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Motivation

o =12fb @ NLO

e SM tttt production sensitive to a variety of new physics
scenarios
e EFTs

2HDM/heavy mediators
top yukawa coupling

Low background final state — statistically-dominated

® | atest measurements of 17+14.41fb (CMS) and 28+12_41 (ATLAS)
using 2016 datasets
* ~10 expected in both cases (using SM cross-section of 0 e/u

9.21b) * including T—e/u

® The analysis presented here improves upon the 2016 result
and includes the full Run 2 dataset



https://arxiv.org/abs/1710.10614
https://arxiv.org/abs/1811.02305
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Abstract

The standard model (SM) production of four top quarks (tttt) is studied by the CMS

Collaboration using proton-proton collision events collected in Run 2 of the LHC, Abstract
with a center-of-mass energy of 13 TeV and corresponding to an integrated luminos-

ity of 136.3 fb ! The events are required to contain a pair of same-sign leptons (¢, i) This is the AN supporting the Run 2 tttt analysis. It is based on the 2016 tttt AN
or at least three leptons, and several jets. Two approaches are used to enhance sig- (AN-17-115) and the 2016 same-sign AN (AN-16-386)
nal sensitivity: first a simple classification based on the number of jets and b-tagged

jets, and second a boosted decision tree (BDT) taking advantage of kinematic vari-

ables related to leptons and jets. Control regions are used to constrain the dominant

SM backgrounds. The two approaches find consistent results compatible with next-

to-leading-order SM prvdiclions. The observed (expected) signil‘ic.\nw of the BDT

analysis is 2.6 (2.7) standard deviations, and the tttt cross section is measured to be

128" :: fb. These results are also used to constrain the Yukawa coupling of the top

quark and to set limits on the production of a heavy scalar or pseudoscalar in a type

I 2HDM scenario. These interpretations result in a 95% confidence level limit of

v/ ll/?M < 1.7, where }/TM is the SM value of ¥, and in exclusions in the mass ranges

of 350-430 GeV and 350-510GeV for heavy scalar and pseudoscalar bosons, respec-

tively, for the 2HDM scenarios considered.


http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=TOP-18-003&tp=an&id=2091&ancode=TOP-18-003
http://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2018/062
https://indico.cern.ch/event/797959/
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=TOP-17-009

ARC review and recent changes

Durlng ARC review:
-+ Updated to latest recommendations (JECs, scale factors)
- Clarified documentation, both AN and Paper

* Increased uncertainty on the fraction of additional b jets in ttW/Z/H events (from
35% to 50(70)

- Tested many variations of nuisances (increasing, decreasing, correlating,
uncorrelating, ....), to check the sensitivity of our results to our choices

- Studied correlation between nuisances

After freezing:
- Applied final lepton SFs for 2018
- Recovered 50 pb in 2018 golden json
- Updated to latest luminosity (136.3 —> 137 fb)
- 2HDM interpretation includes 2018 samples instead of scaled-up 2017 samples



Data and Simulation

| Year | campaign | JSON file |
2016 23Sep2016-vl Cert_271036-284044_13TeV _23Sep2016ReReco_Collisions16

| | |
® Data - dilepton primary datasets 007 | N o e s T OV 01T Cllnt
 DoubleEG/EGamma,

DoubleMuon, MuonEG ' J 1 e —

sample name

1 /DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6020.85 X X X
([ ] C d t ~ 1 3 7 f b = /DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 18610 X X X
O r re S p O n S O /WJetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 61334.9 X X X
/TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 831.762 X X X

/TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 831.762 X X X

/TTWJetsToLNu_TuneCUETP8M1.13TeV-amcatnloFXFX-madspin-pythia8 0.2043 X X X

/TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2529 X X X

/TTZToLL _M-1t010_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.0493 X X X

‘ M C /ttHToNonbb_M125_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8 0.2710 X X X
/tZq11_4f 13TeV-amcatnlo-pythia8_TuneCUETP8MI1 (ext1) 0.0758 X X X

" . " /TTTT_ TuneCP5_PSweights_13TeV-amcatnlo-pythia8 0.01197 - X X

[ ] S I I I I t I b I f I I 3 /TTTT_TuneCUETP8M2T4_13TeV-amcatnlo-isrup-pythia8 0.01197 X - X
I u a I O n aV a I a e O r a e a rS /TTTT_TuneCUETP8M2T4_13TeV-amcatnlo-fsrup-pythia8 0.01197 X X

. ow /TTTT TuneCUETP8M2T4_13TeV-amcatnlo-isrdown-pythia8 0.01197 X X
/TTTT_TuneCUETP8M2T4_13TeV-amcatnlo-fsrdown-pythia8 0.01197 X - X

o Ad d I t I O n a | I y, fo r fa ke rat e / TG]ets,TuneCUETPSMl,13TeV,amcatnlomadspin,gy};hiaS 2.967 X X X
/TTGamma_SingleLeptFromT_TuneCUETP8M2T4_13TeV-amcatnlo-pythia8 0.77 X X X

. : : /TTGamma_SingleLeptFromTbar_TuneCUETP8M2T4_13TeV-amcatnlo-pythia8 0.769 X X X
estimation smgle-lepton data T TCom DAt TercCURTEIN e 1310 stvtslecpytans i oA N

) /WGToLNuG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 405.271 X - X

P D d d I t 0 h d /WGToLNuG_TuneCP5_13TeV-madgraphMLM-pythia8 405.271 - X X

-— / ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 123.9 X X X

S u S e ) a n e p O n e n rl C e /WZTo3LNu_TuneCUETP8M1_13TeV-powheg-pythia8 4.4297 X X X

. /ZZTo4L_13TeV_powheg_pythia8 1.256 X X X

m /277 TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.01398 X X X

pT - b I n n e d Q C D S a p I e S u S e d fo r /WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.05565 X X X
/WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.1651 X X X

. /WZG_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.04123 X X X

M C C | O S u re St u d I e S /WWG_TuneCUETP8M1.13TeV-amcatnlo-pythia8 0.2147 X X X

/WWW _4F_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2086 X X X

/WWTo2L2Nu_DoubleScattering_13TeV-pythia8 0.16975 X X X

/ST_tWI_5f_LO_13TeV-MadGraph-pythia8 0.01123 X X X

/WpWpJ]_ EWK-QCD_TuneCUETP8M1_13TeV-madgraph-pythia8 0.03711 X X X

/GluGluHToZZTo4L M125_13TeV_powheg2 JHUgenV6_pythia8 0.01181 X X X

/VHToNonbb_M125_13TeV_amcatnloFXFX_madspin_pythia8 0.9561 X X X

- /TTHH_TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.000757 X X X

Year MC campaign /TTZH_TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.001535 X | X X

- . /TTZZ TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.001982 X X X

20 1 6 R un I I S ummer 1 6 M ini AO DV2_ P U M orion d 1 7_80X /TTWZ _TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.003884 X X X

2017 RunllFalll17MiniAODv2-PU2017_1 2Apr2018.94X /TTTW TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.000788 X X X

.. /TTT] TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.000474 X X X

2018 RunllAutumn18MiniAOD-102X /TTWH,TuneCUETP8M2T4,13TeV-magdgfapE-};ythia8 0.001582 X | X X

/TTWW _TuneCUETP8M2T4_13TeV-madgraph-pythia8 0.01150 X X X




Objects: leptons

® Electron ID
e p>15 GeV, |n|<2.5
e dxy<0.5, do<0.1, IP3D/a(IP3D)<4

 Tight prt,n-dependent MVA

® Muon ID
* pr>10 GeV, [n|<2.4
e dxy<0.5, do<0.1, IP3D/a(IP3D)<4 Tord) 000 — 200 % O
. N pr pljet) — p p
dpr/pr<0.2 T < DA (25 > Bfv [P SR > Iy

e medium Muon POG ID

® |solation for electrons, muons
e Multi-isolation variable — result of studies in fake lepton

