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» Exploring physics at the highest energy available in colliders Ajf ;
¥

ttZ production

tttt production
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tW production
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WI/Z production
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production
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Contribution to the CMS detector operation /{f_}})\

» Developments in the trigger system
» Contribution to the muon object group
Top quark physics: tt and tW
» Benchmark for SM studies in hadron colliders
» Study of perturbative QCD
» Background for BSM searches
Searches for supersymmetric particles
» Exploring events with opposite-sign same-flavor lepton pair
» Particularly interesting for electroweak produced SUSY

Studies of the Higgs boson properties: ttH and tH production
» Exploring the most sensitive channel in Run 2 = multilepton final states
» Allow to explore the top Yukawa sector
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OUTLINE AZh
» Experimental set-up: LHC and the CMS detector
» Measurement of the inclusive and differential tW production cross sections
» Search for SUSY in events with opposite-charge same-flavor leptons
» Measurement of ttH and tH production in the multilepton channel
» Conclusions
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Section 1 Afﬁ%\
Experimental set-up: LHC and the CMS detector
w CMS Experiment at the LHC \
o
» CMS-DP-2019-026
Page 5

» CMS-DP-2918-042
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LARGE HADRON COLLIDER

(2015-2018)
» Peak luminosity of 2-1 0°

during Run 2

CMS Integrated Luminosity, pp, s = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC

6000,
180, / 180 ’jg

ES

A=

» Delivering pp collisions at /s = 13 TeV during Run 2

4 2 1
m

S

» Average of 30-40 interactions per bunch crossing

» Running conditions evolving in data taking periods

CMS Average Pileup (pp, Vs=13 TeV)

B Run ll: <;> = 34

:5 160 BN LHC Delivered: 162.85 ' wg N 2018: <;> = 37
E =1 CMS Recorded: 150.26 b & 5099 = 2017: <> =38 | °°°
& 140 “‘w_a ] 2016: <u> = 27
2 120 ny 4000 = 2015: <;> = 13 14000
E 10
3199 ° 3000 3000
E 80| 80 E
» Superb performance of £ o 13 7) =500 m
5 60 60 2000 2000
. 3 3
the LHC during Run 2 £ ©g
= S 1000] 1000
g 20| 20&'
" 0 o
3549 4946 46 16 4" w1l s" m“ w8 w® k) 0y ° o o °
o e Y B e e et o o™ B B o o 5
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CMS DETECTOR f;%

CMS DETECTOR e RETURN YORE > ngh resolution tracker detector
o \ ) o e » Enhanced with a new layer

Magnetic field 38T
SUPERCONDUCTING SOLENOID

st 15000 » Intense magnetic field

» Muon system with good
coverage

» Hermetic calorimeters
» Efficient triggering system

| FORWARD CALORIMETER
Steel + Quartz ibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintilating PEWO, crystals

» Excellent performance of the
detector

» Data taking efficiency of 93.4%
» More than 1000 articles released
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CMS OBJECT PERFORMANCE

» Particle flow algorithm

>

| 2

Dedicated algorithms

Excellent object
performance across

the Run 2 data-taking
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MUON RECONSTRUCTION » Muon reconstruction combines information
from tracker and muon system

%\\\\\I . .u." » Efficiency higher than 99%
u.u. |.|.|.|. mf . o .

'"'II'HH‘ » Quality criteria applied targeting different

levels of purity and muon sources

Calorim M\m

+35.91b7" (13 TeV)
T

‘Superconducting g 14 1

T -

: g 1. —e— 0.000 <| | < 0900 .

Solenold I ° CM_S_ ——+— 0900 <|n| < 1.200 =

é’ 1.2 = Preliminary —e— 1.200 <| 0| < 2.100 —

1] —e— 2100 <| 1| < 2.400 7

Muon Electron Charged hadron (e.g. pion) £ B g -
----Neutral hadron (e.g. neutron) ~ ---- Photon e

0.¢

®

e

0.¢

>

» Coordinated the muon selection and
calibration group (L3 responsibility)

= w\mhmhmhm{\uulwh N1 FETE A N N

» Developed the ttH lepton MVA for wider use | ¢ "=
in the collaboration Fw
» Contributed to identification developments in ol
Run 3 | "
Pageg 20 30 40 50 60 70 80 9{:1:0[0(33



LHC and CMS Top physics Search for SUSY Higgs physics Conclusions

00000e 0000000000 000000000 000000000000 00000000 000000
I

CMS Preliminary 415 (13 Tev)
TRIGGER SYSTEM . ’
» Trigger system to keep acceptance rate under control 5 oo =T ]
" S e
» L1 = builtin hardware, | ]

0.

coarse readout of calorimeters and muon system ke 2017 Data ]

» HLT = software-based, full detector readout 02 ig:ﬁuaemm 1
L1 trigger R onp (6]
» Contributed to the developments of the OMTF for the 5 CMS Preliminary 597 " (13 Tev)
Phase-Il upgrade g | L+
HLT N
» Coordinated the trigger effort in the top physics group ) O'”f R ]
» Participated in the development of trigger paths used in O'A; 201800 |
dilepton, single lepton and fully hadronic top and Higgs " D
physics analyses W w0 zw

electron P, [GeV]
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Section 2 /}f ;%é%

Measurement of the tW inclusive and differential production cross sections

A GtB 5=l NDSES0M P L FESA TNE)
RELATIONSHIP: THE -F0-P-QUWARK
AND THE W BOSON INTERTWINE

» tt production [7, 8 TeV]. JHEP 08 (2016) 029

» tt production [13 TeV, 2016]. EPJC 79 (2019) 368

» tW production [13 TeV, 2016]. JHEP 10 (2018) 117
Page 11 B tW differential [13 TeV, 2016]. CMS-PAS-TOP-19-003
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STUDY OF tW PRODUCTION & t '?’AEQ?&\

i

» Second-largest single top production mode at the
LHC

» Observed at 8 TeV by CMS (PRL 112 (2014) 231802) B
and ATLAS (JHEP 01 (2016) 064) g W

» Entering the precision regime

» Provides sensitivity to the V,, vertex

» Closely related to tt measurements b
» Interference between processes at NLO

Page 12
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tW-tt INTERFERENCE

W+

A

‘\*\\\ b

it

W

g

» Overlapping diagrams g,
between the two processes at
NLO

» Different ad-hoc approaches to
tackle interference 9

» Full NLO calculation exists in
POWHEG (arXiv:1607.04538)

