Observation of 4tops

Standard Model at the LHC 2023

Zhi Zheng on behalf of CMS and ATLAS Collaboration
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Why 4tops is interesting?

4tops (tftt) is a very rare process in the standard model (SM)

o a(ﬁﬁ)NLO+NLL’ = 13.41}2 fb [arxiv:2212.03259]

Probe top Higgs Yukawa coupling and top quark CP properties

Leading:0 (ad) Sub-leading:0 (a 3 yf )
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https://arxiv.org/abs/2212.03259

Why 4tops is interesting?

Very heavy final state with a total particle mass of almost 700 GeV —
can be sensitive to many BSM models and EFT parameters
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https://doi.org/10.1007/JHEP10(2022)163
https://link.springer.com/article/10.1007/JHEP10(2022)163

4tops: Signatures

Each top decays to Wb, so the detector signature is characterized by

e The presence of 4 b-quarks
e The decays of W bosons
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CMS

- 4tops lec ect multiplicity final state
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4tops final states @ LHC

3 channels are explored based on W decays:
e All hadronic channel

e Single lepton and two opposite sigh lepton
(1|_OS) 1 lepton

Larger branching fraction and Larger irreducible
background

e Same-signh di-lepton and multi-lepton
(SSML)

Smaller branching fraction and higher purity

0 leptons

> 3 leptons

2 SS leptons
2 OS leptons
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4tops @ LHC

CMS, comb., 138 fb™

ATLAS+CMS Preliminary

arXiv:2303.03864 I:

{s =13 TeV, June 2023

LHCtopWG
0y = 12.0 %22 (scale) fo o4 = 13.4 715 (scale+PDF) fb t:ot :sta’;

JHEP 02 (2018) 031 arXiv:2212.03259 ' '

NLO(QCD+EW) NLO(QCD+EW)+NLL'

Oy = tot. (= stat. =syst.) Obs. Sig.

ATLAS, 1L/2LOS, 139 fb E a7 s
JHEP 11 (2021) 118 I 26 15 (8 1;5) b 190
ATLAS, comb., 139 fb” o s
JHEP 11 (2021) 118 L 245(x4 )b 470
CMS, 1L/2LOS/all-had, 138 fb™" 1 o 1o
arXiv:2303.03864 ] H—e—— 367 (=7 ) b 390

17:5 (+4 :3)fb 40 o

ATLAS, 2L.SS/3L, 140 fb
arXiv:2303.15061

CMS, 2LSS/3L, 138 fb™
arXiv:2305.13439
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Both ATLAS and CMS
achieved evidence with
combination of multiple
channels



4tops @ LHC

ATLAS+CMS Preliminary

{s =13 TeV, June 2023

LHCtopWG
0y = 12.0 %22 (scale) fo o4 = 13.4 715 (scale+PDF) fb t:ot gy
JHEP 02 (2018) 031 arXiv:2212.03259 ’ '
NLO(QCD+EW) NLO(QCD+EW)+NLL'
Oy + tot. (+ stat. +syst.) Obs. Sig.
ATLAS, 1L/2LOS, 139 b i . .
JHEP 11 (2021) 118 e s 190 New ATLAS result:
b., 139 fb™ i o
ATLAS, comb. 1 2477 (24°%) b 47 o Eur. Phys. J. C 83, 496 (2023)
CMS, 1L/2LOS/all-had, 138 fb™ New CMS result:
’ all-hag, H + + .
arXiv:2303.03864 b e 3605777 b 390 Arxiv:2305.13439
CMS, comb., 138 fb™ §
arXiv:2303.03864 = 175 (+4 +3) fb 400
Wb Both ATLAS and CMS
ATLAS, 2LSS/3L, 140 fb : +6.6 ,+4.7 +4.6
arXiv:2303.15061 i i 225 55 (,, . )b 610 . ] .
oS, SLSSAL 138 1 improved analysis with Run 2
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https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2305.13439




Path to improve: Objects

Electron
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Path to improve: lepton (e/u)
Both CMS and ATLAS lower prfor leptons to improve the 4tops acceptance

Multivariate analysis (MVA) based lepton identification/isolation to suppress non-
prompt lepton contribution