SUSY WG
* ReqUIreS ) . i ) ] isolation value H loose WP (e/ ‘L12)016y (Medium) WP \ e (Tight) WP ‘
> Imini: relative isolation in pr-dependent cone L 04 0.16 012
. . . I 0 0.76 0.80
» prratio: want lepton energy to dominate jet I 0 7.2 7.2
» prrel: protect against prompt-lepton overlap with 20172018
ran d om J ets } 1Islolat10n value || loose \E)VZ (e/w) | u (Me?rlm) WP | e(Tlgg’c; WP |
* Split JEC to avoid overcorrection due to constituent 2 0 0 078
lepton

> jet « (jet*L1-lepton)*L2L3+lepton
« Separate working points for 2016, 2017/2018


http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2014_261_v2.pdf
http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2014_261_v2.pdf

Objects — jets/MET

® Jets
e p1>40 GeV, |n|<2.4
* Recommended tight PF jet ID
* Lepton-cleaned (AR>0.4)
e Ht computed from scalar sum of prs

® B-tagged jets
o pt>25 GeV, |n|<2.4 (note the lower threshold)
 Medium DeepCSV WPs for each year
» 70/12/1% b/c/udsg efficiencies

® MET
e Type-| correction applied
e For 2017, using the recommended "METv2" recipe,
excluding some candidates from the MET calculation at
high 7
* All recommended MET filters



Triggers

® Dilepton triggers for main analysis

® Auxiliary single lepton triggers for fake rate

* non-isolated+HT in 2016

e isolated for 2017, 2018

computation

® Data/MC applied as corrections on top of

simulated trigger decision

e Trigger maps from Laurent Thomas and

SUS-19-008 analysis

CMS Preliminary, (s =13 TeV

>
O 1.2[~ Leg: Ele23_CaloldL_TrackldL_IsoVL_L1EG24
c | Trigger: HLT_Ele23 _Ele12_CaloldL_TrackldL_IsoVL
g — Selection: 2e, event firing HLT_Ele35_WPTight_Gsf
17
=
L=
w
0.8 2018, ee turn-on
B % Simulation
0.6—
- —4— Data (2018, ~ 60 fb™)
- & 0.967 = 0.000
0.4—
N m 23.330 = 0.003
B o 1.128 = 0.004
0.2 & 0.946 = 0.000
B W 25.304 = 0.003
- o 1,990 = 0.004
0\\‘ \\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\%\\\\
ol2
314 const  0.969 = 0.000
s
R e e et |
i
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>0
0 1.2 Leg: Mu17
c L Trigger: HLT_Mu17_TrklsoVVL_Mu8_TrklsoVVL_DZ_Mass3p8
g - Selection: 2u, event firing HLT_IsoMu27
11—
— L
"LE L ¢
0.8 2018, yu turn-on
B —}— simulation
0.6—
- —4— Data (2018, ~ 60 fb")
04l & 0.956 = 0.000
L u 17.039 = 0.002
i o 0.490 = 0.002
0.2 & 0.947 = 0.000
B u 17.009 = 0.001
07\\ \‘\\\\ 111 | 111 | \\\\‘\\\(\)‘\\\\‘0\.4\.1\5\$\0.\0\01\
ol2
sS4k I const  0.991 0.000
S 4L [ - W
0.9
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Analysis triggers

Table 3: Summary of the signal triggers

2016
Hrofy Channel Trigger Name
UU HLT _DoubleMu8_Mass8 PFHT300
> 300 GeV ee HLT _DoubleEle8_CaloldM _TrackldM_Mass8 _PFHT300
ey HLT Mu8_Ele8_CaloldM_TrackldM_Mass8 _PFHT300
2017
Hrof Channel Trigger Name
Uu HLT Mul7_TrklIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8
ee HLT_Ele23_Elel12_CaloldL_TrackIdL_IsoVL_
all . HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ
M HLT _Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIldL_IsoVL_DZ
2018
Hroff Channel Trigger Name
Uy HLT Mul7_TrklsoVVL_Mu8_TrkIsoVVL_DZ _Mass3p8
ee HLT_Ele23_Ele12_CaloldL._TrackIdL_IsoVL_
all . HLT Mu23_TrkIsoVVL_Elel12_CaloldL_TrackIdL_IsoVL_DZ
H HLT _Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIldL_IsoVL_DZ

CMS Preliminary, Vs =13 TeV

80 90
p. () (GeV)

Fake rate triggers

Table 4: Summary of the control triggers ordered by lepton flavor and pr.

2016

Channel Trigger Name
HLT Mu8
# HLT Mul?
HLT _Ele8_CaloldM_TrackIdM_PFJet30

HLT _Elel7_CaloldM _TrackldM PFJet30
2017

Hrofr

> 300 GeV

Trigger Name
HLT Mu8_TrkIsoVVL
# HLT Mu17_TrkIsoVVL
HLT Ele8_CaloldL_TrackIdL IsoVL_PFJet30
HLT _Ele23_CaloldL_TrackIdL_IsoVL_PFJet30

2018

Hroff

all

Channel Trigger Name

HLT Mu8_TrkIsoVVL

# HLT Mul7_TrkIsoVVL

HLT _Ele8_CaloldL_TrackIdL_IsoVL_PFJet30

HLT Ele23 _CaloldL_TrackIdL_IsoVL_PFJet30

Hroff

all
e




Strategy: baseline selection

® Follow selections and strategy of published analysis with 2016 data (35.9fb-1) selected events

passing the baseline
e same charge leptons or =3 leptons with pr>25/20(/20)GeV
e >2 jets, =2 b-tagged jets
e H>300 GeV
e Fr>50 GeV

» Z-boson veto (loose OSSF in 15GeV Z-window; if tight, promote the event to a separate

control region)

28%

® After the baseline selections, backgrounds to deal with are 25%
 ttW, t1Z - constrain to data with dedicated control regions

« ttH - take from simulation with cross-section uncertainty %

. - data-driven estimate of prompt-prompt from 3%
prompt-nonprompt x "fake-rate"
v
. , X+, - MC-based —

* charge flips - small background from e*e*—e*e* estimated $

in similar data-driven way to fake leptons

® Most discriminating variables are number of jets and number of b-tagged jets
 For tttt = 2L, expect 8 jets, 4 of which are from b-quarks

ttw
Nonprompt lep.
ttH

ttZ

ttvv

Rare

Xy

Charge misid.
tttt

Data (blind)

10


https://arxiv.org/pdf/1710.10614.pdf

Strategy: cut-based

Paper Table 1

® Cut-based approach

: : : . N Ny, | N; Region
* Baseline events are separated into 14 bins depending 2% ng
on lepton and (b-tagged) jet multipl_icities along with 2 , % SR1
high statistics regions enriched in ttW and 7 SR2
(inverting the Z-veto) for normalization constraints >8 | SR3
5 SR4
. . 2 6 SR5
® Natural extension of 2016 analysis 3 SRG
Nleps Ny, jets Njets | Region > 8 SR7
<5 | CRW >4 | >5 SR8
2 e 5 | SR9
2 >8 | SR3 2 6 SR10
56 | SR4 >7 | SRI11
3 =77 SR 23 I | SRI2
224 ig 2I§§ >3 5 SR13
>3 <> t57 1 5rs >6 | SR14
inverted Z-veto CRZ inverted Z-veto CRz
2016 Full Run 2



Strategy: BDT

® A multi-variate classifier is also trained to separate signal from background
* Baseline events are passed through the classifier and the discriminator output is sliced into 17 bins
* The ttZ-enriched control region from the cut-based procedure is also included as another bin

® Both approaches are used with a maximume-likelihood fit to extract a cross-section measurement
and uncertainty, and their results are quoted in the Results and Summary sections
* Only BDT quoted in the abstract and used for interpretations