™~

b

Doubly resonant

ES

A

tWb

g

Singly resonant

W+

2 2 2 *
[Awwesl™ = [Ag|” + [Amn|” + 2Re{ Az Aup}
» Interference not dominant in the bulk of tt and tW studies
» Significant source of uncertainty in BSM searches or boosted regimes
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EVENT SELECTION Afﬁ&
x10° 35.9 fb™ (13 TeV)
CMS ety ¢ Data
Preliminary tw

Events / bin
3

» Selecting events with an e*p T pair

» Jet and b-tagged jet multiplicity to
discriminate signal and backgrounds

» Three regions of interest defined:
1j1b, 2j1b, 2j2b N—

B € N - 2 R -2 R = )

(Number of jets, number of b-tagged jets)
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MULTIVARIATE DISCRIMINATORS

» Make use of BDTs to discriminate signal from tt

background
» Different features exploited in each ROI
1j1b region
» Profit from one missing jet in tt events
» Number of low energy jets, total boost of the
system, ...
2j1b region
» Softer second jet in signal events
» Higher energy in the tt system
2j2b region
» Negligible contribution of signal, no BDT used

» Kinematic variable to constrain tt
Page 15

(1/N) dN / dx

(1/N) dN / dx

35.9 fb?, Vs=13 TeV

r CMS Signal 77| Background
2.5 Simulation (test sample) 7] test sample)
E Signal Background
C T (wrain sample) T (train sample)
2 test: signal probability = 0.458 ( 0)
1.5
0.5(
ok
-08 -06 -04 -02 O 02 04 06
BDT 1j1b response
35.9fb™, ys=13 TeV
r CMS Signal /7] Backgiound
5[ Simulation (test sample) 7] (test sample)
r signal Background
C T (train sample) T (train sample)
4F test: signal probability = 0.389 (0.318)

-0.5 —04 —03

-0.2

-01 0 01 02
BDT 2j1b response
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SIGNAL EXTRACTION g [ ows { oam W= 088)
. . . : a o[ 4 + 1j1b BWNnonwz Mt )
» Signal cross section determined by performing ML | B o vty
fit to distributions of BDT and sub-leading jet py i ~ Preitatamae
51— KA
» Systematic uncertainties treated as nuisance b i s
parameters o
> o, = 63.1+ 1.8 (stat) + 6.3 (syst) = 2.1 (lumi) pb | ;| R
» Consistent with aNNLO calculations: P ® {j1b BT ovtput bin
" x10° 35.9 fb™ (13 TeV)
ooM = 71.7 + 1.8 (scale) + 3.4 (PDF) pb g o ows Lo Rwusom
[T + 03 : Non-W/z (t
(arXiv:1506.04072) o EWTAr o ey
r ),S/&Postfit_ Prefit
r uncertainty uncertainty
| 2 ACCUFaCY of 11% 10:— — Prefit Data/MC
» Dominated by experimental uncertainties
> Lumi (3.3%), pile-up (3.3%), ele. eff. (3.2%), ... 0
» Most precise measurement up to date ﬂ .

35.9 fb* (13 TeV)
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Inclusive cross-section [pb]

10?

10

- ATLAS+CMS Preliminary
LHCtopWG

Single top-quark production
September 2019

!
-

t-channel
B ATLAS PRD90(2014)112006, EPJC77 (2017)531, JHEP 04 (2017)086

©®  CMS JHEP 12(2012)035, JHEP 06 (2014)090, arkiv:1812.10514

¢ ATLAS+CMS uieros 2019)088
W

B ATLAS PLB715(2012)142, JHEP01(2016) 084, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL112(2014)231802, JHEP 10(2018) 117

¢ ATLAS+CMS uuepos 201908

s-channel
B ATLAS PLB756(2016)228

® CMS wepos(eoteoer
¢ ATLAS+CMS uneros 2019088

= == NNLO PLB 736(2014) 58
scale uncertainty

=== NLO +NNLL PRD83(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028
tW: 1t contribution removed
scale ® PDF @ o uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74
= H= My,
CT10nlo, MSTW2008nio, NNPDF2.3nlo
tW: p: veto for tf removal =60 GeV and p _=65 GeV
scale uncertainty

scale ® PDF & o, uncertainty

Vs [TeV]

ES

d=h
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DIFFERENTIAL MEASUREMENT Af;})\

x10° 35.9 fb™ (13 TeV)

CMS  ef+ljlb ¢ Data
Preliminary tw
mt
mbDYy
VV+tV
m Non-W/zZ
2 Uncertainty

Events / bin

» Complementary strategy to the
inclusive measurement approach
» Using events in the 1j1b region with no
low energy jets
» Defines the fiducial region

» Results extrapolated to particle level
with matrix inversion 14

C
=
[

D
o
©

0 1 2 3 >4
Page 18 Number of loose jets
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)

o

S
R

35.9 fb™ (13 TeV)
T T

RESULTS OF DIFFERENTIAL MEASUREMENT

§ [os  Te, ]

S oo T rounagos . myties

e somisTey) 5 | - wanCaNL00R » Pynas

2 Fows e +1]1b+0] « Data mk 00155%% E

o L .. loose v g E = ]

8 37 Preliminary mt E 0.01} #% {

. . . ‘g L %0005; ¥m E— é

» 6 variables of interest studied 2 2- g ]
L 0! L L L |

» Quantities measured at i - R————
particle level T s e o %é%j

» 20-100% accuracy depending Oi 2 08 R
. £ [ CMs ]

on the measured bin ol - S o7 Frimeay ]
e

06720 20 60 80 100 120 140 & OS5 —x= E

Leading lepton p_(GeV) g 0»4? JES 1

» First CMS tW differential measurement =
» Using 2016 data

0.1 E

» Overall compatibility of data with the explored models e

100 120 140
Leading lepton p_ {GeV)
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PROSPECTS FOR tW MEASUREMENTS

» Performed measurements set the first steps for precision studies of tW production
Almost four times luminosity collected at /s = 13 TeV

» Explore the possibility of increasing precision
» Measurement not statistics-limited, but

» Limited by experimental uncertainties: luminosity, leptons, ... < can be improved
tt-tW interference measurements

» Already explored by the ATLAS Collaboration (PRL 121, 152002 (2018))

» Perform differential measurements in phase spaces enriched in off-shell top quarks

