Highlights from the CMS experiment

Wolfgang Adam

for the CMS collaboration
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Physics goals & methods

Completing our picture




Physics goals & methods

How?

* New ideas for trigger, data
processing, and analysis:

continue improving
analyses in terms of
precision and sensitivity
independently of
iIncreases in luminosity
and collision energy




Physics goals & methods

“Scouting”
* Avoid bandwidth limitations in order . 10° 34 fb” (13 TeV, 2018)
. oo rrT ' oo rrT ' oo b
to dCCesSS Iower pT and Mass reglons I 1011 CMS Online Reconstructed Dimuon Events
h t I t t h h 8 Preliminary Jw p_(u) >3 GeV, n(u) < 2.4, opposite sign
where trigger rates are (too) hig S 10" T
* reduction of event size to O(10kB) =0 e -
allows trigger rates of several kHz > 10°% NS
. Reconstruct at the High Level Trigger (HLT) @ 104 M
T S —
stage, drop RAW data and analyse =
. . O TOS I
USIng the HLT ObJeCtS L|>.l 4 i L1-Trigger Selection Requirements
] ] j O - 2u,p, >4.5GeV, <2, 0S, m(2:)>7 GeV 2u,p, > 157 GeV
* needs adequate calibration at the HLT level ey s oo
and validation against full reconstruction 102 | o acmtarenon nas s 08 s ,
i l | l'A’ul-l),l>4:.sl<;c;v.os | l o | | I "“k.i‘
_ 1 10 10°
 Example: search for low-mass n-jet resonances u* w” invariant mass [GeV]

CMS DP-2018/055


http://cds.cern.ch/record/2644377

Physics goals & methods

“Parking”
] ] ] . ] ] Fl" 7334 HLT rate — Physics Streams — — Prescale change
» Avoid CPU limitations in prompt reconstruction Data Parking Run change
" . N’ ]
» Store additional datasets and delay processing L6000}
. . ) 4
to times of lower load on the computing system T 50007
* needs careful planning taking into account 40080
data taking schedule and MC production :
3000
. 200024.', :
 Example: B-physics
1000} _
E ! ‘!J_l I | L l i l ) 4._3
\ 19:06 16:26  18:45 21:04 23:23 01:42  04:01
2018-10-23 14:06:55 to 2018-10-24 04:01:32 UTC Time
A B .I-- *K Use lower trigger rates at end of fill to store

events at a rate of up to 6kHz

* displaced muon trigger — sample of
unbiased B decays

» 12B events recorded

unbiased
other side B



Physics goals & methods

Machine learning

» Use full power of multiple variables and
reduce need for manual tuning

» Wide range of state-of-the-art algorithms used
for solving combinatoric problems, regression,
and classification

* needs adequate control regions for performance
measurements and (typically) large MC samples
» Examples: "Deepdet” b-tagging,
neural networks for the ttH(H->bb) analysis
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http://cds.cern.ch/record/2646773

CMS data in Run 2

Excellent data quality

 Reminder: Run 2 data taken with an evolving
detector configuration, in particular

- upgrade of the pixel detector to 4 layers
- upgrade of the HCAL readout (long. segmentation)

» 2018: largest dataset collected so far
- uses nearly complete CMS Phase-1 configuration
- pileup conditions similar to 2017
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Properties of the Higgs boson



Higgs boson properties

Continuous work toward a global picture

 LHC Run 1 led to discovery using decays to bosons
» LHC Run 2 directly established couplings to 37 generation fermions = > |
* LHC Run 3 will extend sensitivity to physics beyond the SM P
* HL-LHC will allow to probe the Higgs self-coupling

PLB 779(2018)283 |
| PRL 120 (2018) 231801 |
| PRL 121 (2018)121801 |

Production and decay ggH VBF \" ttH
modes covered by HIG-19-001, Run 2
recent CMS results HIG-18-029, ‘16+’17 HIG-16-040, ‘16 |HIG-18-018, ‘16+'17
HIG-16-942, 16 HIG-18-019, ‘164717
HIG-18-032, ‘16+’17 HIG-18-007, ‘16
HIG-16-044, ‘16 HIG-18-016, 16+17 |HIG-18-030, ‘16+’17

HIG-17-019, ‘16

HIG-18-031, ‘16

HIG-17-023, 16



http://dx.doi.org/10.1103/PhysRevLett.121.121801
http://dx.doi.org/10.1103/PhysRevLett.120.231801
http://dx.doi.org/10.1016/j.physletb.2018.02.004

An illustration of progress in the past years: H-ZZ ‘™

CMS \s=7TeV,.L=5.1fb" V\s=8TeV,L=53fb""

35.9fb™ (13 TeV) CMS Ppreliminary 2016 + 2017 + 2018 137.1 b (13 TeV)
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http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1007/JHEP04(2016)005
https://cds.cern.ch/record/2668684

Decays to 3rd generation fermions

35.9 b (2016) + 41.5 fb™ (2017) (13 TeV) _ 9'.\'."?‘.’.3’.‘9{”.’"’."’.&]7. S 41 .|5|ft|>-1| (|1:|s TeV)
l | | | .l . | l | | l l | | | é § DL (=4 jets, =4 b tags) e Data [ ]signal :
ttH (H—>bb) CMS Prelli?vlnary L ot stat syt 5 10tk Post it g alr
« Covers 0, 1, and 2| decay modes  Fully-hadronic H*H 0.38 11 0% 0 | 10 g E Stmostanty
» Improvements in particular for MVA  singie-iepton w120 104 1019 w038 = E
techniques and b-jet identification | ; o oo 10
Dilepton - 1.04 2571 038 -050 1
2016 - 0.85 041 "0z Toas | g rafHHT i \g PP
. — 12 -
. . g = Mk 53
Achieved evidence for decays 2017 e 1.49 104 021 030 | IR \}“\ﬁ\\\ \\E;
: O 06E ., 1 1ol =
to bb based on ttH only: I o 115 0% w015 0z TSy A o7 o
. e _ : - -0.29 -0.15 -0.25
obs (exp) significance = 3.9 (3.9) s.d. T A S i __CMS Projection /s = 13 TeV
_ +0.32 . st ~ Tota
//tCOIIlb 1 15 —0.29 W= O/OSM ; 0;)4?_ ;Vyfs\t(.Tn?:ert. (S2) __: ngtTh
I I - I I = 5 —m— BkgTh
HIG_18_030 NEW! ComparIS.On Wlth HL LHC pr.OJeCtIOnS. . LEU 0-35 —=— agd. tt+HF XS
» already improved w.r.t. basis for projection 5 03 Exp
. Iarge further potentlal for fuII HL LHC luminosity 5 25} "~ Btaogmg
U ” g o2f JES
For reference: ] g0
{ Observation of H—bb by both ATLAS and CMS in 2018 3 0.05
{ CMS (multiple prod. modes): | PRL 121 (2018) 121801 | ° e 0

Integrated luminosity (fb™)

FTR-18-011 .


https://cds.cern.ch/record/2675023
https://cds.cern.ch/record/2647699
http://dx.doi.org/10.1103/PhysRevLett.121.121801

Events / 0.15 units

Decays to 3rd generation fermions

H-o1tt

« Covers the ey, eth, uzh, and rhth channels

* New: use of NN classification to distinguish
background and different signal categories

HIG-18-032
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s 0.4 3 @ ThTh 1 48 _0.40
- 0.2
10°E 12 -1 -08 -06 -04 I ! 10.96
5 g, (S/(S+B)) —e——i! T 0.43 425
10°F E
= +0.36
102 =3 3
- 0.62
: eu 1.397 2,
10 * =
i Clew  [er,
1 -].,L’Ch DThTh = : : +0.18
- B S+B unc. [llH—1t (1=0.75) —— Inclusive 0.757, -
B ¢ Observed
-1 oo e e by [ L1 | 1 | I I | | I | I I | | I I | | 1 1 1 | I I | | | 1
10
-3 —2.5 —2 -1.5 —1 —-0.5 C 0 05 15 2 5 3

log, (S/(S+B))