® The following details of the BDT are mentioned in the paper:
e CRZ is the only control region [CRW events enter the BDT]
« BDT is trained on simulation to separate tttt from 2(SM backgrounds)
« Gradient boosting, 500 trees, depth 4. Classifier binned in 17 bins.
e List of all 19 variables used
e A sentence about why we don’t use top-tagging variables [ARC suggestion]

e (a) Nbtags o (k) pr(je) . ok, ran
e (b) Njets o () max(m(j)/pr(j)) | £ i, et (K5 prob = 0,28
e (c) Nlooseb e (m) Nleps

e (d) MET o (n) pr(t) > +

* (¢) Ntightb e (0) Anp(fy,¢2) *

* (O pritz) o () pr(js) 2

o (g) m(l,j1) e (q HE N

o (h)pr(j1) o (r) pr(ls) |

e (i) pr(j7) . ()

i (]) Agb(ﬁl,ﬁz) * o0 0.2 0.4 0.6 0.8 1.0 12




Nonprompt lepton background

25%  Nonprompt lep. e, 2018,

Evaluate fake rate (eTightiLoose) in a single-lepton u;‘m_CMS e 5if§;t:3TeV)‘
control region dominated by QCD S | i # Multjet MC
et binned in pr, n, and lepton flavor i
Subtract EWK processes using MC :
et = (Dataright - EWKTright) / (DataLoose - EWKLoose) I
Up to 100% uncertainty from EWK subtraction at high pr 02

MC closure vs N(b-jets)

Apply €1 on SR-like events with at least one oM Prefiminery 415 o1 (13 Tew
. g 3097 . W-tjets [74.3
LooseNotTight lepton 5 i
EWK contamination here is less than 1%, no additional W
uncertainty 150
30% uncertainty on yield based on MC closure tests 100
50 A
15 '
I ,//
2% i ; 5 ; "

13



Charge misidentified lepton background

Charge misid.
Evaluate charge misidentification rate in MC
Binned in pr, n, and lepton flavor
Between 10-3 and 10-° for electrons
An order of magnitude smaller for muons: ignored

Apply rate on SR-like events with opposite-sign
leptons

Test MC rate on same-sign Z(ee) events in data
Good agreement in 2016
1.4 normalization correction needed in 2017 and 2018

20% uncertainty applied to account for possible kinematic
dependence of the constant correction

14

Charge flip rate, 2017, e

CMS Simulation Rate (2017) -1 fb~t (13 TeV)

— 2.500
£
9 2.6e-03  ,6c03
) (i82%) (£22.6%)
1.479
8.0e-05 1.2e-04 [ 18e04 P8 3.8e-04 55c04
(ELWAZV IR (+£]15.3%) (£33.0%
0.800 -
510_5
2.4e-05 1.90:05 26005 swees  D.8€-05 LT -
(£13.5%) F148%) =000 =70 (427 T%) =2
0.000 T T T T 1106
15 40 60 80 100 200 300
pr [GeV]
Z(ee) test of MC flip rate, 2018
CMS Preliminary 2018 58.8 fb~! (13 TeV)

pred SS (data)
¢ obs SS (data)
¢ obs SS (MC)

0
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o 3500 A

>

L
3000 -
2500 -

2000 A Pred scaled by 1.41

1500 A
1000 A
500 -

0_
- 1.5 g
g .
Q_lo' ¢ ° L ) ° ° L * ’ * *
~ * 4 t
v $
Q 0.5
o

0 20 40 60 80 100
pr(lep)



Main prompt lepton backgrounds

ttw, ttH(WW), and ttZ are major 28% IaaA
backgrounds we take from MC

ttH
Normalization: 4% ttZ

All recent measurements are high, so we allow significant uncertainty

In addition, ttW and ttZ need many extra jets to enter our SR
- 40% uncertainty for ttW and ttZ (same as 2016 paper)
- 25% for ttH, based on 1.25+0.25 signal strength measurement
- was 50% in 2016 paper, due to 1.5+0.5 signal strength measurement

Shape and N(jets), N(b-jets) corrections:
Scale and PDF variations have small effects, around 15% and 1%

Since we have a large tt sample, we use tt measurements to correct ttW/ttZ/ttH
- NisrFsr jets correction (0.8 to 1.5): derived by ourselves per year (different tunes)
- Uncertainty: half of the correction
- Additional b jets correction (1.7 £ 0.6): based on ttbb/ttjj measurement by CMS
- Uncertainty: measurement uncertainty (0.6/1.7 = 35%)
- Additional uncertainty: 30% from differences between tt and ttW [ARC suggestion, after freezing]
-+ This is the dominant systematic uncertainty in the analysis (£12% impact on measurement)

15



Other prompt lepton backgrounds

Other backgrounds grouped into three categories

g%l ttVV
3% | Rare
Xy

Normalization uncertainty taken from the process with the largest uncertainty in
each category: 11% for ttVV and Xy, 20% for Rare

Shape uncertainty taken from scales/PDF: 15% / 1%

CMS Preliminary multitop 136.2 fb~1 (13 TeV) CMS Preliminary multiboson 136.2 fb~1 (13 TeV)
0 0
€ 1751, ttww t 0.40 / tZq
(O] - 16% t'EtW Q B%l qqWW
o 5 ttwZz o o twz
1.50 6% ttvv 0% tEWH 0.35 3% Ra re 1w WZZ
s%i  ttHH W 77
tiZH % WWDPS
1.25 sttt ' VH - Nonbb

ttzz

EAE WW{yW,zZ}

72

% ,
%
7 7
//

16



ontrol regions kinematics

Large use of tt-dominated CRs (opposite-sigh and tight-loose) to
validate kinematics entering the BDT

136.3 fb~! (13 TeV)

05 data/MC=0.92 136.3 fb~* (13 TeV) x10% CMS Preliminary 05 data/MC=0.92 136.3 fb~! (13 TeV) x10* CMS Preliminary 05 data/MC=0.92 05 data/MC=0.92 >§1Doo‘ CMS Preliminary 05 data/MC=0.92 136.3 fb~! (13 TeV)

1363071 (13Tev)  <10* CMS Preliminary
8

0.6 0.8 1.0
raw BDT discriminant

0.4

x10¢ CMS Preliminary
- et 7 st 7 ” st - st % we
6 m DY+jets . e DY-+jets s DY-+jets wm DY+jets 1.75 . s DY+jets
single Top 6 Single Top 61 " single Top 7 Single Top single Top
Wl Rar 25N Rare 1.50 - 2% Rare
5 . w 5 w 6 w . -V
. 5 tw tw =W 125 . W
4 =t ttH 5 -t - i
4 4 4 [i74 o 12 ] ttZ
o it titt a = it 1.00 « tite
3 . 3 t Data[156719] 3 Data [156719] - } Data[156719] . Data [156719]
. 3 0.75 .
2 2
) 2 - . 2 . 0.50
1 1
1 1 o 0.25
g : : . —
g ) ] g . 2 52 $°
Bi{e o ¥ s1 . . . . S1f - - . - M X sargambi A
) ¥ ¥ S = . { 51 D e e s1 POV
50 50 50 3 3
S0 200 400 600 800 1000 1200 1400 1600 8 1 2 3 2 8o 1 2 3 a 5 6 7 8 20 =0
Hy(b-jets) N-loose b-tags, pr > 40 N-tight b-tags, py>40 3 0 200 400 600 800 1000 1200 1400 :’600 8o 100 200 300 400 500 600
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Systematics

Similar to 2016 analysis

Main changes in this table:
smaller uncertainty on ttH (50% —> 25%)

smaller uncertainties for Rare, Xy, ttVV (50% —> 11-20%)

Year-to-year correlation model:
Only systematics marked with T are correlated

Since statistics dominates the measurement,
extreme correlation models (all un/correlated)
have at most a 2% effect on the signal strength

Individually (un)correlating uncertainties has
a less than 1% effect

Source

Paper Table 2

Uncertainty (%)