Page 20



LHC and CMS Top physics Search for SUSY Higgs physics Conclusions

000000 0000000000 ®00000000 000000000000 00000000 000000
I I
ES

Section 3 //i& Eﬁv\y\
Search for SUSY in events with opposite-sign same-flavor leptons

» OSSF lepton SUSY [2015]. JHEP 12 (2016) 013

» OSSF lepton SUSY [2016]. JHEP 03 (2018) 076

» EWK combination [2016]. JHEP 03 (2018) 160

» OSSF lepton SUSY [Run 2]. CMS-PAS-SUS-20-001
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INTRODUCTION /E}}%
» Wide program of SUSY searches in the LHC pp - T Tt May 2020
. < T T T T
experlments %’ :CMS Preliminary 137 fb! (13 TeV) ]
. (2'1000_—1908.04722,07Iep(H'1m55) < Expected
» Motivated by natural SUSY B[ —190e0sae0, oep () Zobserved |
» Mainly driven by simplified scenarios that allow e[ ~"*"" ¢ ]
to r ]
» optimize searches in specific topologies ]
» set upper limits on production and decay rate of b
SUSY particles ]
» Run 1 and early Run 2 searches do not show L : ]
Slgn Of new phySICS 0"‘2“(;0I ' ‘4(|)0‘ ‘ ‘6(‘)0‘ ‘ ‘8(;0‘ ‘20‘06 ‘ 1‘2‘00‘ ‘ %4‘0(‘)
» Full Run 2 analyses can set stringent limits on m; [GeV]
most SUSY models
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TARGETED TOPOLOGY f}g}%
|
Z/ x < 1
~0 \ ~0
X2 X1
» Two opposite-charge same-flavor leptons / V
> Z’sin sparticles decay chains e o Goiiieiiitids
» Neutralino three-body-decay % %0

» Slepton pair production

> Significant ps® p\ 7 '%g
> Predicted by R-parity conserving models
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mj|

slepton edge _
b

Electroweak
production

Page 24

Jet multiplicity

ES

A=

» Targeting different
topologies, due to
different initial states

» Dedicated signal
regions developed for

» Common background
estimation methods
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BACKGROUND ESTIMATION f;}%
» Ad-hoc background estimation methods, developed during Run 1
» Data-driven when possible
Flavor-symmetric backgrounds

» Dominated by tt, but contributions from WW
» Using different-flavor sideband to estimate contributions in the signal region
» Differences between electron and muon efficiencies are corrected

Instrumental pT*°

» Dominated by jet energy mismeasurements
» Distribution obtained in a y+jets sample

» Slepton region = DY+jets estimated from Z peak

Z+v processes
» Low cross-section but relevant in the tails
» Estimated with MC simulations, validated in control regions

Page 25
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CMS Preliminary 137.2 fb™ (13 TeV) .
PP B B B F 3
700|BR(T~ 1%¢) =1 NLO+NLL exclusion
=—Observed + 1 Oheory = 10"
600| ==z Expected + 10, E|

800

SLEPTON SEARCH

mg, [GeV]

‘experiment

m, <65 or m, > 120 Gev | 5001~
n=0F L

[
5]

95% CL upper limit on cross section [pb]

- X1 é
: """ é —10°
P 11/: T~ \ o %? E
1 510"
E 1:0‘0 200 300 400 500 600 L7OO éOO 900 1(?007 10°
é Tous [oveen [Jree m; [GeV]
» Limited amount of hadronic activity B e ,
_ miss w1 » Agreement with SM
» Requirements on py " and My, (Il) ) prediction
> Lepton pairs outside the Z peak SRS » Excluding slepton masses
. . P [Ge!
» Categories with: up to 700 GeV
> No jets » Exclusion reach extended

Page; With ISR JetS by 200 GeV
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ELECTROWEAK PRODUCTION

7
~0 (JJf
b LI 2
e <0
p X]i \ X1
Wi

» Z boson in the final state
» Hadronic W decay

» Categories with:

» Resolved W decay
» Boosted W candidate

Page 27

Events

CMS Preliminary

137.2 fb (13 TeV.

1

1971013 Te
T El

NS oy foua  [Povies [ravorsymm

me (GeV)

TR TS R
500 NLO + NLL exclusion

Expected limit, + 1,2 [
—— Observed limit, + 10,

theory

Brovune [z - sonat 0,200, T 400

Resolved VZ ]

300

200

100

Events

1 Y R W WRTTTT A WU TTT BRI T M

00" 2

signal (400, 200)

Boosted VZ

100 200 300 200 501

00 300 400

RPN o
500 600 700 800 900
m e =m, g(GeV)

» Agreement with SM
prediction

L3
=i » Excluding chargino
masses up to 750 GeV

by 100 GeV

3 s g
95 % CL upper limit on o (pb)

-

[
15)

10

10°

» Exclusion reach extended
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SEARCH FOR AN EDGE > Events with at least two jets and pI"** and M,(I1)
» Very significant contribution from tt events

5 » Naive Bayes classifier to select tt-like and not
ot tt-like 15 Tev
P gl DV </ o E [ ‘CM‘S ‘ ‘ BasLaIine ;igna‘l regi(;n 1
-7 X2 V4 - 5(%1) I3} 0.25+ Private Work ]
~0 » E Simulation . X
: - N X2 - e thJ C L Signal model: mE, m?; .
p by Za‘r\( f 0.2 Taor 1000, 00w 1
e T 1200 GeV, 150 GeV 37
f 1200 GeV, 850 GeV |
b 015 |k 0 1200 GeV, 1100 GeV ,
. . 0.1 :
» Model motivated by edge-like el ;
. r tt-like i not tt-like |
“excess” observed in Run 1 0.051- e r
» Features edge-like shape in -
the m, distribution 0 ‘
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CMS 137.2 b (13 TeV)
S EARCH FOR AN EDGE = o055 ~30b. X0 2R, 1K m= 100 Gev
8 2000] ™7 0-5(WX1/ * M) NNLO0*NNLL exclusion
«esesaee Expected limit, + 1,2 s.d.
Observed limit, + 1 s.d

i
15}

95% CL upper limit on cross section [pb]

exp.

theory

» Regions with/without b-tagged jets and tt/non-tt like 1500
» Exploring the my, distribution for different edge positions