Best fit My = UX/USM

gg—H, bbH
=1 Jet >2 Jet VBF'
Pl 0, 60] PRl 0, 60] pr” [ 0,25
Used as class pL[ 60,120] piE[ 60,120] H po [25,00] |}
& category : : s FrETTr— :
E E Together with
Not used as  EE— 1 : i VBF+V{a)H
category in [ Pit [120,200] f 1 piE [120,200] |
eft,eTh , UTh : f > 2 Jets
Not used as ] mj; > 400 GeV
category H i [200, oo] | H pH [200, o] [: Ansj > 2.8

piL < 200 GeV

Includes detailed results on

Kinematic properties
(simplified template cross
section stage 1 prescription)
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https://cds.cern.ch/record/2668685

Moving to the 2nd generation

19.7 6" (8 TeV) + 5.1 16" (7 TeV)

First CMS result on VH, H—cc T v
* highly challenging due to low cross section and need for c-tagging §,> 'F t
- categorisation according to lepton multiplicity of V decays 5 10" “esmcl

- |--.SM Higg

- addressing resolved (2 c jets) and merged (1 cc jet) cases
- use of ML and jet substructure for tagging and classification

35.9 b (13 TeV)
T T T | T T T

(M, g) fit

359" (13 TeV) 07
il b :

A4k T i %) S R B L R B AL | = 68% CL
c 107 [ ¢ Data [ vz(Zz—co) ] = _ ]
g 108 - CMS . [ ] vV+other B Single to — B DT OUtPUt for § 25— CMS 4~ Observed B VH(H--bb) ] — 95% CL
LI - Preliminary i Jer 1 L L Prelimi [ vz@z—co) [ vv(other) i | |
B y I:Itt -Z+CC | One Cate Or B I‘elmlnal’y -S- T I:Iti B O Lot [ NN I NN (-
6| oL S(;OLIS d/ﬂv vp ~ Ezswble o []zeble | Jory 20 [ Merged-jet e 21 — 0 1 D o
1071 Signal F’!e ion ' L] Z+udsg B VH(H~co), u=at - (reSOIVed Jets B 2L (uw) E Zriets - VHthco) M._21 | PartICIG mass (Gev)
i g g I VH(H—bb) 5% S+B uncertainty 9 _ High purity —— VH(H—cc) x 100 55 S+B Uncertainty -
i e VH(H-cOx100 1 p1(V)>150GeV) b E
10— e —:

Jet mass for the
high-purity category
(merged jets)

0 0.2 0.4 0.6 0.8 1 60 80 100 120 140 160 180 200
BDT output Higgs candidate mass [GeV]

HIG-18-031
NEW!

Obs / Exp

13


http://cds.cern.ch/record/2682638

Moving to the 2nd generation

First CMS result on VH, H—cc

» final results from combination of resolved & merged jet analyses

CMS Prefiminary — 3581 (13TeY) Combined results on signal strength:
0L osm * Obs (exp) exclusion: 702%37)
Obs.=83xSM '//l(VH, H — CC) — 361‘19
Loy Validation using VZ production:
Obs.=110xSM
« W(VZ,Z — cc) = 0.5519-
2L
Exp.=57xSM N e . ~
Obs.=93xSM s o ST T o e
................................................... For reference Current CMS results on H—>MM |
. - —&— Observed & \
Sy o . uotn st { signal strength (data from 2016)
et . Ooswepenss {*obs (exp) exclusion: 2.92 (2.16)

0o 50 10 190 200 |+ obs (exp) significance: 0.9 (1.0) s.d. |
95% CL upper limit on u(VH,H—cc) T e :
25PRLM122(2019)021801J; !
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http://cds.cern.ch/record/2682638
http://dx.doi.org/10.1103/PhysRevLett.122.021801

Rare SM processes



VBS: EWK Zy production with two jets

Vector boson scattering directly probes EWK SM gauge structure
» Selection reduces contribution from strong production

« Signal extracted from 2D fit to properties of the djiet system: mj and Az;;
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B EWK Zy Vv
eey
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+ |
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Events /bin

25

CMS Preliminary 35.9 fb' (13 TeV)

35[
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| | | | | | |
B VvV —¢— Data
TTy 77777 Stat. Unc.
EWK Zy
- B ST B QCD Zy
/%%%% - QCD Wy Nonprompt ]|

/////////
////////

X

A0 E€(2.5,4.5) AN E(4.5,6) 10 >6

/////////

0.5~0.8 0.8~1.2 1.2~2.0 0.5~0.8 0.8~1.2 1.2~2.0 0.5~1.2 1.2~2.0

m; (TeV)

Obs (exp) significance
* this analysis:
e combination with 8TeV.

Signal strength (fid. region): O. 64+8 %?

Limits on anomalous QGC parameters:

 the analysis sets the most stringent
limits to date on two of these
parameters (Fts//A* and F1o/A\* )
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https://cds.cern.ch/record/2682214

Other VBS measurements

Anomalous EWK VV production with two jets

* Using the WW, W/Z, and ZZ channels

* |Interpretation in EFT or
as limits on H* production

‘ tio _ " rution of Wx\W=

S G ————— Estimate ulti . |s| of ~3%

at HL-LHC:

@ 108 cms ~  3597(18TeV) CMS 35.9 fo! (13 TeV)
wjed E_ . - P S I I I I | I I I I
§ 105 i —e— (QObserved - V + jets 3 é 103 —— Observed -~
L 10° || Top quark QCD Wy ] ﬁ ------ Expected :
SM EW WV Bkg. uncertainty ; - 68% expected :
+|/|\ 102 b 95% expected _| —
5 FIR-1
X : . : :
Ultimate goal: investigation of Z.
+ ]
 10¢ - scattering — HL-LHC
é FH*—W*Z—qqlv
1' © I 1 coverage significance VBS ZpZ; fraction uncertainty (%)
5 ; | L L 7| < 2.5(2.4) 1.220 88
T T 000 1500 2000 2500 1000 1500 2000 7 <3.0(28) 138 78
my,,, (GeV) m(H") (GeV) 1| < 4.0(2.8) 1.430 75
1Y
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https://cds.cern.ch/record/2674979
https://cds.cern.ch/record/2650915
http://dx.doi.org/10.1103/PhysRevLett.120.081801
http://cds.cern.ch/record/2646870

Double parton scattering

Evidence for the DPS process in same-sign WW events

* Absence of extra jets @ LO can be used as a handle to .
distinguish DPS and single hard scattering

» Two multivariate classifiers discriminate signal from

WZ backgrounds and events with mis-identified leptons 70 g
CMS Preliminary 77 fb (13 TeV) CMS Preliminary 77 1 (13 TeV) ¢ . . ’
£ 120" Bz Borsww  [nopomet - DPS cross section assuming
0 B = rore W ’ —e— Observed Predictions: 1 OACR
1] | Y - - . —
1001 stat 0 e PYTHIA 8 (CP5) factorisation: GDPS =3
805 syst — — Factorization approach Ocff
o
C : total stat syst
40 wu+eus | H—e—— 1.96 = 0.74 (= 0.54 , + 0.51) pb
20 :

: First evidence for
ety ey 1.36 = 0.46 (+ 0.33, = 0.32) pb DPS WW production
: » Significance = 3.9 s.d.