Integrated luminosity 2.3-2.5
Pileup 0-5
Trigger efficiency 2-7
Lepton selection 2-10
Jet energy scale 1-15
Jet energy resolution 1-10
b tagging 1-15
Size of simulated sample 1-25
Scale and PDF variations t 10-15
ISR/FSR (signal) t 5-15
tt H (normalization) t 25
Rare, X7, ttVV (norm.) t 11-20
ttZ, tt W (norm.) t 40
Charge misidentification t 20
Nonprompt leptons t 30-60
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Results: sum of cut-based regions

Kinematic plots used to introduce cut-based results
Pre-fit, stacked tttt with y = 1 [was not stacked in frozen documentation]
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Results: ttW and ttZ control regions

® Control regions for and CRW show similar ttV scale factors to the 2016
analysis — roughly 1.3 for both ttZ and ttW (20% relative error from statistics),
consistent with latest measurements
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Results: cut-based and BDT

Post-fit signal region yields
Post/pre-fit scale factors are consistent

between years and BDT/cut-based

Fitted tttt signal strength close to 1
- cut-based: 0.781
- BDT: 1.048

Cut-based (postfit) 137 fb~1 (13 TeV)

Post-fit/pre-fit normalizations, BDT

process | SF (2016) | SF (2017) | SF (2018) | SF (Run2)
ttz 1.58 1.005 1.207 1.258
ttw 1.347 1.35 1.156 1.299
tth 1.087 1.089 1.045 1.088
tttt 1.175 0.845 1.451 1.053
fakes 1.064 1.163 1.081 1.125
Xg 1.06 1.035 1.015 1.014
rares 1.055 1.017 1.023 1.017
ttvv 1.028 1.018 1.02 1.011
flips 1.016 1.007 0.999 1.001

CMS Preliminary

BDT (postfit)

Paper Figure 3
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Results: cut-based and BDT

Post-fit signal region yields

Post/pre-fit scale factors are consistent
between years and BDT/cut-based

Fitted tttt signal strength close to 1

- cut-based: 0.781
- BDT: 1.048

Paper Table 3: cut-based yields

Post-fit/pre-fit normalizations, BDT

SM background tttt Observed
CRZ 101.17+10.12 0.834 0.50 104
CRW 331.25+18.64 3.86+ 2.30 338
SR1 25.65+ 2.11 1.974+ 1.19 33
SR2 9.15+ 1.27 1.12+ 0.65 9
SR3 2.01+ 0.59 0.73+ 0.42 3
SR4 11.36+ 1.33 1.57+ 0.91 14
SR5 5.04+ 0.80 1.67+ 0.96 5
SR6 2.29+ 041 1.19+ 0.68 8
SR7 0.714+ 0.21 0.884+ 0.48 0
SR8 3.324+ 0.97 2.20+ 1.28 5
SR9 6.84+ 0.80 0.70+ 0.39 6
SR10 2.10£ 0.31 0.35+ 0.22 3
SR11 1.38+ 0.75 0.23+ 0.14 1
SR12 2.04+ 0.48 0.58+ 0.34 2
SR13 1.10+ 0.30 0.694+ 0.40 2
SR14 0.874 0.30 0.804+ 0.45 1

process | SF (2016) | SF (2017) | SF (2018) | SF (Run2)
ttz 1.58 1.005 1.207 1.258
ttw 1.347 1.35 1.156 1.299
» | tih 1.087 1.089 1.045 1.088

tttt 1.175 0.845 1.451 1.053
fakes 1.064 1.163 1.081 1.125
Xg 1.06 1.035 1.015 1.014
rares 1.055 1.017 1.023 1.017
ttvv 1.028 1.018 1.02 1.011
flips 1.016 1.007 0.999 1.001
SM background tttt Observed

CRZ 102.28+11.59 1.11+ 0.43 104

SR1 3.95+ 0.96 0.004 0.00 4

SR2 14.19+ 1.76 0.01+ 0.01 19

SR3 25.53+ 3.53 0.04+ 0.03 19

SR4 33.96+ 4.01 0.084 0.05 33

SR5 36.67+ 3.97 0.154+ 0.07 36

SR6 39.81+ 4.16 0.234+ 0.12 44

SR7 40.32+ 3.73 0.31£ 0.16 41

SR8 47.29+ 4.33 0.71+ 0.28 46

SR9 58.51+ 5.22 1.174+ 047 48

SR10 52.16+ 4.28 191+ 0.74 61

SR11 43.02+ 3.54 297+ 1.19 62

SR12 32.124 3.06 3.72+ 1.41 40

SR13 16.73+ 1.65 4.23+ 1.64 15

SR14 10.16+ 1.26 4.15+ 1.60 16

SR15 5.05+ 0.82 4.07+ 1.56 4

SR16 2.50+ 0.63 3.35+ 1.26 7

SR17 0.57+ 0.36 1.084+ 0.42 3
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Numerical results

Results are consistent between analyses and with the SM
expectation, with the BDT observed results reaching 2.6 sigma
significance

Significance 95% U.L. [fb] o(tttt) [fb]

Run2 cut-based 20.1 (9.4+44.59)

Run2 BDT 2.5 (2.7) 22.6 (8.6%3.9.) 12.5+5:8.5 3

Note : expected U.L. assumes no SM tttt

Reminder: 2016 analysis measured o(tttt) = 17+14.44 fb
Reminder: SM tttt: 12+2255 fb
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Top yukawa interpretation

® Diagrams with virtual Higgs bosons make o(pp—tttt) a function of y:

® \We interpret the cross-section measurement and upper limits as constraints on the
top yukawa coupling constant

® Results are not constant vs y: because ttH background grows with y?

® Result: |yv/yiSM| < 1.7 @ 95%CL [was 2.1 in 2016 analysis]

Paper Figure 4

CMS Preliminary 137 fb~! (13 TeV)
| e Observed upper limit ,"
50 A I

| === QObserved cross section !

. Predicted cross section,
Phys. Rev. D 95 (2017) 053004
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o(pp = (tt,tW,tq)+H) x BR(H - tt) (fb)

2HDM interpretation

® QOriginally part of the same-sign SUSY analysis, but now in tttt
® Type-ll 2ZHDM with associated production of a heavy scalar H

and pseudoscalar A decaying into tt (tanf~1), giving rise to

final states with 3 and 4 top quarks

® Excellent final state for the tttt analysis
e Exclusion gain of 100-140 GeV w.r.t. 2016 SUSY analysis

Paper Figure 5
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https://arxiv.org/pdf/1704.07323.pdf

Summary and Next Steps

Summary:
Presented two analyses, cut-based and BDT, reaching ~2.5 sigma of
expected significance for SM tttt production

- Significant improvement with respect to the 1.0 sigma of 2016 (ATLAS and CMS)
BDT result also used to constrain Top Yukawa and 2HDM

- Top Yukawa: 95% U.L. goes from 2.1 (2016) to 1.7 (full Run 2)

- 2HDM: 95% U.L. go from 360-410 GeV (2016) to 470-550 GeV (full Run 2)

Next steps:

CCLE is currently reviewing Paper for a quick conversion to PAS

Authors have no further analysis improvement planned for the Paper

- Possible exceptions would be updated ttH and tt+bb measurements, which could
be easily integrated

Could consider adding additional interpretations, such as low-mass

(m<2mt) scalars or vectors with enhanced top couplings, if kinematics
match SM tttt
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Yearly lepton fake rate vs pr

UCSB

o5

e Data fake rate as a function of pr is similar across the years
® 2018 to be checked again with latest recipes/JECs
® |n addition to statistics, a 30% normalization uncertainty is taken for fakes, as well as a shape

uncertainty based on the electroweak subtraction method
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= Electron charge flip rate

UCSB

® Opposite-sign dilepton control region used to estimate

(small) charge flip background in signal region with a
MC-based flip rate transfer factor (SS prediction = OS * i

TF)

® Summary plot (right) shows simulated flip rate and

observed flip rate (ratio of same-sign to opposite-sign

in Z peak)

 MC had good modeling of data flip rate in 2016,

while it underpredicted starting in 2017 due to pixel

iIssues

® A scaling factor to account for data/MC is applied per
year for closure (bottom), and a 20% systematic is

taken on the size of this background
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_— Data quality issues + corrections USSE

