; = 1 GeV

2= 2HOM, g7 = 0.8, gom = 1, tan = 1, m,; = 100 GeV.
wector mediator (qd), 9s =0.25, gom =1.m; = 1 GeV.

Leptoquark mediator, §=1, 8 =0.1, ix ow = 0.1, 800 < M5 < 1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPY gluinos to 3 quarks

ADD (jj) HLZ. o = 3

ADO (yy, t) HLZ, nyp = 3
ADD Gyx @mission, n=2
ADD QBH {jj). neo = 6
ADD QBH {eu), nin =6

RS Gux(yy), kMg = 0.1

RS QBH (jj). ngp =1

RS QBH (ep), rp =1
non-rotating BH, My = 4 TeV, nep = 6
split-UED, i = 4 TeV

RS Gux(qd, 99). kM = 0.1

excited light quark (qy), fy=f=f = 1,A=m;
excited b quark, fy=f=f=1A=m;

excited light quark (g, A= m;
excited electron, fy=f=Ff=1,
excited muon, fy=f=F=1A=m]

VMSM, [Verl? = 1.0, [Vyul? = 1.0

WMSM, VeVl A Vel + IVl ') = 1.0

Type-iii seesaw heavy fermions, Flavor-democratic
Vactor iike taus. Doublet

scalar LQ (pair prod.), coupling to 1% gen. fermions, f = 1
scalar LQ (pair prod.), coupling to 1% gen. fermions, § = 0.5
scalar LQ (pair prod.), coupling to 2 gen. fermions, = 1
scalar LQ (pair prod.). coupling to 2° gen. fermions, A= 1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, fi= 0.5
scalar LQ (pair prod.), coupling to 3" gen. fermions, =1
scalar LQ (single prod.), coup. to 3% gen. ferm., f=1,A=1

Zo, narrow resonance

Zp, narrow resonance

SSM Z'(qd)

Zad)

Superstring Z,,

LFV Z', BR{eg) = 10%
Leptophobic 2

SSM W)

SSM W(tv)

SSM W(gd)

LRSM Wa(tNa), My, = 0.5My,
LRSM Wa(Ths), My, = 0.5My,
Axigiuon, Coloron, coté = 1

Overview of CMS EXO results
CMS pr y

36-140 fb~! (13 TeV)

S EE 191103947 (2))
O ASEA L 171203143 (24 1y 20 4 1% 2]+ 1)

1911.04968 (31, = &1)
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0S8 191103947 (2))
1901.01553 (0, 1 + = 3) + EF™)
1901.01553 (0, M + = 3j + Ef™)
1712.02345 (= 1) + EF™)
1810.10069 (4))
1908.01713 (h + EF™)
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P0S06 181110151 (1u+ 1) + Ef)

777!

P OIE=oIs2  1808.03124 (2): 4))
1806.01058 (2))

1806.01058 (2j)
1810.10092 (6)

Tz

36 fb~!

1803.0803 (2))
1812.10443 (2y, 21)
1712.02345 { = 1) + EF™)
1803.0803 (2))
1802.01122 (ep)
1809.00327 (2y)
1803.0803 (2)
1802.01122 (ep)
180506013 (= 7}, ¥))
R OASZSN 1803 11133 (1 + EF )
S E26Y 191103947 (2)

zizzzzzzzxcx

1711.04652 (y +))

S 1711.04652 (v 4 )
1911.03947 (2))

S os-e3
2SS0 181103052 (y + 2e)
D25 B 1811.03052 (v + 2u)

Tz

0001-143  1802.02965; 1806.10905 (3f(, @); = 1) + 2f(1, @)
1806.10905 (21 + p+e)

<0.88
0.12-0.79

Tzzx

<144 1811.01197 (20 +2})
<127  1811.01197 (2e + 2j; & + 2 + EP™)
<153 1808.05082 (21 + 2))
0B=L5 181110151 (1p+ 1j+ EF'™)
<129 1808.05082 (2p + 2j; | + 2) + EF™)
<102 1811.00806 (2% +2))
<074 1806.03472 (2T +b)

Tz T

1912.04776 (2u)
1912.04776 (2p)

S OSE29 191103047 (2)
190510331 (1), 1y)

2103.02708 (2e, 2u)
1802.01122 (o)

0 0SE0S 190904114 (2))

1803.11133 (f + EF™)
1807.11421 (v + Ef™)
191103947 (2))

180311116 (21 + 2))
1811.00806 (2% + 2j)
1911.03947 (2))

TTTTTTTTTTTTX

137 b1

01 1.0 10.0
mass scale [TeV]

Most standard searches have been carried out with full Run-2 data
Other exotic signals or new models been considered (eg bi-leptons, see later)

Increased interest in expanding towards long-lived particle searches

Moriond 2021




General Search for Exc

*CMS: MUSIC tool to scan the data ->
classifiy according to # of objects in event| S Ol < Ldbor <yl <250