Data/bkg.
— (_J'lL N O

wrustetut | H—e—H 1.41+0.40 (= 0.28 , = 0.28) pb

o
o

0 2 4 6 8 09z 12 _ 0 1 2 3 4 > °
INn number (wu" .
(W) Inclusive o2fS (pb)
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https://cds.cern.ch/record/2668320

SM precision measurements



do/dpi" [pb/GeV]

Precision measurements: Z+jets

Differential cross section measurement

CMS Preliminary

35.9 b (13 TeV)

. ) g —tan (752 sinoy 150 i
« Measured as function of pt(Z), n(Z), and @ 2 5 ™ Background "
. . . cos(0);) = tanh(;7 1 ), i | —— Identification & trigger
* Incl. cross section agrees with NNLO predictions | £ |~ Reconstruction
S 10 - Luminosity

* Uncertainty on absolute cross section dominated
by luminosity component for low pt(Z)

CMS Preliminary 35.9fb™ (13 TeV)
I L

CMS Preliminary 35.9 fb! (13 TeV)
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SMP-17-010

Achieves 0.5% uncertainty

on normalised cross sections for

®*<0.5 and p1(Z£)<50GeV
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https://cds.cern.ch/record/2675022

Measurement of m(jet) in top quark decays \

Jet mass In decays of boosted top quarks
 Alternative approach to measuring m(t): jet mass of highly boosted top quarks (pr>400GeV)
» Reconstruction of large (R=1.2) jets, and 3 subjets / jet using the XCone algorithm

- one leptonic top decay is required, and jet with max. distance to lepton is chosen

% 3500:_I I
- CMS
= Preliminary

2500

G

o 3000

Events /2

1500 |

1000 -

Data / MC

35.9 b (13 TeV)

2000 |

500 F

151

1t

05E

100
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—=>

Unfold to

particle
level

0.02

35.9fb' (13 TeV)
I I I | I I I | [ 1]

- CMS

' Preliminary

0.01

]
-¢- Data

-------- m, = 169.5 GeV -
—m,=1725GeV -
im, =175.5 GeV |

160

180

200
M., [GeV]

Extracted value for
m(t) = 172.56 £ 2.47 GeV

Uncertainty similar to the
ones from threshold
production!

TOP-19-005; NEW!
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https://cds.cern.ch/record/2682624

Long-lived particles



Jet timing using ECAL

10°

10*

Delayed jets

* Long-lived gluinos give rise to jets from displaced vertex
- Delay due to differences in velocity and in path length

-200

» uses median time of all ECAL cells in the jet cone T
CMS Supplementary 137 b (13 TeV) 137 b (13 TeV)
LA L B AL BN L LI BN UL c£104§'|"' L L I < 10°E T T T T ——rt
- - 6 L CMS ¢  Observation 3 ~ £ CMS 95 % CL upper limits -
| _ o = [ ] Cosmic ray muon background = o) B . ~ B
S = - - [ ] Core and satellite bunch background b 10° = PP > 90, g —0g+ G % Observed =
- . n 10° [ Beam halo muon backgroun = D = = . =
B _ = [ L. :MSma;=24oo claoevi,(?:ro=1dm § A 2400 GeV B Evpected median + 1 0uppey
? ? q>) 10 g —p GMSB m, = 2400 GeV, ct, =10 m £ 8 10° -- Expected median =2 o, 3
- - L S T GMSB m_ = 2400 GeV, cr, = 30 m 3 S Sxperiment =
= = 1 ? """"" e, _§ S 0 —_ CMS displaced jets (36 fb™) _‘
- - 107" %1 H‘.I—_I_i__?_r-—._;,__'[_ _|_,lﬂ1 _____ —% g % ...... NLO+NLL 0o, (PP — § 8) %
10° _ 3 1
- . 310‘1 S =
i i o -
5_....|....|...ﬂ|ﬂ....|..1..|1|_\...ﬂ.|....|...._§ @ - -
20 -15 -10 -5 0 5 10 15 20 102 T P ———
10 10 10 10
tJet (ns) Ct, (Mm)
median time of ECAL cells main backgrounds from significant extension of
iIn cone - background jets cosmics & satellite bunches sensitivity w.r.t.

tracker-based searches
W. Adam: Highlights from the CMS experiment EPS-HEP 2019 23


https://cds.cern.ch/record/2678845

Delayed photons

Photon timing using ECAL

* Long-lived neutralinos decay to a photon and a graviton

* requires precise calibration of ECAL timing and resolution

415" (13 TeV

N

/6)\ 1 A 105 | I I I | I I I I I I I I I | I I __
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Substantial improvement

w.r.t. early Run 1 search
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https://cds.cern.ch/record/2682104

(High-mass) direct searches



Resonant decays to two jets

_ CMS Preliminary | 137 fb' (13 TeV)
- - > — e Data
Classical high-mass e 10°F * R vthod
2 10° hatiomethod
resonance search ] 10\‘ e et o
. . . E-—- = .,.i.... --4g9 (2.0 T:V)
* can be interpreted in a wide CHE e, aaieotev
—O t

range of BSM models 10°
predicting particles decaying 10°

tO gg, gq, or qq 107 Wide PF-jets
_ _ 107™* & m;>1.53 TeV
» keep to improve analysis (o5 L <25 <1

with new techniques:

- replace parameteric
background shape by
measurement in data
sideband region Dijet mass [TeV]

- consistent predictions,
higher sensitivity for
masses > 3TeV

o.NWbH
U L

(Data-Prediction)
Uncertainty
I

EX0-19-012: NEW!

CMS Preliminary

137 fo™! (13 TeV)
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; \‘“vy‘ ;
2L W N
1 O = E
3L
1 O = o E
= 95% CL limits =
_4 [ —=— gluon-gluon 7
10 = —— quark-gluon ' \ N s
- —e— quark-quark LA \\:
1 0—5 | I I | I I | I I | I I + I\l [ 1 | | 1 I I\L I |
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https://cds.cern.ch/record/2682120

Resonant decays to jets (boosted)

41.1 b (2017) (13 TeV)
I I I | I I I I I I I

But no strong indications at high masses

T 6000 CMS i Data - W(gQHets  —
* Investigate low mass range in more detail: 0 conob Y Totm SWpred. - Haaies
- here: looking for light vector resonances e L B Z(q). g, =16, m,=110GeV (8)
coupling to quark pairs o O Py 675625 Gev.-
» need to overcome trigger restrictions; 3000k E
two approaches: 20001 E
- “scouting” for masses between 450 and 1000 GeV 1000 E
- here:use ahard ISR jet = 1 e B —
— boosted di-jet systems 0 Freiminary i
- use of large-radius jets and 54 e e

jet substructure leads to an

extension of sensitivity
up to 450 GeV

0.2

0.1
0.06 T T | o EXO-18-012
' 60 70 80 100 200 300 400

Z' mg, (GeV)
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https://cds.cern.ch/record/2674921

SUSY searches

Recent searches for strongly produced SUSY particles

In R-parity conserving scenarios

» Generic search for pair production of gluinos and

squarks, stable (undetected) lightest SUSY ptiI -
| SUS-19-006

- striking multijet + MET signature

» Targeted search for top sqrdi

- single-lepton channel

 sus

CMS Preliminary

B Z-vy

= 1/ from top

—e— Observed
=~ Lost lepton
— 1/ not from top

ooooooooooooooooooooooooooooooooooooooooooooooooo
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XO0: Inclusive
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X3: Resolved top

I: N, = 5, Nb,med =1
J:N, =3, Nbso

> 1

CMS Preliminary

(7))
e
C
g 105 + Data . Z—>vv .
LLI

Lost
lepton

=

NEW!

~0.5F | | | | | | | | | | |

—

1 2 3 4 5 6 7 8 9 10 11 12
Aggregate search region bin number

Sensitivity in terms of mass limits in simplified
model interpretations increased by ~150 GeV
for gluinos and ~200GeV for top squarks.

Optimiziation for long-lived scenarios (disappearing
tracks) leads to largely %
enhanced mass reach
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https://cds.cern.ch/record/2682103
https://cds.cern.ch/record/2682157
https://cds.cern.ch/record/2668105

And many more ...