® A few past updates on data comparisons with 2017 and 2018 datasets from SUS talk and TOP
talk (e.g., pixel issues in 2017, HEM15/16 impact on fake background in 2018, impact of L1

prefiring in 2016 and 2017)

® Summary of main issues and actions

e 2016/2017 (prefiring issue)
> Apply event-level weights to simulation based on non-prefiring probability maps for

2016 and 2017
> Results in a ~3% loss of tttt signal for those periods

e 2017 (pixel issues)
» No change made
» Small loss of electron efficiency due to tight charge requirements for our electron ID, at

the cost of keeping charge flip background small

. 2018 (HEM)

> No direct change made
> Tight ID+Iso requirements for leptons largely protects us from fake leptons from HEM

region — averaged over the Run2 dataset, the fake background increase is

approximately 2%

» Data-driven fake rate method, on average, accounts for fake rate differences
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2, ¢ contributions to pp—tttt USSB

® |n addition to 2HDM, there may be other contributors to tttt production
® |n particular, arxiv:1611.05032 finds that a top-philic neutral Z’ boson,

or a neutral scalar ¢ with yukawa couplings to top, can give significant
off-shell contributions to pp—tttt
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Figure 9: Predictions for the deviation onpign/osay in the pp — tttt cross-section at /s = 13
TeV within the simplified NP Z’ (left-hand side) and ¢ (right-hand side) models as a function of the
couplings g:z and y;, for different Z’ and ¢ masses, respectively. 311


https://arxiv.org/pdf/1611.05032.pdf

2, ¢ contributions to pp—tttt USSE

® |n the range of mi<mz<2my, or for full range of ¢ masses considered, kinematics do not play a role
— tttt cross-section changes by a pure rescaling, as the authors verified

® \While discussing with the authors, we have also simulated several mass points, reproducing the
cross-section deviation curves (left) as well as showing the mass-independence of kinematics (right)

This interpretation is not yet in the analysis note, but...

— SM tttt measurement results from this analysis can be directly converted into constraints on

these mediators with no extra samples
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—— HEM: Before/after data comparisonsUCSB

~14% higher after yield in tt— 2| region (which has a Hr>300GeV

requirement) attributed to trend in Hr (right)
® \ariety of data-collection differences between the two periods
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2016+2017 L1 prefiring UtsB

N
L |

® Prefire issue in a nutshell (or more details) — we could be preferentially losing events with high
energy, high n deposits (e.g., SUSY signal) due to bad timing + trigger rules

® Take inefficiency maps from
e https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/
Jet L1FinOReff bxm1 loosedet SingleMuon Run2016B-H.pdf (Jet map 2016B-H)
e https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/ (Jet map 2017B-F)

® Consider all jets in the event and get a multiplicative scale factor < 1 to apply to MC — SFiot = (1-
SF(pr(1),n(1)) * (1-SF(pr(2),n(2)) * ...

® Check scale factors for 2016 and 2017
» Also have checked photon-based maps and found them to be sub 0.1%

® Links
* Nick Smith’s inefficiency maps (and prefire study github repo)
e Laurent Thomas’ inefficiency maps

® tttt signal scaled down by 2.5% (4.7%) in 2016 (2017)
® For reference, the affected datasets (2016+2017) are 58% of the Run2 dataset by integrated
luminosity
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https://indico.cern.ch/event/734040/contributions/3027213/attachments/1661400/2661895/nsmith_Prefire_2017ana_june4.pdf
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/Jet_L1FinOReff_bxm1_looseJet_SingleMuon_Run2016B-H.pdf
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/Jet_L1FinOReff_bxm1_looseJet_SingleMuon_Run2016B-H.pdf
https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/
https://github.com/nsmith-/PrefireAnalysis#jet-prefire-efficiencies
https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/

EWK normalization

UCSB

® Estimate fake or non-prompt leptons
® |In QCD-enriched measurement region (E/T, mT<20 GeV), calculate fake rate (f) as
probability for loose object to pass tight selection, as function of pT and n

® 2016 result normalizes EWK contribution (W+DY) in a MET>20, 70<MT<120

window

® To avoid QCD contamination, new method uses MET,MT>30 and a template fit of
EWK contributions and QCD (from either data by inverting the isolation
requirement, or directly from QCD MC)

® Fit variations can then be considered in the EWK systematic applied to the
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Compact Muon Solenoid

Flip rate closure PSS
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Figure 33: Predicted and observed lepton pr (left) and 17 (middle) and my (right) in a same-sign
Z—ee peak for years 2016, 2017, and 2018 from top to bottom. The prediction is normalized to
the observed data. 36 1



Compact Muon Solenoid

Fake rate closure

UCSB

® 2017 MC
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Leptons (ID

UCS

B

o5

® Flectrons [|n| < 2.5]

e Tight pr, n-dependent MVA

e dz, dxy, sip3D(=IP3D/op3p) cuts
® Muons [|n| < 2.4]
 Muon POG: medium muon ID
e dz, dxy, sip3D cuts
e dpt/p1<0.2

Table 9: Summary of the lepton selection. (all years)

variable muons electrons

loose | fakable | tight loose | fakable | tight
identification loose ID | medium ID | medium ID || loose WP | loose WP | tight WP
isolation loose WP | loose WP u WP loose WP | loose WP e WP
HLT emulation - - - - X X
|do] (cm) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
|d; (cm) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SIP3p > <4 <4 X <4 <4
missing inner hits - - - <1 =0 =0
conversion veto X ~ - X X X
tight charge - X X - X X

Table 5: Lower cut on the electron MVA discriminant for the various electron ID used in this

analysis.
2016
| pseudorapidity region || momentum [GeV ] | loose WP (non iso trigger) | loose WP (iso trigger) | tight WP |
0< |yl <08 5<pr<10 -0.30 -0.46 N/A
0< |y <08 10 < pr <15 -0.86 -0.48 0.77
0< |yl <08 pT > 25 -0.96 -0.85 0.52
0.8 < |n| < 1.479 5<pr <10 -0.36 -0.03 N/A
0.8 < |n| < 1.479 10 <pr <15 -0.85 -0.67 0.56
0.8 < |y] < 1.479 pr > 25 -0.96 -0.91 0.11
1479 < |n| < 2.5 5<pr<10 -0.63 0.06 N/A
1479 < || < 2.5 10 < pr <15 -0.81 -0.49 0.48
1479 < || < 2.5 pT > 25 -0.95 -0.83 -0.01
2017
‘ pseudorapidity region H momentum [ GeV | ‘ loose WP (non iso trigger) ‘ loose WP (iso trigger) ‘ tight WP ‘
0< |yl <08 5<pr<10 -0.135 0.488 N/A
0< |y <08 10 < pr <25 —0.930 + 92 x (pr-10) | —0.788 + LB x(pr-10) | 0.2 4 0.032% (p1-10)
0< |y <08 pr > 25 -0.887 -0.64 0.68
0.8 < |n| < 1.479 5<pr<10 -0.417 -0.045 N/A
0.8 < |y| < 1.479 10 < pr < 25 —0.930 + %% x (pr-10) —0.850 + 2972 x (pr-10) | 0.1+ 0.025x(pr-10)
0.8 < |n| < 1.479 pr > 25 -0.890 -0.775 0.475
1479 < || <25 5<pr<10 -0.470 0.176 N/A
1479 < || <25 10 < pr <25 —0.942 + %932 (pr-10) | —0.810 + 27 x (p1-10) | —0.1 + 0.028 x (pr-10)
1.479 < |y| < 2.5 pr > 25 -0.910 -0.733 0.320
2018
‘ pseudorapidity region H momentum [ GeV ] ‘ loose WP (non iso trigger) ‘ loose WP (iso trigger) ‘ tight WP ‘
0< |y <0.8 5<pr<10 0.053 1.320 N/A
0<|yl <08 10 < pr <25 —0.106 + 0.062 x (p-25) 1.204 + 0.066 x (p1-25) | 4.277 + 0.112x (p7-25)
0<|y] <08 pr > 25 -0.106 1.204 4.277
0.8 < |y| < 1.479 5<pr<10 -0.434 0.192 N/A
0.8 < |n| < 1.479 10 < pr <25 —0.769 + 0.038 x (p1-25) 0.084 + 0.033x (pr-25) | 3.152 4 0.060x (pr-25)
0.8 < || <1479 pr > 25 -0.769 0.084 3.152
1.479 < |n| < 2.5 5<pr<10 -0.956 0.362 N/A
1479 < |n| < 2.5 10 < pT <25 —1.461 + 0.042x(p1-25) | —0.123 + 0.053 x (p1-25) | 2.359 + 0.087 < (p1-25)
1479 < |n] < 2.5 pr > 25 -1.461 -0.123 2.359
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https://twiki.cern.ch/twiki/bin/viewauth/CMS/SWGuideMuonIdRun2