Non-prompt lepton is very crucial in SSML channel CMS Simulation 3(13 TeV)
e
0.951 "/’
Prompt Non-Prompt > 090+ >
c 0.85- .
e H e H 9 0.804 V4
= 0.75- o
5 0.70/ 18
c 0.651 / 10 < pt < 25 GeV
Iso cone O 0.604 >
4 . :
Iso cone 8 0.551 I,
T 0504 Electrons
a 0.45- l’*‘ —-@-— This analysis
g 0.40F7 5 O EPJC 80 (2020) 75
S | Muons
PV ==l = This analysis
O | EPJC 80 (2020) 75

10° 107 10 10
Nonprompt-lepton efficiency
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Path to improve: Jets

Both CMS and ATLAS lower pfor

jets to improve the 4tops

acceptance

Using Improved B-tagging

algorithm to reduce background

——5 tracks

b jet

------ b hadron
------ impact
parameter
secondary
vertex
do

. <
liaht ie .
C | | ~

) \

‘ 7‘\pnmary vertex
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Reject ~1.76x
compared with
MV2c10

Reject ~1.15x
compared with
MV2c10

c e B L L BN L L B B S S L S
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https://arxiv.org/abs/2211.16345

Path to improve: Analysis strategy

ATLAS uses same selection over all channels, CMS uses different event

selection for different channels

same-sign 2¢ channel

3¢ channel

4¢ channel

ATLAS

EXPERIMENT

CMS

>2j, >1b, Hy>200 GeV >2j, >1b, Hy>200 GeV >2j, >1b
>4j, >2b, Hr>280 GeV one of =0 Z candidate =1 Z cand. =0 Z cand. =1 Z cand.
<4j, <2b,
H1 <280 GeV
>6j or >3b <6j, <3b >3j, >2b <3j or <2b | | >1bmedium
A 4 J’ ‘ J \ 4 \ 4
SR-2¢ CR-2(-45j2b CR-2(-23j1b SR-3¢ CR-3(-2j1b CR-3(-Z [ SR-4¢ ] [ CR-4(-Z ]
SLAL  ZHIZHENG
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Path to improve: Analysis strategy

Advanced machine learning (ML) techniques are employed for better
signal-background separation

CMS | « Train multiclass BDTs
* Graph Neural Network (GNN) . : : :
ATLAS ° Trained on 4tops vs others in SR — (gii438 (24) |npUt variablesin 2155

Edge features:

AR?, Ay, A
Phi MET
A ® Jets
® Lepton

Nonprompt

Node features:
ppn @ E 7
: B-tagging (jets),|
L Fta  |Charge(lepton
- Node type

| Charge MisID

SLAL  ZHIZHENG 14




Background

SL’%‘-S ZHI ZHENG

Nonprompt =
ttW

Charge MisID

VV, Xy
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Background

CMS
ATLAS ATLAS CMS
Correcting N, distribution to data Free-floating in the Fit
=2 Validate modeling in 37-Zpeak region Free-floating in the Fit

ttX + b(b): 50% uncertainty 40% uncertainty
£ B
CIEJ g Non-promptiepton: B sIEIN [ iglele Tight-to-loose ratio method
S
s x
2 8 O PN e s niatile= do s  Apply the measured charge misidentified rates to OS data
-_
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Background

CMS
ATLAS ATLAS CMS
Correcting N, distribution to data Free-floating in the Fit
=2 Validate modeling in 37-Zpeak region Free-floating in the Fit

ttX + b(b): 50% uncertainty 40% uncertainty
£ B
CIEJ g Non-promptiepton: B sIEIN [ iglele Tight-to-loose ratio method
S
s x
2 8 O PN e s niatile= do s  Apply the measured charge misidentified rates to OS data
-_
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Background: tt W process

tt Wiis difficult to model

Theoretically challenging: Sizable contribution
from NLO EW

o 6(FXFx@2J+NLOSI+NLOSY) = 722 fb
(JHEP11(2021)029)

Large EW corrections at high jet multiplicity

JHEP02(2018)031
6[%]  p=Hr/2

q9 O -
O ® © |LO LO3 0.9
% och aas aas o NLO; 50.0(25.7)
=

0 o © NLO Nﬂw ~42(-46
aas oo a4 W

NLO; 0.04 (—0.02)

ol AL
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o per bin [fb]
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 tEW, LHC13