Measurement of the ttbb production cross section in the
all-jet final state in pp collisions at /s = 13 TeV

(orviv 1908 3920 ]
Production of A baryons in proton-proton and lead-Ie:
collisions at VS = 5.02 TeV

Measurement of the dependence of inclusive jet production
cross sections on the anti-k distance parameter in
proton-proton collisions at /s = 13 TeV

19-00 ' ; i Of Hig®  Search for anomalous couplings in semileptonic WW and
“ WZ decays at /s = 13 TeV




First LHC paper using | &e“‘z
the full Run 2 dataset! |* 6@6"’*6 B First measurement
N “ F cms = ¢ Of ttbb |n the

hadronic channel

Measurement of the ttbb production cross section in the
all-jet final state in pp collisions at /s = 13 TeV

(orviv 1908 3920 ]
Production of A baryons in proton-proton and lead-Ie:
collisions at VS = 5.02 TeV




Overview of CMS long-lived particle searches

CMS preliminary

3-137fb"1 (8, 13 TeV)

RPV UDD, §-tbs, mg=2200 GeV G 11808.03078 (Disp. vertices)  0.0006-0.08 m 38 fb~1 (13 TeV)
RPV UDD, g-tbs, m; = 2200 GeV i 181107991 (Displaced dijet)  0.0025-12m 36 7671 (13 Tev)
RPV UDD, £-dd, m; = 1300 GeV ¢ 11808.03078 (Displaced vertices)  0.0004-0.1 m 38 fb~1 (13 TeV)
RPV UDD, £~dd, m; = 1300 GeV ; 1811.07991 (Displaced dijet) ~ 0.0014-1.55m 36 fo™! (13 Tev)
RPV LQD, t-bl, m; =600 GeV f| 1808.05082(2u+2jets) <0.031m 36 fb~! (13 TeV)
RPV LQD, £-bl, m; = 600 GeV ; (CMS-PAS-EXO-16-022 (Disp. e +disp. p) ~ 0.0005-0.4 m 3767 (13 TeV)
RPV LQD, t-bl, m; = 1300 GeV ¢ '1811.07991 (D. dijet) 0.0045-0.2 m 36 fb~! (13 TeV)
GMSB, §—~gG, mg = 2100 GeV § 1811.07991 (Displaced dijet) 0.0041-0.81 m 36 fb~! (13 TeV)
GMSB, §—gG, mg =2100 GeV g 1906.06441 (Delayed jet + MET) 0.32—34 m 137 fb~! (13 TeV)
Split SUSY, §—qgx?, mg = 1300 GeV G 1802.02110 (Jets + MET) <lm 36 fb~! (13 TeV)
Split SUSY (HSCP), fz, = 0.1, mgz = 1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) >0.7 m 13 fb~! (13 TeV)
> 9 mMGMSB (HSCP) tanB =10, u>0, m; =247 GeV % CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m 13 fb~! (13 TeV)
D Stopped £, t->tx?, m;= 700 GeV t 1801.00359 (Delayed jet) 60—1.5e+13 m 39 fb~! (13 TeV)
Stopped g, §—qgx?, 3 =0.1, mz=1300 GeV g 1801.00359 (Delayed jet) 50—3e+13 m 39 fb~1 (13 TeV)
Stopped g, §—aqqxd(uux?), f55=0.1, mg =940 GeV § 1801.00359 (Delayed pp) 600—3.3e+12 m 39 fb~! (13 TeV)
AMSB, x *->xn=, my+ =505 GeV x* 1804.07321 (Disappearing track) 0.15-18 m 38 fb~1 (13 TeV)
GMSB SPS8, x)-yG, myo = 400 GeV x° CMS-PAS-EX0-19-005 (Delayed y(y)) 0.2-6m 77 fb~1 (13 TeV)
N H-XX(10%), X—»ee, my =125 GeV, mxy=20 GeV x| 1411.6977 (Displaced ee) 0.00012—-25m 20 fb™! (8 TeV)
::_: H-XX(10%), X-uu, my =125 GeV, mxy=20GeV x| 1411.6977 (Displaced pp) 0.00012—-100 m 20 fb~! (8 TeV)
° dark QCD, my,, =5 GeV, my,, = 1200 GeV XoK 1810.10069 (Emergmg jet +jet) 0.0022-0.3 m 16 fb~! (13 TeV)
PR | L L L L L P | L P | L L L P | L L L P | P |
10~4 103 10 -2 10‘1 100 10! 102 103
ct [m]
). The y-axis tick labels indicate the studied long-lived particle. JUIy 2019
CMS May 2019

Dilepton

JHEP 07 (2011) 049, 36 pb™

Dilepton
EPJC 72 (2012) 2202, 5.0 fb™

All-jets
EPJC 74 (2014) 2758, 3.5 fb™

Lepton+jets
JHEP 12 (2012) 105, 5.0 fbo™*

Dilepton
PRD 93 (2016) 072004, 19.7 fb™

All-jets
PRD 93 (2016) 072004, 18.2 fb™

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

CMS Run 1 legacy
PRD 93 (2016) 072004

Dilepton
EPJC 79 (2019) 368, 35.9 fb™

Lepton+jets
EPJC 78 (2018) 891, 35.9 fb™

All-jets
EPJC 79 (2019) 313, 35.9 fb™

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

Tevatron combination
arXiv:1608.01881 (2016)

World combination

ATLAS, CDF, CMS, DO
arXiv:1403.4427 (2014)

¢ ¢ ¢ ¢ & 4

®
175.50 + 4.60 + 4.60 GeV

—a@e— 172.50 £ 0.43 + 1.43 GeV

I—+—l

173.49 £ 0.69 + 1.21 GeV

—a@e—173.49 + 0.43 + 0.98 GeV

—@— 172.82 +0.19 + 1.22 GeV

172.32 £ 0.25 £ 0.59 GeV

172.35 £ 0.16 + 0.48 GeV

172.44 £ 0.13 £ 0.47 GeV

172.25 £ 0.08 £ 0.62 GeV

172.34 £ 0.20 + 0.70 GeV

172.26 £ 0.07 £ 0.61 GeV

=
174.30 + 0.35 + 0.54 GeV

~@— 173.34 £ 0.27 £ 0.71 GeV

0.66
172.33 £ 0.24 *066  _ Gev
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175 180

m, [GeV]

, ©[pb]

Production Cross Section

March 2019 CMS Preliminary
5 L & @ 7 TeV CMS measurement (L<5.0 fbo™) |
10° g=° @ 8 TeV CMS measurement (L< 19.6 fb™) =
= = @ 13 TeV CMS measurement (L < 137 fb™) 3
 >n jeﬁ'sa) — Theory prediction .
104 E® 2 Z Z CMS 95%CL limits at 7, 8 and 13 TeV a
E Snjet 3
E o jet(s) R
I i
10%E o o E
- 8 o o ]
u - o ]
2 - ? = m =n jet( —
10°F 5°  w & # o -
F T o L - .
10F a| o F P E
1 = A - Hi o - =5
107" g = o =3
102F -i - . - A
5 o g 5
07 s '
10_4 : Tors Tow 1 T T T T . T T_1 |
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EW,Zyy,Wyy. fiducial with W-slv, Z-ll, I=e,u

All results at: http://cern.ch/go/pN;j7
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Very Heavy Fermions

Overview of CMS B2G results

CMS Preliminary

35.9-77.3fb 1 (13 Tev)

10 =

s NNLO+NNLL (pp)
Z= NNLO+NNLL (pp)

NNPDF3.0, m
top

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

= 1725 GeV, a (M) =

_.CT14 DABM12+ 1 7

13 Vs[Tev] |
0.118 = 0.001 [*ay(M,)=0.113] -

4 6

8

10 12
Vs [TeV]