—  B-tag composition of ttW Ucss

® Truth-level b-tag composition of ttW events passing the baseline
selection for 2016+2017 MC (unweighted events) shows that the
* 3 reco-btag bin is dominated by charm mistags
* 4 reco-btag bin is dominated by 4 true b-jets (tt+(gluon—bb))

CMS Preliminary 77.4 fb~1 (13 TeV)
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_—  DeepCSV vs DeepFlavour UcsB

® DeepFlavour exists in 102X MC and can be re-run by the user on 94X MC (WPs,SFs exist for 2017
MC)
® ROC curves below for signal and main bgs
® Charm mistag eff. relatively increases by ~20% from DeepCSV to DeepFlavour
® Explore using tighter WP on next slide
e But bottom line is that medium WP increases backgrounds too much (charm mistags), but tight
WP loses too much signal efficiency to warrant usage

1.0 + — b_vs_light: new 1.0 4 —— b_vs_light: new 1.0 4 — b_vs_light: new 1.0 + — b_vs_light: new
——- b_vs_light: old ——- b_vs_light: old ——=- b_vs_light: old ——- b_vs_light: old
b_vs_c: new ttW b_vs_c: new -tt Z b_vs_c: new ttl I b_vs_c: new tttt
b_vs_c: old | b_vs_c: old | b_vs_c: old 1 b_vs_c: old
L p— b_vs_all: new R f— b_vs_all: new 24 R f— b_vs_all: new R p— b_vs_all: new
--- b_vs_all: old vl ——- b_vs_all: old ,/ ——- b_vs_all: old ——- b_vs_all: old . .
0.6 ’ 0.6 0.6 0.6 1 ,
b5 % b5 b
2 2 2 o
0.4 4 0.4 1 0.4 1 0.4 4
0.2 4 S 0.2 1 i o 0.2 0.2 4
e
0.0 1 0.0 0.0 +==" 0.0
o 10 10 100 10 10 100 1o 10 10¢  10° 102 107 100 10 10 10¢ 10 102 107 100 10 10 10 10 10 10 100
bkgeff bkgeff bkgeff bkgeff
which WP old sig new sig old bkg new bkg which WP old sig new sig old bkg new bkg which WP old sig new sig old bkg new bkg which WP old sig new sig old bkg  new bkg
b_vs_light L 86.67 91.12 11.28 12.03 b_vs_light L 86.56 91.02 11.87 12.99 b_vs_light L 87.58 91.91 12.28 13.44 b_vs_light L 86.04 91.03 12.02 12.96
b_vs_light M 71.16 80.54 1.20 1.45 b_vs_light M 71.03 80.28 1.27 1.52 b_vs_light M 72.49 81.58 1.43 1.80 b_vs_light M 69.58 80.01 1.33 1.60
b_vs_light T 563.75 64.03 0.14 0.13 b_vs_light T 53.52 63.63 0.14 0.14 b_vs_light T 55.07 65.03 0.15 0.15 b_vs_light T 51.19 62.98 0.16 0.15
b_vs ¢ L 86.67 91.12 43.74 49.03 b_vs_c L 86.56 91.02 44.47 49.64 b_vs_c L 87.58 91.91 44.64 49.92 b_vs_c L 86.04 91.03 44.30 50.21
b_vs_c M 71.16 80.54 11.93 15.39 b_vs_c M 71.03 80.28 12.26 156.70 b_vs_c M 72.49 81.53 12.28 16.06 b_vs_c M 69.58 80.01 12.31 16.03
b_vs ¢ T 563.75 64.03 2.23 2.46 b_vs_c T 53.52 63.63 2.39 2.47 b_vs_c T 55.07 65.03 2.34 2.49 b_vs ¢ T 51.19 62.98 2.32 2.54
b_vs_all L 86.67 91.12 16.61 16.93 b_vs_all L 86.56 91.02 17.62 18.20 b_vs_all L 87.58 91.91 18.34 18.96 b_vs_all L 86.04 91.03 17.95 18.51
b_vs_all M 71.16 80.54 2.96 3.30 b_vs_all M 71.03 80.28 3.20 3.54 b_vs_all M 72.49 81.53 3.46 3.96 b_vs_all M 69.58 80.01 3.35 3.75
b_vs_all T 563.75 64.03 0.48 0.44 b_vs_all T 53.52 63.63 0.54 0.47 b_vs_all T 55.07 65.03 0.56 0.51 b_vs_all T 51.19 62.98 0.56




> DeepFlavour M—=T WP  UtSE
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® Below are plots of signal/background fraction (wrt baseline selection with relaxed
Nb=0) moving along discriminator cut values from medium to tight, separately for 046, 4 thw, deepcsv medium
Nb==2,3,4 bins + tow, decprow opmal
0.4 )
* Note, background is just ttW 036, ttt, deepfiav optimal
. . . . . T334,
® Moving from medium DeepCSV WP to medium DeepFlavour increases signal T oo
efficiency at the cost of big background increases (compare orange M with >
blue M)
® The tight WP for DeepFlavour loses quite a bit of signal efficiency to warrant going 2] 017
from DeepCSV M—DeepFlavour T Ld5e—o14, o,
® Try to find DeepFlavour cut value that maintains DeepCSV background efficiency 014 R
and write the relative signal efficiency gain. For Nb==3/4, cut values around 003
0.43/0.46 give 12/22% relative signal efficiency gain for the same bkg eff. 001 Sthe—
® Now using 0.45 as the cut value for DeepFlavour and make ttW/itttt Nb distributions 0 1 2 3 4 5
on the right — orange and blue match in Nb==3/4 bins by construction Nb
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0.38 1 —— DeepCSV
0.184 M DeepCSV medium
0.35 1 ! T DeepCSV tight
h :+11.8% @ 0.429 0.16 DeepFlavour
0.36 1 :+4_1% @ 0.596 I geepi:avour ?ehcitium
1 0.14 - eepFlavour tig |
5 s 0301 5 1+22.1% @ 0.456
':é;, r_g‘i,o.zs- 20-10-
0.329 —— DeepCSV —— DeepCSV 0.08 +
M DeepCSV medium M DeepCSV medium
T DeepCsV tight 0.20 T DeepCSV tight 0.06
DeepFlavour DeepFlavour
0.30 7 DeepFlavour medium DeepFlavour medium 0.04 4
DeepFlavour tight DeepFlavour tight
O.I20 0.I25 0.I30 O.I35 0.I40 0.I45 0.I01 0.I02 0.I03 0.I04 0.I05 O.OIOOS 0.0I010 0.0I015 0.0I020 0.0I025 0.0I03O O.0I035 0.0I040

bkg fraction

bkg fraction

bkg fraction

411



s LeptonMVA ucsh

e Why does the ttV analysis see more gain than tttt when going from nominal—leptonMVA
® Plot efficiency of LeptonMVA and nominal selection vs jet pTratio
® | eptonMVA has higher efficiency overall coming from the good leptons in the peak at jet
pt ratio ~ 1, whereas it still only matches the efficiency of RAS in the secondary peak
since RAS5 uses an OR of high pTratio, high pTrel
* This would cause tttt to suffer more/gain less than less busy events like ttV
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New JEC for 2017

