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Why four tops?

@"" m Limitations of the Standard Model

— Search for New Physics
— Top quark plays an important role in many BSM theories

m Four top production: pp — tttt, an extremely rare process ¢

— Oz ~ 10fb at 13 TeV N

— ~ 1000 ¢t events during Run 2 (2015 — 2018, 140 fb~1) S~
/
\

SMm
m Measurement of gt R0

— probe BSM models
— constrain gqtt EFT parameters

m Theory prediction @ 13 TeV
e old NLO QCD calculation: 9.2 fbfgé://‘;

e new full NLO calculation: 12 fbf;??,ﬁ
(including EW corrections)
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https://dx.doi.org/10.1007/jhep02(2018)031

The tttt final state: 4t = 4b + 4W

t— Wb ~ 100 %
W — tu, ~30%
W — qq’ ~T70%
lhhh
42.2%

llhh OS
v 14.3%
\ Ilhh SS

m—"lh 7.2%
0.4% 4.9%

hhhh
31.1%

4W decays branching fractions (¢ = e or p)
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Search for Standard Model 4top (ATLAS and CMS)

m 1/ + 2¢ opposite charge (1LOS)
o ~ 55% of tttt events
e but large background

m 2/ same charge + > 3¢ (SSML)
e only ~ 12% of tttt events
e but very small background!

Top LHC France - April 24, 2019 5/21



Analyses presented in this talk

ATLAS - 1LOS ATLAS - SSML

m 36.1fb 1 m 36.1fb !
| |
m Combination with ATLAS - SSML m French laboratories involved

CMS - 1LOS
m 35.8fb~1 CMS - SSML

] m 137fb !

m Combination with CMS - SSML n
using 35.8fb~!
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Backgrounds

d g t

m 1LOS: single-lepton + opposite-sign dilepton channel . t
e Main background: tt + jets "

m SSML: same-sign dilepton + 3 leptons channel wr

e Main irreducible backgrounds: ttW, ttZ, ttH
e Reducible backgrounds

o Fake/Non-prompt leptons

o Electron charge mis-identification

Fake lepton - jet wrongly reconstructed as a lepton " . (

N
Primary electron \
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Signal VS backgrounds kinematics

1LOS

m Main background: tt + jets
m Signal has

o higher jet multiplicity N;
e higher b-jet multiplicity N,
e larger Hhad =S~

g T jets pT

SSML

m Main irreducible backgrounds: ttW, ttZ, ttH

m Reducible backgrounds

e Fake/Non-prompt leptons
e Electron charge mis-identification
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Analysis strategy - 1LOS channel

ATLAS 1LOS

b-tags Single Lepton b-tags Dilepton
m Using "mass-tagged" reclustered sl 246 s| |
. g8l i : 51 signak-
large-R (RCLR) jets ] g g[edptonyerats ® HIR
. . . o . Y 7 2 A
m Signal extraction: fit H?ad distribution W M e 1 LA
i i . 227 5 6 7 8§ 9 =10j 4 5 6 7 =g
in signal regions o R

m Data driven method: TRF; (bad modeling of tt at high N; and Nj)

e b-tagging proba €, assumed independent on nb of additional jets
e Apply rates on events with 2b to predict events with > 3b
o Correction factors for each bin: G = B,MC/B,-TRth °nMC _ used to calculate systs

CMS 1LOS

m Signal Regions (SR): high N;, N > 2, Hjl?ts > 500 GeV
m 2 BDTs to discriminate tt VS tttt

e 15t BDT based on 2j/3j invariant masses, b-tagging info, angles
e 2" BDT based on 1%t BDT, event activity/topology, Np

m Signal extraction: fit 2"4 BDT distribution in signal regions
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Analysis strategy - SSML channel