W-WZ-gd94, HVT model B M, |B2G-18-002 (adaq) 38
W-WZ-vvgg, HVT model B M, |B2G-17-005 (vwaq) 34
W—-WZ~{vgg, HVT model B M, |B2G-16-029 (tvqq) 3
W—WZ-1943, HVT model B M, |B2G-17-013 (tiqq) 27
W—WH-ggbb, HVT model B M, |B2G-17-002 (qqbb) 315
W—WH-tvbb, HVT model B M, |B2G-17-004 (fvbb) 28
W—WH-ggtt, HVT model B M, |B2G-17-006 (qqr) 26
W’ combination (2016), HVT model B M, |B2G-18-006 (all finalstates) 43
Z'~WW-qdq4d, HVT model B M, |B2G-18-002 (qqqq) 35
Z'~ZH—q3hb, HVT model B M. |B2G-17-002 (qqbb) 23
Z'~ZH-vvbb, HVT model B M. |B2G-17-004 (vwbb) 21
Z'~ZH-11bb, HVT model B M. |B2G-17-004 (£tbb) 24
Z'<ZH=ggtT, HVT model B M, |B2G-17-006 (qqTr) 18
Z' combination (2016), HVT model B M. |B2G-18-006 (all finalstates) 37
V'—VH—=gghb, HVT model B M, |B2G-17-002 (qqbb) 33
V'—VH=(vv, Lv, £)bb, HVT model B M, |B2G-17-004 ((vv, £v, ££)bb) 29
V'<VH-ggTtt, HVT model B M, |B2G-17-006 (qqTr) 28
V' combination {2016), HVT model B M, |B2G-18-006 (all finalstates) 45
G-WW-1vgq, Bulk G, kiM~=0.5 M. [B2G-16-029 (tvqq) 107
G-ZZ~ttvv, Bulk G, kM. = 0.5 M. |B2G-16-023 (tfww) 082
G combination (2016), Bulk G, k/M= =0.5 M- [B2G-18-006 (all finalstates) 08s
R—+HH-ggrt, Radion, A = 1TeV M. |B2G-17-006 (qqTT) 17
R—~HH-bbbB, Radion, A = 3TeV M. [B2G-17-019 (bbbb) 15
R~+HH~1vgghb, Radion, A = 3TeV M. |B2G-18-008 (tvqgbb) 12
Z/tt, B(Z/»tf)=100%, /M, =1% M. |B2G-17-017 (all finalstates) 38
Z'tt, B(Z/»tf)=100%, /M, =10% M. |B2G-17-017 (all finalstates) 5.2
Z'~tt, BIZ'~tf)=100%, /M, =30% M. |B2G-17-017 (all finalstates) 66
Gy tt, Kaluza-Klein G M. |B2G-17-017 (all finalstates) 45
Wth-bblv, My < M,,, right-handed W M, |B2G-17-010 (bbiv) 36
Z'tT=(tZt, tHt)+lv + jets, B(T-tZ)=B(T-tH)=50% M, |B2G-17-015 (fv + jets) 23
W (tB, bT)»tHb~bqghbh, B(W—bT)=100% M, |B2G-18-001 (bqgbbb) 16
LOLQ- tutu—y *u —b + jets, BLQ—tu)=100% M. |B2G-16-027 (u* u-b +jets) 15
LQLQ—trtT—1tT + jeats, B(LQ-tT)=100% M, |B2G-16-028 (ftT + jets) 09
LOLQ—bvbv—u *u —b + jets, B(LQ—bv)=100% M., [B2G-16-027 (u* p-b +jets) 11
t" t"—tgtg—Lubb + jets, Blt "~tg)=100% M |B2G-16-025 (fvbb + jets) 12
YY—bWbW—{vgdqq, BIY—+bW)=100% v, |B2G-17-003 (fvqqaq) 13
TT—bWbW-{vgdqq, BT—+bW)=100% M, |B2G-17-003 (tvqqaq) 13
TT-ZtZ(L* L5 1% 15151 7) + jots, B(T-tZ)=100% M, [B2G-17-011 ((£=, £=£=,E= 1<) + jets) 13
TT—tHtH-bqgbhbqgbh, BT -tH)=100% v, |B2G-18-005 (bqqbbbqgbb) 137
TT={f = £ =t = L =1 =17 ) +jets, TT singlet o, |B2G-17-011 ((£=, £=£=,E=E=[7) + jets) 12
TT=(t =054 * 0 51 17 ) + jets, TT doublet M, [B2G-17-011 ((£=, £=£=,E=£=£7) + jets) 128
BB—tWEW—(£* £ *£* £ =1 =17 ) + jets, B(B~tW)=100% M. [B2G-17-011 ((£=, ==, E=£=7) + jets) 124
BB—bZbZ—~+bqjbqd, B (B~+tZ)=100% M, |B2G-18-005 (bqgbqd) 107
BB—bHbH, B(B—bH)=100% M, [B2G-17-012 (£+£~ +jets) 113
BB—(f* £ =1* {1 *1*1¥) +jats, BB singlet M. |B2G-17-011 ((£=, (= L=, L= E=[7) + jets) 117
BB-(*,0 %1% 1 *1*17 )+ jets, BB doublet M. [B2G-17-011 ((£=, £=£=,E= 1<) + jets) 094
KooK o tWEWS (£ =, £ 52 %) 4 jots, B(X,,~tW)=100%, RH  p,  [B2G-I7-014 (L=, I=0=) +jets) 133
Koy Ko tWEW= (£ =, £ 51 ) + jots, B(X,,,~tW)=100%, LH M., [B2G-17-014 ((£=, £=1=) +jets) 13
To—=tZ-bggt * 1=, narow T M, |B2G-17-007 (bqgt+£-) 17
bT,,—~btZ-bbggt * -, namow T M, |B2G-17-007 (bbqqt * £-) 12
B-bH-bbb, narrow B M. [B2G-17-009 (bbb) 18
B—+tW={v + jets, narrow B M. [B2G-17-018 (fv + jets) 17
1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
Selection of observed exclusion limits at 95% CL (theory uncertainties are not included). mass scale [Tev) EPS-HEP 2019
3‘ | T T T T T T | T T T | T T T | T T T | T T T
— v Tevatron combined 1.96 TeV (L =88 fb .. ]
2 e CMSeu*5.02 TeV (L=274 é ) CMS Preliminary May 2019
cC — m CMSeu7TeV (L 5 fb™ 7
o g CMS I+Jets 7 Te L 2. fb
= v CMS all-jets 7 TeV (L=3. 54 fb Y
B 10° ko CMSeusTev(L=19.71"
D — A CMSI+etsBTe (L —196b)
N — ¢ CMS aII-jets 8TeV(L=18.4 fb )
— A CMSeui13TeV (L 43 pb 50 ns)
9] & CMSeu13TeV(L=22fb"
n [~ x CMSdilepton 13 TeV (L =35.9 fb' Y
(@) — % CMS I+jets* 13 TeV (L =42 b 50 ns)
= o CMSI+ets 13 TeV (L=2.3 b’ by
.O - % CMS all-jets* 13 TeV (L = 2.53 tb™) i 1 -
e L _
- * Preliminary
o 2 I 1
> 10°F 800r 173
U) - A IR I - —]
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£ L 600—. NNPDF3.0 . MMHT14+ |
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Upgrades



Preparing for LHC Run 3 ...