1 H10°
1000 - 7
. P L wa ]
gw foaa  [Woviets []Favorsymmetric g foaa  [Woveets []Favorsymmetric r 1
[ Eltotunc. [llz+v - signal (1250, 400) ir Brotunc. [z --- signal (1250, 400) s00l i
n,21 n,=0
10*
o tE-like non-ti-like tE-like non-ti-like 80’0 o "1200 T, 1;00 10+
" m; [GeV]
10
» Good agreement with SM
o2 processes
og
A —
o8 .
8 ;
S N & S A I > Excluding sbottom
333333333323 3233:3 33333333333 3233:3
BeeEB8YBB8ERS Y 532588888588 masses up to 1.2-1.6 TeV
S o~ PP PO L PP P O S o~ PP PO L PP P O
60 3888000238882 o0 288800028858, ;
8890058882005 ¢% 8892058880555 8 » Exclusion reach extended
¢ g g < ¢ &g ¢ g g <8¢ ¢

by 300 GeV
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Section 4 ,{ﬁf E}}q\

Measurement of the ttH and tH production in the multilepton channel

» ttH multilepton [2016]. JHEP 08 (2018) 066

» ttH combination [2016]. PRL 120, 231801 (2018) <

» ttH multilepton [2016+2017]. CMS-PAS-HIG-18-019
rageso » ttH multilepton [Run 2]. CMS-PAS-HIG-19-008
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HIGGS PHYSICS Afﬁ)

35.9-137 fb! (13 TeV)

E>|> I R | T ““”\:; "‘_
b 1‘ CMS arXiv:2009.04363  ;: ~7F
5 | m,=12538GeV R
. . . ELL|>10_1 E p-value = 44% 3
» Discovery of Higgs boson in 2012 &F .
» Study of its properties is ongoing 107 et E
» Run 2 allowed to observe its interaction to 10731_ ¥ Vector bosons 1
all third generation particles Fpe f iﬂ"’ generation fermions
b uons 1
. . i . i 1074;_ ----- SM Higgs boson i
» Studying the Higgs Yukawa interaction with s t—————
the top quark o AT ‘ )
R T um— o — bt
& osbu ‘ ul ‘
107" 1 10 102

Particle mass (GeV)
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TOP QUARK-HIGGS BOSON INTERACTION ¢

t t
» Gluon fusion Higgs production and H — yy . JH )
decays sensitive to it - through loops 4 )
» ttH best process to study at tree level ¢ 7
_ May 2020 CMS Preliminary & BECO050000000—— >t
'8_ 3 - 8 7 TeV CMS measurement (L < 5.0 fb ‘;‘ ]
o T . PRI N ,
S : % % 4 CMS 95%CL limits at 7, 8 and 13 TeV _?
g 10°F » tt T £.0000000000000/ £
g1oF i B 9gH .
S ok b 4o a 1 » Challenging process to study
% - * . [ ] %
S 1k ' T, HPE, 4 ¥ o= 0.5 pb
S EIAE Bl L B3 . . . .
10k i th = 4 » Sensitive to CP violation in the
yg2f - ff;.f‘if r ] Yukawa sector
i * X ] . i
10°F $a 4 » Potentially sensitive to the
et trilinear Higgs coupling

f Y
LA o ST T ST T WA s 1 AV T e
Tz i85, in exp. A
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tH PRODUCTION

» tH even more challenging
» oy = 70fb

o
N
3

=2

I

(!
R P

N g

o ]

o

[0

<4

ool el
LHC HIGGS X5 WG 2016

ol

TRNENET|

T P P P P TR AT
6 7 8 9 10 11 12 13 _14 1
Vs [TeV]

[&, ] it

q

T

ES

A

» Three production modes: t-, s- and
tW-channel

» y, and gy, -proportional diagrams interfere
destructively in the SM

» x./rkw = —1 enhances cross section by a
factor of 10 (ITC)

» ITC does not affect the ttH production rate
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DECAY MODES

ES

A=

» Processes can be studied in different Higgs decays:

H— vy

» Low branching ratio
» Clean final state

» Higgs system can be reconstructed

H — bb

» High branching ratio
» Large background contribution

Multilepton: H - WW /ZZ /1t

» Moderate branching ratio

» Moderate background contribution
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SIGNAL REGIONS

Page 35

Events selected and classified in 10 disjoint
signal regions
» According to lepton (e or u) and t,, multiplicity
» Lepton charge consistent with final state
» Jet multiplicity consistent with final state

2lss + Ot , 2lss + 17;, 31 + Oty, enlarged to
accept tH events
» Events with one b-tagged jet and one (forward)
light jet are accepted
Different background and signal composition in
each region

Regions mostly dominated by background

CMS Preliminary

137 b (13 TeV)

mH

* Fakes

moY
Citt+jets

Flips
[JConversions
[CIRares

[@Other Higgs proc.

O/+2rh qurh 1/*2’» 2los., 172/*2’/, S/Va 4/+ng 3/+0rh 2/33*05153*17
h h h

Signal fraction

ssyge0y, oy sy
h

L CMS Supplementary

137 fb (13 TeV)

B eH, H - ww
EtH,H - zz
[CJtH, H -

W tHq / tHw

3

Iy Qlogy Uy 2oy Usg, O
7, Toseglita, ez Uiy Oz
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MULTIVARIATE CLASSIFIERS f;?\'\%

Usage of MVA classifiers:

» Obtain regions pure in signal
» Regions pure in background =- constrain them
» Necessary to separate the different signals

Input variables:
» Careful study of the input variables
» Optimized separately for each region

» 3-momenta of leptons, jets and t,’s
» Invariant masses, angular distances, object multiplicities
Taggers to identify top quark and Higgs decay products

v
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MULTIVARIATE CLASSIFIERS Afﬁ%
» Significant evolution during the different Run 2 analyses
2lss + Or,, 2Iss + 11, 31 + Ory, regions CMS Preliminary 137 1o (13 TeV)

» Multiclass DNNs to separate ttH, tH and = mn B
ttZ /tty* [JFakes
backgrounds - iﬁv”é‘wy) E'!;"nie,sions :
. . . . A 7z [JRares N
» Discriminate different backgrounds and different e - B Other Higgs proc.

signals simultaneously
» Categories built on the DNN scores and event
topology

0/*2Th 7/,«;% 7/,(21;y ?/Ds* 71'2/+2§, 3/4,)12;7 4/*5757 l3’/7<01;7 Q/SS*Of/s'S‘*k :
) H h o ha
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MULTIVARIATE CLASSIFIERS d=h