F 258/ FXFX@2J+NLOEWSUb

FXFX@lJ-i-NLOEwSUb —
NLOqcp+EW,,;, — -
NLOgecp —

FXFX@2J+NLOEVVSub

scale unc.
- Il FxFx@Q1J+NLOgw,_

NLOQcD+EW,,,,

[ ratios



https://link.springer.com/article/10.1007/JHEP11(2021)029
https://arxiv.org/abs/1711.02116
https://arxiv.org/abs/2108.07826

Background: tt W process @ CMS

CMS

Sample: NLO QCD MG sample with FxFx merging
Conservative uncertainty as function ofNj

Free-floating in the fit: 6,7y, = 990+98 fb
e Dedicated control regions (CRs) from multiclass BDT

138 fb' (13 TeV
0 1207 o (73 TeV)
c 3 CMS ¢ Data |ttt
=1 - Wi tiz
N 100 SR-2¢, pp Bt I Nonprompt
o ttX class BVvvyv) EXy
~ 80 Postfit Othert  Total unc.
12
E [
2 60
L L
40t I

o)

8 T T T T

o 15 : '

m s | " L " 1 " " 1 " A " l .

QO o0 02 04 06 08 1
BDT score ttX

[ ad F ~d
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Events / 0.2 units

Data / Pred.
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1 pe 4 ¢ +
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BDT score it

Variations
up to 55%
in events
forNj>7

o per bin [fb]

JHEP11(2021)029
6 [ ttW, LHC13 ]
288l FXFX@2J+NLOEWSUb
ot FxFx@1J+NLOgw,, — 1
4 NLOqcp+EW,,, — .
3L NLOgcp — _
2| -f
¥ -f
0 ; 1 1 1 ] 1
14 | FxFx@2J+NLOgw,_, scale unc._‘
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https://arxiv.org/abs/2108.07826

Background: 1t W process @ ATLAS @

Sample: Sherpa multileg sample with additional ttW > 18—

- ATLAS ¢ Data [Jttw

EW sample consider ttW+1 jets for NLO3 contribution Z 160} (s~ 13 Tev, 140 0" mmsi W Others
. . . . . . Z_ CRs+SR 77 Uncertainty _I
CorrectlngN]- distribution to data with parameterized 149 Post.Fit 1
i 120f>.1 -
function ]
80 -

N distribution is parametrized making use of known jet - :

: : - : 60 N

scalingregimes —— R(j) = N(j + 1)/N(j),jis the jet E ]
multiplicity 40F =

e R(j) = agfor very highjet multiplicities 20 —:

e R(j) = a,/(1 + n),nisthe number of extra jets
Separate normalizations (NFs) for (W and tt W™:

NFEzw+@jery NEizw-ien

Data / Pred.
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4tops modeling

Modeling: NLO QCD madgraph (MG) + Phythia 8

= CMS: up, urand PDF variations, initial/
final state radiation (ISR/FSR)

= ATLAS: up, prand PDF variations,

generator (MG vs sherpa) and parton
shower (Pythia 8 vs Herwig 7) variations

SLAL  ZHIZHENG

O per bin [pb]

102 — :
F tttt, 13 TeV _ E
i arXiv:1711.02116
L - "
104 | - Ll
i "o
I —] 1=
105 |- LOQCD - - __g)
: NLO QCD — 13
Complete NLO 19
106 & '§
1®
1=
. N 1 | | !
15 H_ ] Ratio over NLO QCD |
— -
(R B e R g
NLO QCD — -
0.5  complete NLO .
L N 1 | | L
600 1000 2000 4000
M(tttt) [GeV]
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https://arxiv.org/abs/1711.02116

Results

@ O = 22.5T4](stat)}y " (syst) fb = 22.5%8 fb

ATLAS Obs. (exp.) significance: (@ 13.4 fb -
DEERIMENT NLO+NLL): 6.1 (4.7) 0

(Tp] -
g ATLAS ¢ Data I it -
< 10*E {s=13TeV, 140 fb” [Jttw mtiiz =
*2 SR BtH []JQmisID 7
g) . Post-Fit B Mat. Conv. [@HFe
w10 MLowm,. WHFp =
[l Others [t ]
102 7zUncertainty -+~ Pre-Fit |
10 : M
1
-1
_10 IIIIIIIIIIIIII!IIII!IIII!IIIIIIIIIIIIII'IIII
o E e
o 21 ; + ..... 3
D— ...........
I T ) ST LA
B o o o
« 07"%,4»«;«# XX f* 4 ¢)+ ia x//«/ﬁ
L S\
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GNN score
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CMS,

oy = 17713 (stat) T 5 (syst) b = 17.7744 b
Obs. (exp.) significance: (@ 13.4 fb -