CMS SSML
ATLAS SSML m Cut-based: fit yields in 14 SR

m 3 signal regions + CRW/Z
m Np, Ny splitting + Hy cut N; [ Ny | New | Region
m Analysis targeting many BSM models 565 CSII{{‘;V
— Define SR with moderate Hy + N; 2 7SR
i, >8 | SR3
cut = sensitive to 4top SM =——pa
. 2 6 | SRS
Nom N, Np, Ny, Hr[GV] EP™ [GeV] 3 7 T oRre
SR1b2C >1 1 2 > 1000 > 180 >8| SR7
SR2b20 =2 2 > 1200 > 40 >4 >5| SR8
SR3b2(_L >7 >3 2 500——1200 > 40 5[ SR9
SR3b2C >3 >3 2 >1200 > 100 2 LS RO
SR1b3¢ >1 1 3 > 1000 > 140 >3 ——
SR2b3¢ >2 2 3 > 1200 > 100 >3 [ 5 | SRi3
SR3b3/_L >5 >3 3 500— —1000 > 40 >6 | SRI4
SR3b3/¢ >3 >3 3 > 1000 > 40 inverted Z-veto CRZ
m Signal extraction: fit yields in the SR m BDT-based: Fit 17 BDT bins

and CRZ
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SSML Backgrounds estimation

m Irreducible backgrounds: ttW, ttZ, ttH
e Estimated using MC
o NER/FR reweighting (CMS SSML)

jets

— 0.77 - 1.46
o ttbb/ttjj reweighting (CMS SSML) >
e J(t?bb)/o’(tfj‘j) =1.74+0.6 Fake /Epton-jet wrongly reconstructed as a lepton

m Reducible backgrounds

e Fake/Non-prompt leptons
e Electron charge mis-identification
— Data-driven methods for both ATLAS and
CMS (next slides)
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Electron charge mis-identification background

m Charge flip rate ¢ = probability to mis-identify an electron’s charge

m Apply rates to a region similar to the SR, but with opposite-sign leptons
— get background estimate in same-sign SR

m Charge flip ratesw € binned in |n| and pt

ATLAS SSML

m Calculate ¢ using Z — ee data (Poisson likelihood maximization)
m Fake/Non-prompt background removal needed to avoid double counting tridents

m ~ 20 % systematic uncertainty

CMS SSML

m Calculate € using MC
m Correction factor ~ 1.4, from closure in Z — ee data

m 20 % systematic uncertainty
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Fake/non-prompt background - methods

m Introduce new lepton definition: "loose": relaxed ID and/or isolation
m Regular leptons are called "tight" (tight C loose)

tight tight

Real efficiency: r = —real Fake efficiency: f = —fake
Nloose Nloose

real fake

Matrix Method (ATLAS SSML)

N () [(Neose t: tight
N ) — \1—r 1—f) \Nocse t: loose and not tight

m Fake bkg yield = L (r Nz + (r — 1)N;) = weight events {w =L (r—1) if tight

f .
. h
m Can be generalized to 2 or 3 leptons = otherwise

w =

=

Tight-to-loose method (CMS SSML)
m Define e, equivalent to Matrix Method
m Weight strictly loose events with e, /(1 — e7y)
m Same as Matrix Method assuming r ~ 1
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Fake/non-prompt background - efficiencies and systematics

m Efficiencies (r and f or e1,) parametrized in pr and 7.

Matrix Method (ATLAS SSML)

m r and f estimated from single-lepton Control Region (CR) enriched in real/fake
leptons

m Systematic uncertainty ~ 40 — 50 % mainly from CR definitions

Tight-to-loose method (CMS SSML)

m ey estimated in single-lepton CR enriched in fakes

m Redefine loose-not-tight lepton pt by adding the energy in the isolation cone
(remove bias from parent parton momentum)

m Systematic uncertainty ~ 30 — 60 % from closure tests
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Results - 1LOS