» Significant evolution during the different Run 2 analyses

CMS Preliminary 137 o' (13 TeV)

T 10°& + D

o - N Y mtiH [Ctt+jets

w [tz / tiy* Fakes
104 EtW(W) [JFlips

mwz [CJConversions
X mzz [JRares
103 [ Other Higgs proc

Other regions ;
[V 2& /A r i/ th 2/08* hf/+ ?’n [/ r 4/*% 3’*01;7 2/5& of/sS+

5

» No sensitivity expected for tH
» Not enough statistics for a multiclass approach

» Classifying according to a BDT score
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DNN SUBCLASSIFICATION

ttH-like |, tEW-like.

tHq-like Other
ttH-like

< nbjet <2
tHq-like

nbjet >2

Other < Mpjet < 2, Mpjet = 2

UM, jijte, pee, eee

3l + Oty

Other regions

v

BDT score
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£=h

2lss + 11,

tHqg-like
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BACKGROUNDS f/f&;&\
» Backgrounds dominate in all signal regions
» Their estimation is key
Reducible backgrounds due to
» Non-prompt leptons and misidentified t,, | Estimated with data-driven

» Electron charge flips methods
» Photon conversions } Estimated with simulations
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» Backgrounds dominate in all signal regions
» Their estimation is key

Irreducible backgrounds due to
> ttZ, ttW
» Less importantly, WZ, ZZ, rares (tZq, tttt, ...)
» tt and DY events are also irreducible in the 11 + 11, and Ol + 21, categories

» Estimated using state-of-the-art MC simulations and normalized to the more
precise theory calculations
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NON-PROMPT LEPTONS

- CMS 59.7 bl (13 TeV)

> Largely suppressed withthe & 3 5ok _— 3
usage of MVA techniques 5 1§ o8t E

. . . . + 0.90- - 0‘7;7 . 7;

» BDT trained to discriminate " st ERE S 3
prompt and non-prompt F ] o 3
0.80F e 0.4F E

leptons g E— P

I bl 0.75F 1 3
nput vari g i B E
pUt a a eS 0'70; ttH multilepton 7: 0'1? ) E
» Selection of low level input 0.650 s Swpasoos | ] son | E
variables 0600+ o E R B SR

. . . . 3 -2 El

> IP, deep jet, isolation variables 10 EffSackground  °%% @ i s

Muon pT(GeV)
Lepton characterization

» Important to precisely calibrate selected leptons

> Efficiency measured in Z — 151 events

» Extrapolation uncertainty evaluated in tt events
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FAKE RATE-MEASUREMENT

< CMS Preliminary 41.5fb™ (13 Tev) < CMS Preliminary 41.5fb™ (13 Tev)
. . . Data E Data
» Fake rate is measured in multijet events 3 éw g o éw
e i . E 10* ii+jets E 10° [Cti+ets
» Fit is performed to me'X variable to extract - Sy | & T ey
k=] S 10
fake rate 2 E
» Parameterized as a function of cone-py 0
CMs S‘imulatio‘n Prehm:nary 1§7 ! (‘13 TeV) ° CMs S‘imulat/’orPreﬁmfnary 1‘37 lb"(‘13 TeV) 1
: —#— Nominal E ;E) —4— Nominal - -
120~ —— Relaxed, f, fom tivjets | @ 250 —#— Relaxed, 1, from fisjets ] gl 2l 3
£ g +Re‘3xed‘f"'°"”"“'”'9‘f == = Relaxed f;from muljet E:é; 0'01 \“u LM‘ ““ \lﬁ\ g?; Og uuuuuuUHHM
1001 ] sl 19 9 f ! \+UW Y ﬂ \ Sg Ottt
] oottt A i T
r Y q 150k B 0 50 100 150 0 50 100 150
soF- E mix [GeV] mix [GeV]
40; EE é 10 I E
2o *>_ O 3 -, 1 » FR may vary between multijet and tt events
E L e T T e s . _ . .
° — ° » Difference checked on tt simulations
15 - —§= = 15
o e e T B e e » Very good closure for muons, acceptable for
0 20 40 60 80 100 120 B o 20 40 60 80 100 120
Non-prompt electron P, [Gev] & Non-prompt muon P, [GeV] eleCtronS
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IRREDUCIBLE BACKGROUNDS

Normalization » CMS Preliminary 137 b (13 Tev) v CMS Preliminary 137 fb (13 Tev)
€ 10° 3I-CR, p(tiH)=fi £ 10°E 41.CR, p(tiH)=f
» ttZ and ttW normalization are O b B B D o tow Erees =
determined in the signal extraction By B Homerany Dz ey
fit
> No assumption made on the total

cross section
» Dedicated control region for ttZ

» 3l with a Z boson candidate 5 - 5

> 4] with a Z boson candidate e A PRTR T RT | ; |

D18 osE TR K ! 218 -0, * ‘
> Dedicated th Category in the g‘” 71; 5 10 15 20 25 30 35 40 45 E _O;Acfs 0 0.5 1 15 2 25 3 35
Bin number Bin number

2lss + Ory,, built with the DNN score
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” CMS Preliminary 137 fb (13 TeV) ” CMS Preliminary 137 b (13 TeV)
E 10° 3:-CRY u(‘fﬁ - E 10°E 41-CR, p(iH)=
Data N Fakes Conversions
w w D R
10*- [Jrares  [Wzz Wwz 10* f oata D ares .ZZ
Waww) iz Uncertainty D [i74 Uncertainty

§|  04fF
S| E
glg %% : l
g8 0 i
BlE oof }
s|d -04F
510 15 20 25 30 35 40 45 8 05 0 05 1 15 2 25 3 35
Bin number Bin number

Acceptance and shapes
» ttZ and ttH simulated at NLO QCD accuracy
» tH simulated at LO
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» Modeling of ttW is challenging
» Process usually observed consistently higher than SM expectation
> ATLAS-CONF-2019-045, JHEP 08 (2018) 011

» Subleading electroweak corrections found to be significant
» ttW simulated at NLO QCD, including o and a3as corrections

ttW, NLO+PS
pp — W, NLO+ — QoD

1

35 | sl
: :l: — FEWa
]