“Phase-1” upgrades of CMS

* Majority of the upgrades have
been done in the past years

» Last step:

(small) selection
of activities in
long shutdown 2
(2019/2020)

W. Adam: Highlights from the CMS experiment EPS-HEP 2019 34



The road to high luminosity

LHC / HL-LHC

LS2
splice consolidation INJECTOR UPGRADE %?nz\;l
cryolimit - . .
7 TeV 8 TeV button collimators TDIS absorber interaction . HL LH(.: luminosity
R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬁ‘l

2011 ’ 2012 ’ A K ’ 2014 ’ 2015 ‘ 2016 ‘ 2017 2018 2019 ’ 2020 ’ 2021 ‘ 2022 ‘ 2023 ’ 2024 ‘ 2025 ‘ 2026 ’HHHH 2038

ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 X nom. luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb — '

{L?;\Ti]rigllty | /‘ upgrade
30 fb" 150 b 1300 fb! 3000 fb" SRS

EPS-HEP
2019

W. Adam: Highlights from the CMS experiment EPS-HEP 2019 35



Upgrades for HL-LHC

W. Adam: Highlights from the CMS experiment EPS-HEP 2019 36



Upgrades for HL-LHC

Many new & Phase-2 upgrade

i | |
W. Adam: Highlights from the CMS experiment Innovative elements! starts now! EPS-HEP 2019 37



Upgrades for HL-LHC

What are the benefits? Some examples

CMS Phase-2 Simulation

Arbitrary units
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http://cds.cern.ch/record/2293646
http://cds.cern.ch/record/2283189

Summary



Summary

Continuing the harvest based on the LHC Run 2 dataset
* Many results using the full dataset of 137fb-1 have been shown
- currently mainly focusing on searches and rare processes
- can expect many more results in the next months
* Also progressing in precision measurements
- currently using early data

- full Run 2 results will use ultimate calibrations with
a legacy reconstruction of Run 2 datasets

Preparing for the future
 First round of upgrades is terminating now
» Starting first extensions and modifications in view of HL-LHC
» Current results show that we are on track for Run 3 and beyond

- HL-LHC projections show the large gains expected with
the upgraded detector and an integrated luminosity of 3ab-1







Additional material



Preparing for LHC

(small) selection
of activities in
long shutdown 2
(2019/2020)



iciency

L1 + HLT Eff

Detector performance in 2018

Improved t triggers Excellent muon performance Tracker “radiography”

« Compatible with previous years * Reconstructed hadronic

* Use of offline "HPS” algorithm _ _
. MC reproduces data well interactions show structure of

- sharper turn-on

- lower rates - e.g., dimuon mass resolution
59 fb"‘ (2018, 13
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“Phase-17, 4-layer pixel detector
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http://cds.cern.ch/record/2678958
http://cds.cern.ch/record/2664786

Heavy lons

Ac* production in pp and PbPb at Vsyy=5.02TeV

 Ratio w.r.t. Do production arXiv:1906.03322
- pp: well described by model including colour reconnection

- pp and PbPb consistent with current precision Performance in the 2018 PbPb run

3 (5. PbPb 44 ub™, pp 38 nb™ (5.02 TeV) . .
3.4x10°CMS o (iof Te\/’\p_p) 07 s o » collected luminosity: ~ 1.80 nb-1
. + - :
g 10<P <20GeVie e el F1paa + dataset includes ~4.5B
~. [ lyl<1.0 SEiyl<1.0 b : ' : PbPb 2018 partial dataset at S, = 5.02 TeV
O B =~ | PbPb ﬁ E;:JFS%BJO?BR 248 min. bias events POTTN CRwaoe. a5 oy = wVs 10
S 3 ‘D 0.5 Data: 1000 IC78 (2018) : 455 CMS Preliminar B"+B
O % .o m Data: Cent. 0-100% ... arXiv:1902.08889 _ transfemng y
= ¥ ‘ i 40 pe > 10 GeV/c
o 2.8 - up to 7GB/s <« . y®l <24
2 56 : to offline S M
+2 - [ _ = Signal |
O - A » excellent data S 2k It e Combinatorial
-CC; 2.4:— <} {' - +—+ quality % 20 3B — Jiy X
8 o> o[ ¢Data } - e £ 15 +
- —Signal+Background ¢ % } o N W oY H +
~ Background ‘ - v : i
2|_ IIIIIII | IIIIIIII | IIIIIIIIIIII O: | | I | |1 1 | \/\ | | I | I Sm + + + + +
215 22 225 23 235 2.4 4 6 8 10 12 14 16 18 20 %

52 54 56 58 6
MoK (GeV/c?) p_ (GeV/c) M, (GeV/c?)
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https://cds.cern.ch/record/2677773
http://cds.cern.ch/record/2648932

Top-quark pairs + bb / |

One of the main backgrounds for ttH(H—bb) measurement
« first measurement of o(ttbb) in the hadronic channel

9fb"' (13 TeV
CMS 35.9 b (13 TeV)
ttbb all-jet
Preliminary
ti+jets: POWHEG + —— —l— — i —
HERWIG++
ti+jets: MG5_aMC@NLO + il . il il
PYTHIA8 5FS [FxFx]
ttbb: MG5_aMC@NLO + | +—— —— ——
PYTHIAS 4FS
jets: POWHEG —— —— ——
PPPPPP 8
Predictions underestimate
ota a
— Measuremen t Ly | T T e A Lo IR B RN RIS B Lo b b PRl oy 1 measured G(ttbb)
0.5 1 1.5 2 25 0.5 1 1.5 2 2.5 1 2 3 4 5 6 7
Fiducial PA Otbe(pb) Fiducial PB oﬁbs(pb) Full Phase Space oﬁbg(pb)
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https://cds.cern.ch/record/2675029

SUSY searches

But we (can) do more!
* models with small mass differences between the two lightest

sparticles predict long-lived, charged particles with an
invisible decay: o0, CMS preiiminary
Approx. NNEC=iR EXClusion

— — 10"
" " = — g 0; ct,(%)=50 cm SR = =)
- disappearing tracks T el | 8
-—O- 5500 = Observed = 1 Ctheory BRG 4,4, 521 %:%f 5-(:))= ; : c‘—;
Etx - = = Expected = 1 Oexperiment BR(@ — q a7, 7, — = >~<?)=;1:, 48
. . Wino-like %* - % 1 10° ©
» extension of a search for strong SUSY production ool 131 o
. . u 8 7 N
leads to long-lived signatures leads lower backgrounds P b 1 1 g
and increased sensitivity 1500 4 ~10° &
- for large cz, the mass limit for gluinos increases ' 11 =
_ 1000 — 1 )
by up to 400GeV with respect to the standard search ; | ¢ &
s00f- 11 o
- ] R
N - " L0

b Ly | Excluded 95%)CL (LEP), R B 405

SUS_ 1 9_ 0 05 1%00 1400 1600 1800 2000 2200 2400 2600 2800 19

ms [GeV]

47


https://cds.cern.ch/record/2668105

Summary plots



Summary SM cross sections

March 2019 CMS Preliminary

g @ 7 TeV CMS measurement (L<5.0 fb™)
= ol M 8 TeV CMS measurement (L<19.6 fb™)
= @ 13 TeV CMS measurement (L <137 fb™)
>n jeﬁe,a) . — Theory prediction
3 Z Z £ CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;j7
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Summary SM cross sections

March 2019 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) O+
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  ++eo—+

13 TeV CMS measurement (stat,stat+sys) ++eo—+
YY o 1.06+0.01+0.12 5.0fb™
WY, (NLO th.) o 1.16+£0.03+0.13 5.0fb"
ZY, (NLO th.) — 0.98+0.01+0.05 5.0fb™
ZY, (NLO th.) —e— 0.98+0.01+0.05 19.5fb"
WW+WZ =5 1.01+£0.13+0.14 49 1b™
WW o 1.07+0.04+£0.09 4.9fb’
WW 1.00+£0.02+0.08 19.4fb”
WW °« — 0.96+0.05+0.08 23fb"
WZ o 1.05+0.07+0.06 49fb’
WZ ° 1.02+0.04+0.07 19.6fb"
WZ 0.96+0.02+0.05 35.9fb
77 - . ~ 0.97+0.13+0.07 4.9fb
Y4 . 0.97+0.06+0.08 19.6fb
77 — o — 1.06+£0.02+0.04 137 fb™