ATLAS 1LOS
=l
| | 361fb ATLAS ) Single Lepton ¢ Data WHE(SM)  [Jtf + jets (data-driven)
120F {s=13TeV, 36.1 0" Postfit @ft+HV  Non-tf 7/ Uncertainty
™ Slgna| eXtraCtion: flt of H—T—ad £ 1oF 1, 9,3b,22J 210},3b,22J 9),24b,22J 210),24b,22J
2 sof 4 Z

distribution in SR £ o ub

4o 40

m Combine 1L and 2LOS channels af 2

b

m Obs (exp) limit: oz,7 < 47 (33)b ;” °*+f i {’ M L ) AT i zl

m Obs (exp) significance: 1.0 (0.6) o e ke e e

CMS Preliminary 358" (ISTeV)
m 35.8fb! iff SR
m Signal extraction: Fit 2" BDT distribution °
in signal regions (N;/Nj, split) ‘
m Obs (exp) limit: 075 < 48 (52) fb EE':UE:' otk o] A
m Obs (exp) significance: 0.0 (0.4) o e —

223 Postitunc.
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Results - SSML

ATLAS SSML

ATLAS
\5=13Tev, 36.1 b7
S5 dilepton / tilepton

= 36.1fb7 ! E e
m Signal extraction: fit of yields in SR 3]
m Obs (exp) limit: 055 < 69 (29) fb
m Obs (exp) significance: 3.0 (0.9) o

Data/ Pred

Rty Ranyy MRz Ry iy R2vg g SRy,

CMS SSML

CMS Preliminary

BDT (postfit) 137 fb~* (13 Tev)

137fb~!

Signal extraction: fit BDT score in bins
Obs (exp) limit: o35 < 22.5 (8.5) b
Was 0,77 < 42 (23) fb using 35.8fb~!
Measurement: o3 = 12.6725

Obs (exp) significance: 2.6 (2.7) o
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Results - 1LOS and SSML combination

ATLAS combined

ATLAS . ' _ e =13TeV, 36.1 5"
|- i (M) — it (sM)
m 36.1 fb_l Singl lep. /O dilep. " st lot(sta!"st;st)
Singlelep./OS dlep.| 1755 (45 59
m Obs (exp) limit: o5 < 49 (19) fhsap.
112 88 diep. /tlep. o 4452 (52 20
o - = = 1o
m Measurement: oz, = 28.5717 . =gty Cama
o o i - Expected (=1)
m Obs (exp) significance: 2.8 (1.0) o I R
95% CL limit on = 6™/, Bestit 1 = o™/,

CMS combined

m 35.8fb1

m Obs (exp) limit: o5 < 33 (20)fb
m Measurement: o.7,3 = 131“51

m Obs (exp) significance: 1.4 (1.1) o

m (CMS SSML result using 137 fb~! is better)
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Conclusion

m Search for standard model 4top production
m Performed in 2 different channels
e 1LOS: single-lepton + opposite-sign dilepton
e SSML: same-sign dilepton + 3 leptons (most sensitive channel)

m 1LOS and SSML channels combination
— similar sensitivity for ATLAS and CMS using ~ 36 fb™!
e ATLAS: Obs (exp) limit: o5 < 49 (19)fb
e CMS: Obs (exp) limit: o5 < 33 (20) b
— best result to date from CMS SSML using 137 fb~!
e Obs (exp) limit: o7 < 22.5 (8.5)fb
o Measurement: o, = 12.6738 obs (exp) significance: 2.6 (2.7) &
m Looking forward to 1LOS/SSML combinations using full Run 2 dataset
— 3 o significance?
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BACKUP
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4top Feynman diagrams

t t t

g t 9 t
g Z/y H <
t t t

t t
g t g tm\ézli

Sl
s

S

=~
|
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.053004

4top cross-section details

8TeV  13TeV 14 TeV
oM(tff) 5,0 1344 b,  9.997 fb, 13.140 fb,
oSM(fitf)y:  0.171fb, 1.168fb, 1.515 fb,
oM(fif),,:  —0.224 fb, —1.547 fb, —2.007 fb.
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ATLAS 1LOS object selection

Preselection requirements

Requirement Single-lepton Dilepton
Trigger Single-lepton triggers

Leptons 1 isolated 2 isolated, opposite-sign
Jets > 5 jets >4 jets
b-tagged jets > 2 b-tagged jets