LO1:a§a

QcD QED

05| arXivi2004.09552

[NLo1za§a ] [NLozzaiof] [NLOa:aSaS] [NLO4:a4 ] B

1
0.8

2 3 4 5 6
n jets

ragess ® First LHC analysis to implement these corrections at differential level
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RESULTS

» Observed events in some signal categories
» Good agreement of data with the model
» Clear presence of ttH signal in the regions
» Very pure selection of ttW background
oMS preminary s tate

CMS Preliminary 137 fb (13 TeV)

CMS Preliminary

137 fb (13 TeV)

70 2 S0 = T 80 L
2 2I'ss +0r,, ttH node, p(itH)=p £ [73+0r, tiH node, p(ttH)= 2 20'ss + I, p(ttH)=n
2 4 Data rakes [Fiips © 100~ 4 pata SFakes [Rares Q ,oF +Daa  [Fakes [Fips
@ 60 Jconversions [JRares  WZZ ] mzz mwz  EEww) [ [CRares W2z mwz
mwz Wiww) iz miz [T 1] cof- Etwvw @z |
50F Wt WH Uncertainty 80| Uncertainty W Uncertainty
bl bt
Bkg. tHg
node node
s X + § s b
gls 05#* * gls Els 05 ***
|- \M Py u H‘Mu L HH s — | \ H ph
Sl oo IPTHTITMER &8 S 1T ¥ R
Fl B 5[ R
8 510 15 20 2 % & 8 R S R B R PR T
Page 44 Bin number Bin number Bin number

CMS Preliminary 137 b (13 TeV)

2'ss + 0, tHq node, p(tH)=(
Data

2
§ 140 SFakes  [DFlps
8 TE Coomersions Dlraves mmzs
1200 EWZ w5z
VHeggHeaH  EEM . @
Uncertanty
100y
e ee

20|

il

 ATINRTARTINTR

Data - Expectation
Expectation

" " |
e
Y
5 10 15 20
Bin number

0, CMS Preliminary 137 fb (13 TeV)

2l ss +0t,, ttW node, p(ttH)=
[Fakes [Flips

4 Data

Events

Eiww)
[T

Data - Expectation
Expectation

Bin number
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Data - Expectation

Page 44 Bin number

ESULTS

» Observed events in some signal categories
» Good agreement of data with the model
» Clear presence of ttH signal in the regions
» Very pure selection of ttW background
oMS preminary s tate

CMS Preliminary 137 fb (13 TeV)

CMS Preliminary

137 fb (13 TeV)

70 = 5L = T 80 e
2 2I'ss +0r,, ttH node, p(itH)=p £ [73+0r, tiH node, p(ttH)= 2 20'ss + I, p(ttH)=n
2 60 4 Data NlFakes [ Flips © 100[~ 4 pata NiFakes [JRares 2 ,oF + Dam NFakes [Fiips
w [conversions  [JRares WlZZ w [ mmzz mwz mEiww) w [DRares mzz mwz
mwz Wiww) iz [ @ 1 Wi cof- Etwvw @z |
507 W+ Wi Uncertainty [ 1 Uncertainty Wi+ Uncertainty
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- Bkg. tHq
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4 “ | | 5 0,47} .
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RESULTS

» Observed events in some signal categories
» Good agreement of data with the model
» Clear presence of ttH signal in the regions
» Very pure selection of ttW background

2l ss +0t,, ttW node, p(ttH)=i
Fakes [Flips
Eaww
H

510 15 20 25 30 35

Page 44 Bin number
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CMS Preliminary

Events
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Background unc.
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.CMS Preliminary 137 b1 (13 TeV)

=" £ pp‘A lH+|%H ‘ ‘ ‘ ]

2,55 H - wwizzi E

» Data is fitted in all o8- E

0 F Observed ]

categories OF ot regon E

[ ---95% CL region 1

70'5? @ Best fit +SM expected *E

_1’\\\HH\HH\HH\HHMH’

Process Signal strength My

.CMS Preliminary 137 b (13 TeV)

_ +0-26 :I_‘ E T " T 7 T T T T T E

ttH 0.92723 YT E

+4.1 £ ]

tH 57_40 2F E

- 155 R i

ttZ 1.03+0.14 1] @ ;

ttW 1.43+0.21 o5t D

F Observed ]

F —68%CL region 3

[ ---95% CL region 1
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Expected significances
» Sensitivity to ttH production = 5.2 ¢
» Sensitivity to tH production = 0.3 o

Observed significances

» Observed significance for ttH
production: 4.7 o

» Observed significance for tH
production: 1.4 o
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INTERPRETATION /E}}%

_CMS Preliminary 137 b (13 TeV) 5 _CMS Preliminary 137 b (13 TeV)

> A B R A I i e S e — SRR e A aa) EaA RRAA R AR AN AR
N F o ] =) £ _ C
180 pp - tH+ttH B 450 PP~ tH + ttH — Observed 1

[ H- WwiZZ/tt ] q E H - Ww/izz/tt 1

1.6 3 ~ 40; K, profiled -~ Expected E

14 & S -

1.2F 4 30F E

C ] 25 -

1= + = £ E

r ~ 1 20 3

0.8~ - F ]

r 1 15 3

0.6 - E E

[ Observed: ] 10;7 E
O-4f—68%CL region ---95%CLregion @ Bestfit | 5:, y ! =

[ 4 Standard Model ] E v E

02 v e ) SRR B N SRt U FEREEUY, A EEn B
-15 -1 05 O 0.5 1 1.5 -2 -15 -1-05 0 05 1 15 2

K K

t t

» Interpretation of yields in terms of x, and xy,
» Best fit consistent with the SM expectation
pages7 ™ Ky CONStrained to be within —0.9 < x, < -0.70r0.7 < s, < 1.1 at 95% C.L.
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Precision measurements of the top Yukawa interaction
» Combination with other decay modes (iX, and t-channel X, at the LHCI3
NLO inclusive cross section Xy

» Dedicated ttW studies and measurements 2 | on foion @ S e = .5, =2) X, |
» Increased precision with higher luminosity -

— Y g is K .. h
L= (Cokpyy+ i5,5.0,75) 0 Xo

CP violation in top Yukawa sector go 3
» Still allowed by experimental data (EPJ C 75 (2015) 6, d g
267) 2
£ =G, (cos(a)rpe + sin(@)ean®) ~5eh0

» Highly disfavored by ttH(— yy), sensitivity can be “

gained with multilepton channel
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PROSPECTS FOR ttH MEASUREMENTS