1.5

2

0.5
All results at:

o ficem ehigoioNi7 Production Cross Section Ratio: Cexp /| o

theo
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Summary SM cross sections

March 2019 | _ ?MS P'rellimi'nafy
CMS EWK measurements vs. 7 TeV CMS measurement (stat,stat+sys) +—O—+—
Theory 8 TeV CMS measurement (stat,stat+sys) — & —

13 TeV CMS measurement (stat,stat+sys) o+
qqW . 0.84+0.08+0.18 19.3fb"
qqW o 0.91+0.02+0.09 35.9fb’
qqZ o 0.93+0.14+0.32 5.0fb™
q9Z . 0.84+0.07+0.19 19.7 b’
qqZ o 0.98+0.04+0.10 35.9fb”
W—>WW = 1.74+0.00+£0.74 19.7fb™
aqWy ' 1.77+0.67+0.56 19.7 fb™
ss WW +——e & 0.69+0.38+0.18 19.4fb
ss WW —o— 0.90+0.16 £+0.08 35.9fb™
qqZy — 1.48+0.65+0.48 19.7 b
qqWZ . 0.82 +0.47 35.9 fb™
q9ZZ 1.38+0.64+0.38 35.9fb

Al results at 1 Prgduction Crosss Section Ra?iO' G../O °
http://cern.ch/go/pN;j7 " Texp’ “theo
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Summary top quark cross sections

March 2019 CMS Prellmlnary

@ 7 TeV CMS measurement (L<5.0 fb™)
a @ 8 TeV CMS measurement (L<19.6 fb™")
; @ 13 TeV CMS measurement (L <137 fb™")
o ? o — Theory prediction
' 7 7 7 CMS 95%CL limits at 7, 8 and 13 TeV

|
l

, © [pb]
2,

[ lllllll
Ll lllllll

2,
it
:

0
-

o
8

4
a

e
1
|

1
\

=
Lol

—i
<

ol lllllll
Ll lllllll

Production Cross Section

1072

ol lllllll
Ll lllllll

| lll]ll
| llllll

ot o1 b gt 4t ttw o, D oty " tzg otz ' oty Dotw D otH T otH Tttt

All results at: http://cern.ch/go/pN;j7
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Top-gquark pair cross section summary

Inclusive tt cross section [pb]

—
-
w

—i
-
N

10

* Preliminary

| | | I I | | I | | | I | I |

Tevatron combined 1.96 TeV (L < 8.8 fb )
CMS eu*5.02TeV (L = 274pb )

CMSe 7TeV(L=5fb")

CMS I+]ets 7TeV (L=231h"
CMS all-jets 7 TeV (L = 3. 54 b7
CMS eu 8TeV&/_197fb2
CMS l+jets 8 TeV (L=19.6 fb
CMS all-jets 8 TeV (L =18.4 fb
CMS en13TeV (L =43 pb 50 ns)
CMSep13TeV L = 22fb%

CMS dilepton 13 TeV (L =35.9 fb
CMS l+jets” 13 TeV (L = 42 b1 50 ns)
CMS l+ets 13 TeV (L=2.31b")
CMS all-jets* 13 TeV (L=2.53 ™)
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Top-gquark pair cross section summary

scale uncertainty
scale ® PDF & o uncertainty

Lepton+jets —o+—]

EPJC 77 (2017) 15,L,,, = 19.6 fb™'

CMS Preliminary o, summary, s =8 TeV May 2019
NNLO+NNLL PRL 110 (2013) 252004 | ' I I
"""" m,, = 172.5 GeV, o (M_) = 0.118+0.001 L
P sz total stat

ot (stat) + (syst) £ (lumi)

2285+ 3.8+ 13.7+ 6.0 pb

Lepton+t, | Lo}
PLB 739 (2014)23, L, =19.6fb" :

Dilepton (ee, uu, eu) —lo—]
JHEP 02 (2014) 024, L, =531b"

Dilepton ep I—H
JHEP 08 (2016) 029, L, =19.7fb"

All jets

| 257 +3 +24 +7 pb

239.0+2.1+11.3+ 6.2 pb

+ 6.3

2449 +1.4%23+6.4pb

EPJ C76 (2016) 128, L, =18.4fb"

| ol
o

|
2756+ 6.1+ 37.8+ 7.2 pb

NNPDF3.0 JHEP 04 (2015) 040

MMHT14 EPJ C75 (2015) 5
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[aS(MZ) = 0.113]
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CMS Preliminary G, - summary, Vs = 13 TeV May 2019
NNLO+NNLL PRL 110 (2013) 252004 I ' i '
"""" m,,, = 172.5 GeV, o (M_) = 0.118+0.001 N
sz total stat

scale uncertainty
scale ® PDF & o uncertainty

Dilepton ep H—e— :
PRL 116 (2016) 052002, L =43 pb™' 50 ns :

Dilepton ep o
EPJC 77 (2017) 172, L_=221b", 25 ns

Dilepton v,
EPJC 79 (2019) 368, L =35.91b™, 25 ns

ot (stat) = (syst) £ (lumi)

746 + 58 + 53 + 36 pb

815+ 9+38+ 19 pb

803 + 2 + 25+ 20 pb

__
.

L+jets * : | 836+ 27 + 84+ 100 pb
CMS-PAS TOP-15-005, L =42pb™, 50 ns

Ljets 1 41 888+ 2+26+20pb
JHEP 09 (2017) 051, Lint =22fb", 25ns :

All-jets * —e+—— 834+25+118+23pb

CMS-PAS TOP-16-013, L =2.53 fb™
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Y summaries

CMS (preliminary) May 2019 CMS (preliminary)
. . . ; Overview of SUSY results: squark pair production
Overview of SUSY results: gluino pair production 36/137 b1 (13 TeV)
36/137 fb~' (13 TeV) op s T
~ =~ t — ty?
pPp — g8

g — tty?  2( opposite-sign: arXiv:1711.00752

t — by — bW

16 SUS-19:000  a=o05
g — tt — tt}? 20 opposite-sign: arXiv:17ILOOTS2 < -0
|20 opposite-sign: AIXiviS07.07799  # =05

t = (tX/bXy — bWiY)
AM; = My, Mgy = 400 GeV

E — bff/)ztl) AM < 80 GeV (max. exclusion)

g — tt — tey?

AM < 80 GeV (max. exclusion)

AME =20 GeV E — b)zzlt — bff/)ztl) AM < 80 GeV (max. exclusion), z = 0.5

g — tbjz::ll: — tbffljzg_) AM < 80 GeV (max. exclusion), z = 0.5

846 AM < 80 GeV (max. exclusion), z = 0.5

AM)Z%E =5 GeV t— C)ztl) 10,1707.03316 AM < 80 GeV (max. exclusion)
g — (ttx?/bbxy/tbx; — tbff’y?) £ — biF — bul — buli?
~ ~ to — Ht; — Ht{? AM;, = My, M;, =200 GeV
g — bbx3 B o e
0 to — Z/Ht; — Z/Ht AM;, = My, BF = 50%, M;, = 200 GeV
g — qu]_ Ez — ZEl — Zt)z(l) AM;, = My, M, =200 GeV

g — qa(¥y/¥3) — aa(W/Z){]

Oy o ) pp — bb
BF(x7i:x2) = 2:1, 2 =0.5 b — by?
5 ~+ W0 K =0 =0
g adax; — 9q W Xxi b — bx; — bHYY AMgg =130 GeV
b =ty — tW*y) Mgy = 50 GeV

- -0 -0 b — b3 — (bll — bityy)/(bZ3?)
g — qqxz — qqHX;

g — qq¥3 — qqH/Z%3

da— 9x;

0 500 1000 1500 2000

mass scale [GGV] 0 250 500 750 1000 1250 1500 1750
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.