Other ETss > 20 GeV mgp > 50 GeV

Ems 4+ m¥ > 60 GeV |mgp — 91 GeV| > 8 GeV

m-‘FV: transverse mass of the combined lepton and EM'sS system

Thibault Chevalérias (CEA Saclay)
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ATLAS SSML object selection

Electrons Muons Jets b-jets
relaxed nominal relaxed nominal
pr [GeV] > 28 > 28 > 25 > 25
] < 1.37 or 1.52-2.47 <25 <25 <25
(< 1.37 for ee and ep)
ID quality mediumLH tightLH medium cleaning | MVAT77
+ JVT
Isolation none tr.a,ck- and none  track-based
calorimeter-based

Track vertex:

— |do/ods| <5 <3

— |208in 6| [mm] <0.5 <0.5

Thibault Chevalérias (CEA Saclay)
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ATLAS 1LOS systs

p=17"%

Thibault Chevalérias (CEA Saclay)

1.9
1.7

Uncertainty source +Apu

1t + jets modeling +1.2 —0.96
Background-model statistical uncertainty  +0.91 —0.85
Jet energy scale and resolution, jet mass  +0.38 -0.16
Other background modeling +0.26 -0.20
b-tagging efficiency and mistag rates +0.33 -0.10
JVT, pileup modeling +0.18 -0.073
ft + H/V modeling +0.053  —0.055
Luminosity +0.050 —0.026
Total systematic uncertainty +1.6 -14
Total statistical uncertainty +1.1 -1.0
Total uncertainty +1.9 -1.7
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ATLAS 1LOS post-fit SR plots

Thibault Chevalérias (CEA Saclay)

900] ATLAS . Single Lepton ¢ Data Wt (SM)  [1ff + jets (data-driven)
aof o= 13TV, 361 1" Postfit @E+HY  ONon-ft i
70 91,35,04 210,35,04 91,24b,04] 210,24,0
fx 8
fo =t °
300 40
200 100
100| — 20]
s P
\0.755 v
3% *
6500 0% 507000 0700
Hr(Gev] Hy(GeV] Hy(GeV]
(@)
asof. ATLAS . Single Lepton  Data WA (M) [+ jets (data-driven)
p EeteT et posn Of+HV  CiNonfl 7 Uncertainty
£ 20 91.3b,14 210j.8b, 19 9j,24b,1| 210,24b,1J]
£
Ezm
& 150
100]
50
§ 125
o
3 o5
ATLAS " Single Lepton  Data WA (M) [ + jets (data-driven)
120 {5=13TeV, 36.1 t Postfit QE+HY  ONon-ft Uncertainty
SlOO’ 9),3b,22J 210},3b,22J) 9),24b,22J| 210j,24b,22J|
3 s, % bl Z
]
i =
“
» 10
g 125, Y
e ’ bl
g 000 2000
Hr[GeV]

Search for Standard Model 4top (ATLAS and CMS)

Top LHC France - April 24, 2019

27 / 21



ATLAS 1LOS post-fit VR plots

Thibault Chevalérias (CEA Saclay)
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CMS SSML systs

Impact on the

Source Uncertainty (%) | tttt cross section (%)
Integrated luminosity 2.3-2.5 3
Pileup 0-5 1
Trigger efficiency 2-7 2
Lepton selection 2-10 2
Jet energy scale 1-15 9
Jet energy resolution 1-10 6
b tagging 1-15 6
Size of simulated sample 1-25 <1
Scale and PDF variations * 10-15 2
ISR/FSR (signal) t 5-15 2
ttH (normalization) t 25 5
Rare, X, ttVV (norm.) t 11-20 <1
ttZ, ttW (norm.) t 40 3-4
Charge misidentification t 20 <1
Nonprompt leptons t 30-60 3
Nige/ PSR 1 1-30 2
o(ttbb) /o (ttjj) + 35 11
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CMS SSML SR yields

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