Differential measurements, EFT
interpretations

| 2

| 2

Page 49

Differential ttH measurements could
bring sensitivity to A3 (EPJ C 77 (2017) 12,
887)°

Measurements in tails of distributions
can be interpreted in terms of
constrains on EFTs (JHEP 10 (2016) 123)
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Conclusions
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CONCLUSIONS f;%

» Study of pp collisions at /s = 13 TeV during the Run 2 of the LHC collected
with CMS

» Focusing in processes with high p; leptons in the final state

» Allows to explore a wide range of physics observables
» Characteristic experimental signature

» Strong contributions to the trigger and lepton reconstruction

» Developments made increase the precision of the physics analyses
performed in this thesis
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CONGLUSIONS d=h

» Precision measurements of tW production are crucial for tt production
measurements

» Together with tt production, relevant for BSM searches

» Inclusive cross section measured to be compatible with state-of-the-art
calculations

oow = 63.1+ 1.8 (stat) £ 6.3 (syst) £ 2.1 (lumi) pb

» Differential cross section measured as a function of variables of interest
» Consistent with the reference generators used in CMS

Page 52



LHC and CMS Top physics Search for SUSY Higgs physics Conclusions

CONGLUSIONS d=h
» Searched for SUSY in events with an opposite-sign same-flavor lepton pair

» Using the complete Run 2 dataset
Signal regions built targeting different production modes
Developed data-driven background estimation methods suitable for the search
Results observed are consistent with the SM expectations
Upper limits on sparticle production cross section are set

vvyyy

v

Exclusion limits are extended by hundreds of GeV with respect to previous
searches

» Results of the search will be combined with other electroweak SUSY searches
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CONGLUSIONS d=h

» ttH and tH production rates have been measured in the multilepton channel
» Using the complete Run 2 dataset

» Signal strengths are compatible with the SM expectation
fey = 0.92 + 0.19 (stat.)"017 (syst.+lumi.)

ey = 5.7 £ 2.7 (stat.) + 3.0 (syst.+lumi.)

» Observed (expected) significance of 4.7 (5.2) o for ttH production

» Results constrain the top-Higgs coupling modifier to be within
—09 <k <-070r07 <k, <11
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Top physics
tt production [7, 8 TeV] - JHEP 08 (2016) 029
tt production [2016] - EPJC 79 (2019) 368
tW production [2016] - JHEP 10 (2018) 117
tW differential [2016] - TOP-19-003
Higgs Physics
ttH multilepton [2016] - JHEP 08 (2018) 066
ttH combination [2016] - PRL 120, 231801 (2018)
ttH multilepton [2017] - HIG-18-019
ttH multilepton [Run 2] - HIG-19-008
SUSY searches
OSSF lepton SUSY [2016] - JHEP 03 (2018) 076
EWK combination [2016] - JHEP 03 (2018) 160
OSSF lepton SUSY [Run 2] - SUS-20-001
CMS detector operation and calibration
Top trigger activities
Muon selection and calibration
Top muon activities
Detector performance summaries
Performance of top triggers in Run 2 - DP-2019-026
Muon reco. performance during Run 2 - DP-2019-022
Muon id. and iso. efficiencies - DP-2018-042
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RESULTS

2lss + Ory,

CMS Preliminary

CMS Preliminary

137 b (13 TeV)

2 O orss e 01, ttH node, H(tEH)=1t 2| 4o 2I'ss +0r, tHa node, p(itH)= 2 1goF-2'ss + 0r,, Other bkg. node,
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& 60 Cycomersons [Jraes WZ2 b DiComersons Eﬁ:}?\;} Eﬁ i 160 L Conversons Eﬁ?&?ﬁn
mwz Wiww [z EVHfggH s B =1 4oL EVHggH o
50 I+ (1) Uncertainty Uncertainty Uncertainty
100y
120
40| ee ee
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8 510 15 20 25 3 & 8 5 0 15 20 2%
Bin number Bin number Bin number Bin number

Page 57



LHC and CMS Top physics Search for SUSY Higgs physics Conclusions
000000 0000000000 000000000 000000000000 00000000 000000

RESULTS

3l 4 07y, and 2Iss + 11,

CMS Preliminary 137 b (13 TeV)
£ 30+ 0r,, tH node, p(tH)=
5 100 4 paa 3 CRares

CMS Preliminary 137 ' (13 Tev,
2l'ss + 1r, p(ttH)=
+ Data NFakes
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@
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a
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RESULTS

. CMS prelmnay 137113 Tev) . 16,CMIS Preliminay 1371 (13 Tev) L CMS preliminary 137 43 Tew
£ 180F 2005 + 1, W(EH)=R £ PFai+m, u(i 2 a1+ 0r,, PR
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IRREDUCIBLE BACKGROUNDS ,{TE)}%
» Signals, ttZ and ttW normalization are freely floating

» No assumption on total cross section
» Modeling of irreducible processes follows the most accurate calculations available

ttH and ttZ production
» Generated at NLO QCD with MADGRAPH5_aMC@NLO
» Normalized NLO QCD+EWK (arXiv:1610.07922)
tHqg and tHW
» Generated at LO with MADGRAPH5_aMC@NLO
» Normalized at NLO QCD (arXiv:1610.07922)
ttW production

» Generated at NLO QCD with MADGRAPH5_aMC@NLO
» Normalized to NLO QCD + EWK (arXiv:1610.07922)

. >60 o and asa3 corrections are added on top (arXiv:2004.09552)
age


https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/2004.09552
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2D LIKELIHOOD SCANS

CMS Preliminary 137 fb (13 Tev)
T T T T T

CMS Preliminary
g

137 fb (13 TeV)
e

CMS Preliminary
e

137 b (13 TeV)
e

CMS Preliminary
3prrrprrrrrrerrrerT

137 fb (13 TeV)
e

z z z T
= PP tH+tiH == PP~ tH+H = PP tH+tiH PP — tH+H
2.5 H - wwizzit | 2.5F H - wwizzitt | 2.5F H - wwizzit | L5F H . wwizzit E
2 B 2 B 2 B 2 B
15 - 1.5F - 1.5F - 1.5F -
1 El 1 El 1 El 1 El
0.5 | 0.5F | 0.5 | 0.5F |
Observed Observed Observed Observed
OF  — 6% CLregion 3 OF  — 8% CLregion 3 OF  — 6% CLregion 3 OF  — 8% CLregion 3
---95% CL region ~--95% CL region ---95% CL region ---95% CL region
“O5E o gestit #SMexpected “05F @ gest +5M expected “05E @ gestit +5M expected 05 g gestit +5M expected
L | . L b B T T TN ) N T T
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iy Hew Mo [
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SYSTEMATIC UNCERTAINTIES