. . Photon >25 I <144
eUse the invariant mass, St and Pryiss e <o

.Automatic StatiSticaI a na Iysis Missing transverse momentum >100 —
Jet-inclusive es:‘:,ltu;i::s 20 1 O . 02984

event class le+2u+ijet CI . h I I
asses with low p-values
n 0 © 1 © <« 1 O O O R - = M T -
1e+X - = N € & © © O O © W W ® O O O O O o
© © O O © O © © O © O 6 6 6 ©@ 6 6 v = =
1e O ©O O O O ©O O O O O OO O o o 0o o o o o©
1e+tjet+X 2 1p+jet+X nJ 1 500 2 107
1jet © W + jets
[&] g
Tet1p+X N 2 I © o8 tt Higgs boson
Classes 2 JE 3859 b (13 TeV) mm Drell-Yan  mmy + jets
m @ 10 Exclusive classes B Single t  Multijet
Inclusive 5 10* B Multiboson e
[ le+2p+X ][ le+2p+ljet+X ]event class O
10°
p-value distribution ”
- 35.9 b (13 TeV) 10
L L I L BN DU LA IR LR fo0es LY. 8B
% 10°L CMS Exclusive classes: S; distributions _| 1 B
© E o ® Observed deviations  J 10~ 8 L | -
o PR v Median SM expectation ] N EEEEEEEEEE R
: ) - E- = £
S 107 S SM expectation = 10 By o+ o 5 T E T o+ ol ol & c & 5 &+
[} E 3 SM expectation + 2 ¢ 3 Pt a2y a0t TS F s 5 4222t t 2
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g 10 — + ; g + = ; + + + + <: : 1.-{: ; + o+ ;
. ST BDfg: GEiiifacd
L P ] 3 a2 - ; o = + o o
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Run-3 Opportuni

e B-parking ”\
— in 2018 we used low p; displaced triggers to save a sample of Run-2 2018
unbiased B hadron decays recoiling wrt the triggered muon _
* Parked trigger rate ~2kHz was reconstructed after the end of the run I?&de: data
— Enables several analyses on LFU violation currently in progress analysis
. Ex-pect first approved results so?n . . . : — on prog ress
— Studying how to further optimize the trigger in Run 3 B biesed
o " . decays
* Scouting \
— Analysis based on a reduced data format and on the online | .»
reconstruction in the HLT farm (do not save the full event data) T
— In Run 2 all analyses based about 5 kHz (~1 kHz of Particle Flow \_ y,
S&)Utl ng) Collected billions of unbiased B decays
— For Run 3 aim at running PF on higher rate, possible adding 32 Bl eveotstatal
additional L1 triggers (use GPUs and pixel tracks ) Mode - = =
. BY 40x10° 04 1.0
* LLP improvements 5 s0x10° 04 10
By 1.2:x 10° 0.1 1.0
— Ongoing developments in the L1 trigger area with the aim to increase  bbayons 12x10° 01 10
G - . B. .0 x 107 ; ]
efficiency for displaced signatures Total e
* Increase efficiency for displaced muons % Kif;_“f‘”ﬂ’;&d . ?)"Zlysezﬁx e
* Extend muon triggers to hadronic showers B — K+t~ 1800 45 x 1077

*  Out of time ECALand HCAL at L1
* Using HCAL depth information
— HLT developments also ongoing



Run-3: What Energ

The known hurdle: the dipole magnets need retraining..

e Jorg Wenninger
Training to 7 TeV EPS-HEP

O Training to 7 TeV was observed to require at RB training quenches
least 70-80 quench cycles, in some sectors e 7 Teb § @z
even more.. e T

O Based on the current experience, ~ 700
quenches will be required for 7 TeV — for a
total of 1232 dipole magnets.

O Following the issues during training, the target

RB.A45
4+ RB.A12
v RB.A23
® RB.A56

RB.A67
B RB.A81

11 500

11000

Current [A]

energy was lowered to 6.8 TeV in June 2021. e Training of sectors 23 and
_ Risk analysis of 6.8 TeV versus 7 TeV - due end s N
of September. :
QO Training status — 50% ready for 6.8 TeV: 10 000

25 50

— Two sectors ready at 7 TeV - 12 & 34.

~40d
— Two sectors ready at 6.8 TeV — 45 & 56. <.

a




Run-3: Expected lu

Improvements at the LHC and in pre-accelerator complex (LINAC4, PS..)

Parameter Design 2018 Run 3
Bunch population N, (10" p) 1.15 ~1.1 ~1.8
No. bunches k 2780 2556 2748
Emittance € (mm mrad) 3.5 ~1.8 1.8-2.4
B* (cm) 55 30/25 150 - 25
Full crossing angle (urad) 285 320 -260 320 - 260

Peak luminosity (1034 cm-2s-1) 1.0 ~2.1 ~4-5

The current estimate for the integrated
luminosity over Run3 (2022-2024) is

~ 160-200 b

Luminosity leveling
possible at start of the

runs to reduce pile-up
- doubling the Run 1 + Run 2 data set impact

O The start of Run 3 beam commissioning is
scheduled for March 7t 2022.




LHC Beyond Run

Long term plan

Long Shutdown 2 Run 3 Long Shutdown 3 Runs 4-5-6
2020 2021 2022 2023 2024 2025 2026 2027 |l 2038

Cryo-limit on

Injector upgrades luminosity HL-LHC installation
6.8/7 TeV T 7 TeV
-
Radiation
damage
-1
IL=160fb‘1 jLz300ﬂrl IL23000fb

Following the “loss” of 2021 to COVID, an extension of Run 3 into 2025 is under consideration, but
possible radiation damage to some of the low-beta quadrupole assemblies is a worry.




Summary -

 Measurements of Standard Model processes show good
agreement with predictions. Precise measurements require
precise calculations. New rare processes measured.

* Higgs measurements at 13 TeV. The Higgs remains very
consistent with SM expectations. First access to the second
generation fermion coupliungs. More precision with run-3.

* No sign of new physics in the 13 TeV data so far in run-2...
Most analyses now with full run-2 statistics

* Long Lived Particle searches are being explored in a more
systematic way. White paper arXiv:1903.04497

* New promising techniques for Run-3: B-parking ®
 The LHC is continuing to explore the Terascale. =

significant deviation to show the way!! - 0
And hopefully one day soon: T

o