NLO+NLL): 5.6 (4.9) o
138 fo' (13 TeV)
§2 1 - T T
c " CMS ¢ Data Background
C*D) 102+ Postfit B titt Total unc.
o ;
~ Fooe
o M ¢
C
GJ i 7
ﬁ
10 “
-o. 1 | |
P A PO I S
o 1.5 +
~ 1 eSS * .................................... + ......................... + ...........
LT A A
(U | L |
() —1 -0.5 0 0.5
log10(S/B)
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ATLAS and CMS observe

simultaneous production of four top
quarks

The ATLAS and CMS collaborations have both observed the simultaneous production

of four top quarks, a rare phenomenon that could hold the key to physics beyond the
Standard Model

24 MARCH, 2023 | By NaomiDinmore

CMS Dxpenghent at the LHC, CERN
Data recorded; 2018-Sep-07 02:15:53.337408 GMT
Run / Event / LS\322356 / 153159025/ 79

ATLAS

EXPERIMENT

Event displays of four-top-quark production from ATLAS (left) and CMS (right).
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Best-fit values and significance per channel @ CMS

138 b (13 TeV)
llIIIIIIIIIIIIIIIlllllll!llllllllllllll IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIII
E Expected
47 —— ' 0.8 B observed
: 0.0
37 —— 29
tttt "=l " i
arXiv:2212.03259 5
2¢SS —o— 4.0
: _m
. Expected :
- 4.
llllIllllllllllllllIllllillllllllllllll
4 3 2 -1 0 1 2 3 4 01234567
th . .ps
o/ 0z Significance (SDs)
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Ranking and pulls In ATLAS, signal modeling has large impact in the
cross section measurement compared with CMS

Pre-fit impact on u: An
[ 18=10,+48 [ |8=10;-A0 -04 02 0 02 04 —e— Fit constraint (obs.) —— +1 SD impact (obs.) —— -1 SD impact (obs.)
Post-fit impact on w: ERSERRERNE L I Fit constraint (exp.) @ +1 SD impact (exp.) I -1 SD impact (exp.) CMS

o= 0+A0 0= 0-AD ATLAS Preliminary

—e— Nuis. Param. Pull (s =13 TeV, 140 fb b tagging efficiency (b jets)

—e— Normalisation factors
— tftf Cross-Section
—P it generator choice
— tTtf PS choice

a0

b tagging efficiency (c jets, linear)
JES : Absolute (corr.)

Additional b jets in ttW

Additional jets in ttW
Normalization ttZ

—Jp Matrix-element scale variations (tttt)
b tagging efficiency (c jets, quadratic)

Eigenvector 0 b-jets

Eigenvector 0 light-jets

—> titt o and K
tfH PS choice

ttW + 1 true b-jet

JES pile-up p topology
NthW"@4j

JES flavor composition signal

b tagging efficiency (light)

Normalization ttw
JES : RelativeSample (2018)

—— Additional b jets in ttH

MC stat. in bin 2 of SR-2¢ uy (tttt, 2017)
JES : Flavor QCD (bottom)

—-’—o—f— — Final-state radiation scale
Matrix-element scale variations (tTW)
' MC stat. in bin 3 of SR-37 (tttt, 20186)
=P Initial-state radiation scale (ttt)

Matrix-element scale variations (ttH)

ttW generator choice

tiZ generator choice

Eigenvector 0 c-jets :

Eigenvector 1 b-jets

al

tf + 1 true b-jets
tiH + 1 true b-jet : T
others Cross-Section 1 :

Initial-state radiation scale (ﬁW)

-IITII

2 -15 -1 -05 0 0.5 1 1.5 2
(6-6,)/A0




Ranking and pulls

Pre-fit impact on u:

10=0,4A0 | |0=0,-A0
Post-fit impact on u:
Mmo=0+A0 pmo=0-A0

—e— Nuis. Param. Pull
—e— Normalisation factors

tftf Cross-Section
tftf generator choice
titt PS choice

a0

—p

Eigenvector 0 b-jets

—Jp-Eigenvector 0 light-jets
titt o and K

ttH PS choice

— ttW + 1 true b-jet
JES pile-up p topology
NthW"@4j

o

JES flavor composition signal
=P W generator choice
tiZ generator choice

—Jp Eigenvector 0 c-jets
—J Eigenvector 1 b-jets
al

tf + 1 true b-jets

tiH + 1 true b-jet

others Cross-Section

Leading impacts come from b-jets and 1 W

modeling in both CMS and ATLAS

Au
-04  -0.2 0

ATLAS Preliminary
Vs =13 TeV, 140 fb™

-IITII

-2 -15 -1 -05 0 05 1 1.5

(6-6,)/A0

2

—e— Fit constraint (obs.) —— +1 SD impact (obs.)
I Fit constraint (exp.) B +1 SD impact (exp.)

— b tagging efficiency (b jets)
=P b tagging efficiency (c jets, linear)
JES : Absolute (corr.)
Additional b jets in ttW

Additional jets in ttW

>
e

Normalization ttZ

Matrix-element scale variations (tttt)
—’tagging efficiency (c jets, quadratic)
—
—

b tagging efficiency (light)
Normalization ttw

JES : RelativeSample (2018)
Additional b jets in ttH

MC stat. in bin 2 of SR-2¢ uy (tttt, 2017)
JES : Flavor QCD (bottom)

Final-state radiation scale
Matrix-element scale variations (tTW)
MC stat. in bin 3 of SR-37 (tttt, 2016)

Initial-state radiation scale (tttt)
Matrix-element scale variations (ttH)

Initial-state radiation scale (ﬁW)

—— -1 SD impact (obs.)
[0 -1 SD impact (exp.)

CMS
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Events / 0.05

Data / Pred.

Result: 11t @ ATLAS

rrTT I LU ] LI l LI I 1T I L I UL ] L I 1T I:
ATLAS ¢ Data Ittt .
10*E Vs =13 TeV, 140 fb'' []tiw 4 E
SR BtH [ ]QmisID =
. Post-Fit @ Mat. Conv. [JHFe
10 MLowm, WHF . =
[l Others [ttt ]
102 7~ Uncertainty  --- Pre-Fit _“
10 : M
1
o s e I | I - l I ! | . ' I I [ I I I_‘
2.1F + ...... 3
1 4 * IIIIIIIIIIIIIII
07'0'1-,‘_. ’V*’ o 3 § + + * + *A/ri{‘///‘///'

oL AR
e M\

Z.ZHENG

0=
0.1 02 03 04 05 06 07 08 09 1

GNN score

ttt: final state similar as ¢£¢f and populates in region of

high MVA score
b w
t
t
/ !

ATLAS: NLO QCD o (¢7tW) = 1.02 fb

o(tttg) = 0.65 fb
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Events / 0.05

Data / Pred.

Result: 11t @ ATLAS

ttt: final state similar as ¢£¢f and populates in region of
high MVA score

ARANRARRERRRRN RALAN RARAS RERLERAARE LARLEN RALAS
ATLAS ¢ Data M it . - - - .
105 15 = 13 TeV, 140 fbo” [ miz = |fboth#ffand ¢t cross section are free parameters of the
SR |- [JQmisID - . . . .
Post-Fit mvatcov. mrre 1 fit, anti correlation is -93%
10° MLowm, WHFu =
5 72 Uncertainty ~ ---Pre-Fit | o) Caah L EELELL L )
10 E R s ATLAS 1 g
. C= ; (s=13TeV, 140fo" | 4
10 ' ® ¢ : © — Obs: Exp: — 18
B =-68% CL ---68% CL »
i 4 =7
=—=95% CL ---95% CL Q
1 . . O
+ xsv ] |
I 1 s SM:

TP e P T ST N = * BestFil - |, o(tftt)=13.4fb
1241: Frpr s + --------------------- 3 1 3 o(ttr) =1.71b
o a2 X ¥X AL b

((])._1 012 0:3 0.I4 0j5 0.6 0.7 0.8 0.9 _1 : P
GNN score -

ce MY L L Y Y b 1Y
0 5 10 15 20 25 30 35 40
SLAT  ZZHENG G--[fb] 29



Events / 0.05

Data / Pred.