The quantities AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate rsreﬁection Ei .ObSZr]\\f;d liglits at 95%&-}%- (Ehe?ri' uncertgi}flfties arebmzt inch:}iled)-'Probe upt§¢)l the g‘éﬁteié‘ffss l(iiniiﬁ: leféight LS}E’St unlesi }ftagtid Othg{m;ise-
. . . . . . € quantities and r represen € absolute mass dirrerence between € primary sparticle an ($] , Al € dillrerence petween € 1mtermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise. sparticle and the LSP relative to AM, respectively, unless indicated otherwise.

W. Adam: Highlights from the CMS experiment EPS-HEP 2019 55



Summary long-lived particles

Overview of CMS long-lived particle searches

CMS preliminary 3-137 fb~! (8, 13 TeV)
RPV UDD, g-tbs, mg=2200 GeV g 38 fb~! (13 TeV)
RPV UDD, g-tbs, mg = 2200 GeV g 36 fb~1 (13 TeV)
RPV UDD, t-»dd, m; = 1300 GeV t 38 fb~1 (13 TeV)
RPV UDD, t-dd, m; = 1300 GeV t 36 fb~1 (13 TeV)
RPV LQD, t-bl, mi = 600 GeV t 36 fb~! (13 TeV)
RPV LQD, t-bl, m; = 600 GeV t 3fb~! (13 TeV)
RPV LQD, t-bl, mi = 1300 GeV t 36 fb~! (13 TeV)
GMSB, §—gG, mg=2100 GeV el 36 fb~! (13 TeV)
GMSB, §—gG, mg=2100 GeV g 137 fb~1 (13 TeV)
Split SUSY, §—»qgqx?, mz = 1300 GeV g 36 fb~! (13 TeV)
Split SUSY (HSCP), fz5=0.1, ms= 1600 GeV G 13 fb~! (13 TeV)
MGMSB (HSCP) tanf=10, u>0,m+=247 GeV 1 13 fb~! (13 TeV)
Stopped t, t=tx?, m; =700 GeV £ 39 fb~1 (13 TeV)
Stopped g, §-»qqgx?, fz3 =0.1, mz = 1300 GeV G 39 fb~1 (13 TeV)
Stopped §, §-qdx3(uux?), fzo = 0.1, mgz =940 GeV § 1801.00359 (Delayed pp) 39 fb~! (13 TeV)
AMSB, x *->xin*, my= =505 GeV x* 38 fb~1 (13 TeV)
GMSB SPS8, x9-yG, mys = 400 GeV x° CMS-PAS-EX0-19-005 (Delayed y(y)) | 02-6m 77 tb~1 (13 TeV)
H-XX(10%), X-vee, my =125 GeV, my=20 GeV x| |TAT 116977 (DS pIaeeel ) 0010001225 i 20 b1 (8 Tev)
H->XX(10%), X~p1, My =125 GeV, my=20 GeV  x | 14116977 (DiSpIAEee B 1 0.00012=100 20 b (8 TeV)
dark QCD, m,,, =5 GeV, my,, = 1200 GeV Xpk 11810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 fb~! (13 TeV)
1 1 1 PR T T | 1 1 1 PR T T I I | 1 1 1 PR B T B | 1 1 1 PR T T | 1 1 1 PR T T I I | 1 1 1 PR B T B | 1 1 1 PR T T | 1 1 1 L1
104 103 102 101 100 101 102 103
ct [m]
celoct . ) - . - - . . | July 2019
election of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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Summaries vector-like quar

Vector-like quark single production

o(Bbq) x B(B — tW), LH B2G-17-018 m=1.5TeV Vs =13 Tev BB, B(B — bH) = 100%

BB, B(B — bZ) = 100%

X5/3 — tW(LH)
0(Xtq) x B(X — tW), RH X5/3 — tW(RH)
o(Xtq) X B(X — tW), LH YY, B(Y — bW) = 100%
o(Btq) x B(B — tW), RH BB doublet

o(Bba) x B(B — tW), RH BB singlet
B
N

S

Vector-like quark pair production

B2G-17-008
B2G-17-008
B2G-17-003
B2G-17-011
B2G-17-011
B2G-17-012

B2G-18-005

1.6

o(Bbq) x B(B — bH), LH B2G-17-009
Bb B(B — b7). LH - BB, B(B — tW) = 100% B2G-17-011
— B2G-16-001
o(Bba) X B ) TT doublet B2G-17-011
o(Btq) x B(B — bZ), LH B2G-16-001 IT singlet m—
o(Ttq) x B(T — tZ), RH . B2G-17-007 TT.B(T — tH) = 100% ———
o(Toa) xB(T—12), LH | [ e2omoor TT, B(T — tZ) = 100% 52617011
o(Ttq) x B(T — tH), RH B2G-15-008 TT, B(T — bW) =100% B2G-17-003
o(Tba) x B(T — tH), LH QQ doublet AP
o(Tbq) x B(T — bW), LH B2G-16-006 10 TeV QQ singlet B2G-12-016
m = c e N = 0, _12- —
o(Ybq) x B(Y — bW) B2G-16-006 Js = 8 TeV QQ, B(Q — gH) = 100% B2G-12-016 \s =8 TeV
QQ, B(Q — gZ) = 100% B2G-12-016
o(Qq) x B(Q — q2) B2G-12-016
QQ, B(Q — qW) = 100% B2G-12-016
o(Qq) x B(Q — qW) B2G-12-016 : : : : : : . . | .
| | | ' | ' | ' | ' ' ' ' 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 CMS, EPS-HEP 2019 95% CL Lower Mass Limits (TeV)
CMS, EPS-HEP 2019 95% CL Upper Cross Section Limits (pb)
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Summary di-boson
resonances

W. Adam: Highlights from the CMS experiment

W’ (all final states)

W' —=WZ (qqqq)

W’ —=WZ (gqwv)

W' =WZ (wqq)

W' —=WZ (qa4

W’—WH (wbb)

W’ —=WH (qgtr)

W’—WH (gqdbb)

Z’ (all final states)
Z’—+WW (gqq

Z’—=ZH (¢#bb + vwbb

Z’—ZH (qgbb

Z’—ZH (ggrtt

HVT (all final states)

HVT->WW+WZ (9§9d)

HVT—-WH+ZH (qgbb)

HVT—=WH+ZH (#ob+abb+vvbb)

HVT—WH+ZH (qgtx)

)

q)

)

a)
)
)
)

Bulk Graviton k=0.5 (all final states
Bulk G=-WW+ZZ (qqq
Bulk G=-WW (a&vqq

Bulk G—=ZZ (qqvv)
Bulk G—ZZ (qg4)

Bulk G—=ZZ (a&vv)

Bulk G—HH (bbbb)

Radion (Ar = 3 TeV)—HH (bbbb)
Radion (Ar = 3 TeV)—HH (wqgbb)

CMS, EPS-HEP 2019

Resonances to dibosons (s = 13 TeV)

B2G-18-006
B2G-18-002
B2G-17-005
B2G-16-029
B2G-17-013
B2G-17-004
B2G-17-006
B2G-17-002
B2G-18-006
B2G-18-002
B2G-17-004
B2G-17-002
B2G-17-006
B2G-18-006
B2G-18-002
B2G-17-002
B2G-17-004
B2G-17-006
B2G-18-006
B2G-18-002
B2G-16-029
B2G-17-005

B2G-17-013
B2G-16-023
B2G-16-026
B2G-16-026
B2G-18-008

0

1.5

3

0.3

HVT
model B

4.5 6

95% CL Lower Mass Limit [TeV]
(Upper Cross Section Limit [fb])

EPS-HEP 2019
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