UCSB

® Going from old to new recommendation in 2017 JECs
(V6—-V10), tttt signal efficiency suffers by nearly 10%

(HyperNews)

* Due to large shifts in pTratio, pTrel variables (right),

which are constituents of the multi-isolation selection

» Shifts induced by L1 and L2L3 increase and decrease
in V32 with respect to V6 — ratios for L1, L2L3,

L1L2L3 (below)

 L1L2L3 is nearly identical between the two versions
® Current practical solution is to re-derive multi-iso WPs

— In progress
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https://hypernews.cern.ch/HyperNews/CMS/get/JetMET/1891/1/1.html
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~  Analysis changes for Run2 UtsB

\\\\

- More data — 35.9fb-1 = 136.3fb"
(35.9+41.5+58.3)
* Finer binning of signal regions

® | atest NLO cross-section of 11.97fb (compared
to 9.2fb before)

- Explored event-level BDT in addition to cut-based

® Fake background
* Lepton isolation WP re-tuning starting in 2017
to deal with increased fakes
* Template fit for better normalization in
electroweak subtraction
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YL

Analysis changes for Run2 U&SB

® |nvestigated, but did not pursue, a few other possible
changes

Top-tagging (resolved/merged)

LeptonMVA (performance degradation compared to
multi-iso approach)

Hadronically-decaying tau leptons (fake background
significantly larger)

Jet, b-tagged jet, lepton pt thresholds (negligible
impact)

DeepFlavour (larger background from increased charm
mistag efficiency)
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5 ttbb/ttjj ucss

After accounting for all corrections and systematic effects, the cross section ratio o5/ 0y 18
measured in the visible phase space from a fit to the measured CSV b tagging discrimina-
tor distributions. The measured cross section ratio in the visible phase space for events with
particle-level jets is

(07 1) "™ = 0.024 £ 0.003 (stat) + 0.007 (syst). (3)

The predicted values from POWHEG are 0.014 4= 0.001 and 0.012 £ 0.001 for the visible and full
phase space, respectively, where the uncertainty in the simulation is the sum in quadrature
of the statistical, and the up/ugr scale systematic uncertainties. The prediction obtained from
POWHEG simulation (interfaced with PYTHIA) underpredicts the measured cross section ratio
by a factor of 1.8, but it is compatible with the observation within two standard deviations. The
measured cross sections in the visible and the full phase space are presented in Table 3.
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tt+HF correction UCSB

o

-

® Separate tt+HF if there is a b not from a top

® \Would need to scale this contribution by ~50% to
account for the ratio in Np=3 bin

e No ttbb/ttjj correction of 1.7 here
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refit (top) and postfit (bottom)

Cut-based (prefit)
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Postfit tables

Table 26: Postfit event yields in SR+CR regions for 2016+2017+2018.

| tW ttZ ttH tvVv X+ Rares Charge misid. Nonprompt lep. | SM expected | Data | tttt
CRZ 2.724 0.56 75.98+10.55 3.00£0.67 1.98+0.24 0.85£0.37 13.37£2.24 0.03=£ 0.00 3.244+1.03 101.17+£10.12 | 104 | 0.83+0.50
CRW | 142.094+27.80 34.87+4.83 37.34+8.06 7.39+0.83 1430+1.78 9.82+1.74 18.784 2.53 66.65+19.91 331.25+18.64 | 338 | 3.86+ 2.30
SR1 10.234+ 2.19 3.294+ 047 516+ 1.17 1.23£0.15 0.64+0.13 0.62+ 0.12 0.494+ 0.07 3.994+ 1.61 25.65+ 2.11 33 1.97+£1.19
SR2 3.62+ 0.88 0.69+ 0.23 1.63£0.41 0.39+:0.06 0.15£0.05 0.17£ 0.04 0.10£ 0.01 2404+ 1.04 9.154+ 1.27 9 1.12+ 0.65
SR3 0.724+ 0.34 0.20£ 0.10 0.65+0.20 0.13+£0.02 0.024 0.02 0.04+ 0.01 0.04+ 0.01 0.21£0.17 2.01£ 0.59 3 0.73+ 0.42
SR4 4.03%+ 0.99 1.58+ 0.34 194+ 046 0.61+0.07 0.44+0.13 0.31£ 0.06 0.32+ 0.04 2134+ 0.84 11.364+ 1.33 14 1.57+£ 0.91
SR5 2.21+ 0.60 0.61+ 0.13 1.01+£0.27 0.32£0.04 0.10£ 0.04 0.26+ 0.05 0.10+£ 0.02 0.44+ 0.27 5.04+ 0.80 5 1.674+ 0.96
SR6 0.80+ 0.22 0.184 0.09 0.43+0.13 0.10£0.02 0.134+ 0.04 0.05+ 0.01 0.02+ 0.00 0.56+ 0.29 2.294+ 041 8 1.19+£ 0.68
SR7 0.31£0.12 0.12+ 0.04 0.20£0.06 0.04£0.01 0.01£0.01 0.03£ 0.01 0.01£ 0.00 0.00£ 0.08 0.71£ 0.21 0 0.88+ 0.48
SR8 0.71£ 0.34 0.284 0.11 042+ 0.15 022+ 0.03 0.054 0.02 0.11£ 0.02 0.08+ 0.01 1.44+ 0.81 3.324+ 0.97 5 2204+ 1.28
SR9 1.46+ 0.42 2.244 0.34 1.58+0.35 0.31+0.05 0.14+ 0.02 0.16+ 0.09 0.00=£ 0.00 0.94=+ 0.46 6.84+ 0.80 6 0.70£ 0.39
SR10 0.33+ 0.11 0.63+ 0.14 0.57£0.14 0.11£0.02 0.01£0.01 0.05+ 0.01 0.00+ 0.00 0.424+ 0.26 2.104+ 0.31 3 0.35+ 0.22
SR11 0.194 0.07 0.32+ 0.07 0.20£0.05 0.04£0.01 0.01£0.01 0.02£ 0.01 0.00£ 0.00 0.60+ 0.72 1.38+ 0.75 1 0.23+0.14
SR12 0.22+ 0.10 0.61+0.12 0.42+0.10 0.09£0.01 0.044 0.01 0.06+ 0.01 0.00£ 0.00 0.59+ 0.39 2.04+0.48 2 0.58=+ 0.34
SR13 0.29£ 0.12 0.36+ 0.12 0.31£0.09 0.07£0.01 0.02% 0.01 0.04£ 0.01 0.00=£ 0.00 0.00£ 0.11 1.10£ 0.30 2 0.69+ 0.40
SR14 0.16£ 0.05 0.23+£ 0.07 0.18£ 0.06  0.04£0.01  0.00% 0.00 0.03+£ 0.01 0.00+£ 0.00 0.23+ 0.27 0.87+£ 0.30 1 0.80+ 0.45
Table 27: Postfit event yields in BDT regions for 2016+2017+2018.
ttW ttZ ttH tvVv X+ Rares Charge misid. Nonprompt lep. | SM expected | Data | tttt
CRZ | 251+£054 77.264+11.72 3.09£0.64 1.994+0.21 0.854+0.35 13.33+£2.56 0.03£ 0.00 3.23+1.19 102.28+11.59 | 104 | 1.11+0.43
SR1 1.254+ 0.49 0.31£0.10 0.19+£0.10 0.02+0.01 0.32+£0.25 0.17£0.19 0.66% 0.07 1.04+ 0.64 3.95+ 0.96 4 0.00£ 0.00
SR2 435+ 1.28 097+ 032 083029 0.08+=0.02 220£0.54 0.79£0.23 1.53+ 0.17 3.46+ 1.45 14.19+ 1.76 19 0.01+ 0.01
SR3 8.53+ 2.40 217£0.50 1.75+053 0.23+£0.05 1.46+£047 1.12£0.38 2.26% 0.26 8.01£ 2.77 25.53+ 3.53 19 0.04+ 0.03
SR4 | 13.52+£3.37 3.04+0.68 3.00£0.76 0.384+0.08 1.574+0.51 1.1940.40 2.524+0.29 8.74+ 3.08 33.96+ 4.01 33 0.08£ 0.05
SR5 | 15.80£3.68 3.73+£093 3.6840.92 0574+0.08 1.61+049 1.274+0.46 2.59+ 0.29 741+ 2.62 36.67+ 3.97 36 0.15+ 0.07
SR6 | 16.33+£3.87 450+099 441+£1.03 0.75£0.08 1.26+0.69 1.40+ 0.33 218+ 0.25 8.994+ 3.45 39.81+ 4.16 44 0.23+0.12
SR7 | 1596+£3.61 553+127 4754110 0.824+0.12 225+0.31 1.03£0.26 1.86+ 0.21 8.12+ 3.06 40.32+ 3.73 41 0.31£0.16
SR8 | 19.81£4.39 6.88+1.74 6.61+147 121+0.14 1.65+0.32 1.21+0.34 1.95+ 0.22 7.96+ 2.81 4729+ 4.33 46 0.71£ 0.28
SR9 | 22.23+£495 856+222 8.63+1.89 1.884+0.21 2.154+0.30 1.5340.42 2.024+ 0.24 11.50+ 3.92 58.51+ 5.22 48 117+ 047
SR10 | 19.70£4.29 7794184 831+1.78 191£0.21 1.394+0.37 1.1840.29 1.40+ 0.16 10.48+ 3.94 52.164+ 4.28 61 191+ 0.74
SR11 | 1598+ 3.69 7.82+152 8.03£1.73 206023 098+0.17 0.97£0.22 1.07+ 0.12 6.10£ 2.63 43.02+£ 3.54 62 297£1.19
SR12 | 9.68+ 2.25 530+ 1.00 5.81+1.25 156+0.18 0.81£0.21 0.89+£0.24 0.61+ 0.07 746+ 3.03 32.12+ 3.06 40 3.72+ 1.41
SR13 | 5.59+ 1.37 3.02£0.66 3.51+0.77 1.04+£0.12 0.27£0.05 0.51£0.12 0.28+ 0.03 2.52+0.93 16.73+ 1.65 15 4.234+ 1.64
SR14 | 2.7540.78 1.67+ 0.28 197+ 047 056+ 0.07 0.11£0.07 0.31£0.06 0.184 0.02 2.60+ 1.23 10.16+ 1.26 16 4154 1.60
SR15 | 1.824 0.58 0.85+0.23 1.06£0.26 0.38+=0.04 0.20£0.10 0.17£0.03 0.124+ 0.01 0.45+ 0.22 5.05+ 0.82 4 4.07+ 1.56
SR16 | 0.56+ 0.25 0.26+0.10 0.36+0.12 0.15£0.02 0.07£0.04 0.10£ 0.02 0.03£ 0.00 0.97£ 0.54 2.50£ 0.63 7 3.35+ 1.26
SR17 | 0.05+ 0.04 0.09£0.05 0.04£0.02 0.02£0.00 0.00£0.00 0.02=£ 0.00 0.00+ 0.00 0.34+ 0.35 0.57+ 0.36 3 1.08+ 0.42 49