A=

Source

Attygp/ g [%]

At/ g [%]

Aptyw / P [%]

Atz sz (%]

Trigger efficiency

e, it reconstruction and identification efficiency
T}, identification efficiency

b tagging efficiency and mistag rate
Misidentified leptons and flips

Jet energy scale and resolution

MC and sideband statistical uncertainty
Theory-related sources

Normalization of MC-estimation processes

Luminosity

Statistical uncertainty

23

29

4.6

3.6

6.0

34

7.1

4.6
133
22

209

8.1
7.1
9.1
13.6
36.8
8.3
27.2
18.2
12.3
4.6

48.0

1.2
1.7
1.7
1.3
2.6
1.1
24
2.0
13.9
1.8

59

1.9
32
1.3
29
1.4
1.2
23
42
11.3
31

58
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Selection step 20ss 407y, 20ss + 11y f&:%
. t = by, t — bqq with t — blv,t — bqq’ with =0
Targeted ttH decay H > WW — fvqq’ H— 17 — fvvt,v
Targeted tH decays t — btv, t — blv,
H — WW — fvqq H— 1t = 1, +v's
Trigger Single- and double-lepton triggers
Lepton pr pr > 25/ 15GeV pr > 25/ 15GeV (e) or 10GeV (i)
Lepton y [7] <25 (e)or2.4 (i)
ThPT — pr > 20GeV
T 1] — ly| <23
Ty, identification — very-loose
Charge requirements 2 same-sign leptons 2 same-sign leptons
and charge quality requirements and charge quality requirements
Yg=+%+1
LTy,
Multiplicity of central jets >3 jets >3 jets
b tagging requirements >1 tight b-tagged jet or >2 loose b-tagged jets

Missing transverse
momentum

Dilepton invariant mass

Lp > 30GeV'

yy — iz | > 10GeVE and 1, > 12 GeV
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Selection step 3¢+ 01y, 30+ 11y,
t = blv, t — blv with t — bfv, t — blv with =

Targeted ttH decays

Targeted tH decays
Trigger

Lepton py

Lepton 7

Th PT

Tt
7y, identification

Charge requirements
Multiplicity of central jets
b tagging requirements
Missing transverse
momentum

Dilepton invariant mass
Four-lepton invariant mass

H —» WW — fvqq’ H— 17 = lvvtyy
t — bfv, t — bqq' with

H— WW — fviv
t — bfy,t — bqq’ with

H — ZZ — ¢iqq’ or tlvy
t—>blv,H—>WW — lviv -
Single-, double- and triple-lepton triggers

pr > 25/ 15/ 10GeV
|| < 2.5 (e)or2.4 (i)
— pr > 20GeV
— Iyl <23
— very-loose
;q =41 Yq=0

4,1y,
>2 jets
>1 tight b-tagged jet or >2 loose b-tagged jets

Lp >0/30/45GeVt

e > 12GeV and |myy — mz| > 10 GeVS
iy, > 140GeV —
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Selection step 04 + 21, 14+ 17y,

Targeted ttH decays

Trigger

Lepton pp
Lepton i

Th PT

W
7y, identification

Charge requirements

Multiplicity of central jets
b tagging requirements

Dilepton invariant mass

t = bqq’, t — bqq' with
H— 17t = thvTHV
Double-Ty, trigger

pr > 40GeV

loose

b1-0

h

t — bqq’, t — bqq’ with
H—= 11t = lvvtv

Single-lepton
and lepton+T,, triggers

pr > 30 (e) or 25GeV (i)

[y <21
pr > 30GeV
7] <21
medium
Y q=0
Lty
>4 jets

>1 tight b-tagged jet or >2 loose b-tagged jets
Mygp > 12GeV

Page 65



LHC and CMS Top physics Search for SUSY Higgs physics Conclusions
000000 0000000000 000000000 000000000000 00000000 000000
-
Selection step 14 + 271y, 20 421y, T&:m

Targeted ttH decays

Trigger

Lepton pr
Lepton 7
Th Pr

Tn?
Ty, identification

Charge requirements

Multiplicity of central jets
b tagging requirements

Missing transverse

momentum

t — blv, t — bqq’ with
H—-tht = vt
Single-lepton
and lepton+T,, triggers
pr > 30 (e) or 25GeV (pt)
[7] <21
pr > 30 / 20GeV
7] <21
medium

Y=+

by
>3 jets

t — blv,t — blr with
H—tht = vty
Single-
and double-lepton triggers

pr > 25/ 10 (15) GeV (e)
[#] <25 (e)or2.4(u)
pr > 20GeV
[y] <23
medium
Lqg=0

[N
>2jets

>1 tight b-tagged jet or >2 loose b-tagged jets

Lp >0/30/45GeV"

Myp > 12 GeV

Dilepton invariant mass
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000000

Top physics
0000000000

Search for SUSY
000000000

Higgs physics
000000000000 00000000

Conclusions
000000

Selection step

2¢os + 1Ty, 4¢ + 01y,
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Targeted ttH decays

Trigger

Lepton pr
Lepton
ThPT

Tn 1]
Ty, identification

Charge requirements

Multiplicity of central jets
b tagging requirements

Missing transverse
momentum

Dilepton invariant mass

Four-lepton invariant mass

t— blv,t — bqq’ with
H— 1t — vvtyv

t = bfv, t — blv with
H—= WW = fviv
t = bfv,t — blv with
H — ZZ — ¢£lqq’ or tivv
Single- Single-, double-
and double-lepton triggers and triple-lepton triggers
pr > 25/ 15GeV (e) or 10GeV (i) pr>25/15/15/10GeV
|| < 2.5(e)or2.4 (u)
pr > 20GeV
Iyl <23
tight

Yg=0and ¥ g==+1 yYq=0
¢ 61y G

>3 jets >2 jets
>1 tight b-tagged jet or >2 loose b-tagged jets

Lp > 30Gev' Lp >0 /30 / 45GeVv?

[y — mz| > 10GeVS
and m, > 12GeV
gy > 140 GeVl

Myp > 12 GeV

=N
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