Frozen plots
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Results: sum of cut-based regions

Kinematic plots used to introduce cut-based results
Pre-fit, stacked tttt with y = 1 [was not stacked in frozen documentation]
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Results: ttW and ttZ control regions

and CRW Dbelow for full Run 2 luminosity show similar

® Control regions for

ttV scale factors to the 2016 analysis — roughly 1.3 for both ttZ and ttW (20%
relative error from statistics), consistent with latest measurements
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Results: cut-based and BDT

Show post-fit signal region yields

Post/pre-fit scale factors are consistent

between years and BDT/cut-based

Fitted tttt signal strength close to 1

- cut-based: 0.781
- BDT: 1.069
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tth 1.087 1.089 1.045 1.094
tttt 1.175 0.845 1.451 1.076
fakes 1.064 1.163 1.081 1.133
Xg 1.06 1.035 1.015 1.017
rares 1.055 1.017 1.023 1.02

ttvv 1.028 1.018 1.02 1.014
flips 1.016 1.007 0.999 1.001
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Results: cut-based and BDT

Show post-fit signal region yields

Post-fit/pre-fit normalizations, BDT
| process | SF (2016) | SF (2017) | SF (2018) | SF (Run2) |

Post/pre-fit scale factors are consistent w T T o o 1
between years and BDT/cut-based ah | tow | 10 | loas | 100
. . tttt 1.175 0.845 1.451 1.076
Fitted tttt signal strength close to 1 fakes | 1064 | 1163 | 1081 | 1133
Xg 1.06 1.035 1.015 1.017

- cut-based: 0.781 ol B A B
. BDT 1069 flips 1.016 1.007 0.999 1.001

Paper Table 3: cut-based yields Paper Table 4: BDT yields

SM background Observed £ttt SM background Observed tttt

CRZ | 102.30+11.59 104 1.12+ 0.43 CRZ | 101.14+10.08 104 0.84+ 0.50
SR1 3.954 0.95 4 0.004 0.00 CRW | 330.16418.88 337 3.88+ 2.28
SR2 | 1415+ 1.77 19 0.01+ 0.01 SR1 25.554 2.11 33 1.984+ 1.18
SR3 25454+ 3.53 19 0.04+ 0.03 SR2 913+ 1.27 9 1.13+ 0.65
SR4 | 33.864 4.00 33 0.084 0.05 SR3 5 004 0.59 3 0.73L 0.42
SR5 | 3648+ 4.00 35 1 0.15+0.07 SR4 | 1130+ 1.26 14 1.58+ 0.90
SR6 | 39.68+ 4.14 44 0.23+ 0.12

SR7 | 40.174 3.72 41 0.324 0.16 SR> 5.01+ 0.77 5 1.69+ 0.95
SRS | 47.11+ 4.34 46 072+ 0.28 SR6 2.29+ 0.40 8 1.20= 0.67
SR9 | 5835+ 5.27 48 1.18+ 0.46 SR7 0.714 0.20 0 0.894 0.48
SR10 | 52.01+ 4.30 61 1.924 0.74 SR8 3.30+ 0.95 5 221+ 1.27
SR11 42 .86+ 3.51 62 3.00+ 1.19 SR9 6.85=+ 0.80 6 0.72+ 0.39
SR12 | 32.03+ 3.07 40 3.764 1.41 SR10 2.10= 0.31 3 0.364 0.22
SR13 | 16.67+ 1.62 15 428+ 1.63 SR11 1.384 0.75 1 0.23+ 0.14
SR14 | 10.12+1.25 16 4.194 1.59 SR12 2 04+ 0.48 ) 0.59+ 0.34
SR15 | 5.01+0.77 4 411+ 1.55 SR13 1.10+ 0.28 2 0.70+ 0.40
SR16 | 2.50=0.61 7 3.39+ 1.26 SR14 |  0.8740.30 1 0.81+ 0.45
SR17 |  0.57+ 0.36 3 1.08+ 0.42
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Top yukawa interpretation

® Diagrams with virtual Higgs bosons make o(pp—tttt) a function of y:
® \We interpret the cross-section measurement and upper limits as constraints

on the top yukawa coupling constant
® Result: |y/yiSM| < 1.7 @ 95%CL [was 2.1 in 2016 analysis]
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® QOriginally part of the same-sign SUSY analysis, but now in tttt
® Type-ll 2ZHDM with associated production of a heavy scalar H

2HDM interpretation

and pseudoscalar A decaying into tt (tanf~1), giving rise to

final states with 3 and 4 top quarks

® Excellent final state for the tttt analysis
* Exclusion gain of 70-100 GeV w.r.t. 2016 SUSY analysis

Paper Figure 5
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