Result: 11t @ ATLAS

ATLAS ¢ Data W titt
10*E Vs =13 TeV, 140 fb'' []tiw fiv4
SR BttH [ ]QmisID
. Post-Fit B Mat. Conv. [[JHF e
10 MLowm, W HF u
[ Others [ttt
5 72 Uncertainty  --- Pre-Fit
10
10 : M
1

2.1 + o e
1.4 O S T i

07;.,“,,.*3‘4“””&‘

O' 1 1 1 L 1 1 1 L
01 02 03 04 05 06 07 08 09 1
GNN score

SLAL  ZZHENG

ttt: final state similar as ¢£¢f and populates in region of
high MVA score

If both ¢£f and tftf cross section are free parameters of the
fit, anti correlation is -93%

First limits on 77f production!

Processes 95% CL cross section interval [fb]
Migri =1 Mizs = 1.9
ttt [4.7, 60] [0, 41]
titW [3.1, 43] [0, 30]
titq [0, 144] [0, 100]

30



Interpretations @ ATLAS

Top yukawa coupling: 3

| @

L = — ——«k,f(cos(a) + i sin(a)ys)th 2
2 CPeven CPodd

CP even: Obs (exp.): | K, | < 1.8(1.6) t7H parametrized ink,

Higgs oblique parameter H modifies propagator
of SM Higgs indim-6 EFT: H < 0.2

-

he e m e mal
~ -~

— LA B A B L B B
- ATLAS —— 68% CL (Obs.) |
[ Vs=13TeV, 140 fb" = 95% CL (Obs.) ]
:— ttH parametrised ---68% CL (EXP-)—:
- - - 95% CL (Exp.)

-

SM
Best Fit

Illllllllll

| S T S

s

2 2.
| x; cos(a)

—U]llll

I

|

I

|

|

|

O =~ N W HO1 OO N 0 O

Obs. -2A In(L)

Limits on heavy flavor fermion

Operators | Expected C; /A2 [TeV~2]

Observed C;/A? [TeV~2]

[-2.4, 3.0]
[-2.5, 2.0]
[-1.1, 1.3]
[-4.2, 4.8]

[-3.5,4.1]
[-3.5,3.0]
[-1.7, 1.9]
[-6.2, 6.9]

operators in EFT (one parameter variation) ol
* with improved limits highlighted on,
1 1 it
_ SM T (1) T 2) 8
Oiti = Oz + A2 Z Cio-i + A4 Z Cicjo-i,j OQt
] 1I<j

SLAL  Z7ZHENG
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New ATLAS result
Eur. Phys. J. C 83, 496 (2023)
New CMS result:

Now and Future for four-tops Arxiv:2305.13439
Observation of four-top-production achieved with Run 2
S

dataset in both CMS and ATLAS P

* |Improving objects
* Using advanced ML techniques
What is limiting:
e tftt and tt W and tft modeling
* Performance side: b-tagging has the largest instrumental impacts

Moving to Run 3:
* Better signal over background ratio
= ~20% increase in tftf cross section vs only 11% for tf, ~15% for tt X

backgrounds
* Improvements in objects (etc. b-tagging) and analysis techniques
« Exploring beyond-the-SM interpretations with t1f phase space

32
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https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2305.13439
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 emerge, a rare chance e, TN
' ;./of aII the secrets they hold, '

1 vﬂse 5 mysterles soon to unfold.
/ mg “‘ ‘

A\d\lancements in techniques, signals refme\, :
With Graph Neural Networks, clantvae%nd
Six point one standard deviations amassed,
Athreshofurpéﬁssed discovery at last.

Vi

New doors now opened, as we further explore,
The cosmic labyrinth, seeking truths to implore,
Wlth fy‘ture endeavors, our knowledge expands,
Unvai] the secrets the universe commands. -

e dipaiagy WO gy <4

University




Path to improve: Jets

Both CMS and ATLAS lower p jets to improve the 4tops acceptance
Using Improved B-tagging algorithm to reduce background

1 A
T M\

|||||||||||||||||||||||||||||

s[ ATLAS Simulation — light-flavour jet rejecton g —— MV2c10

F VS =13TeV, thevents  --- c-jet rejection == " (o
,[ Anti-kt R = 0.4 PFlow jets prm— r (fc=0.
10°F 20 GeV < pr < 250 GeV, [n| <25

arXiv:2211.16345
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b-jet efficiency
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mis-id rate
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10—3 z I

:[llll]][l[

I[II]]J[IIIII]]Ik[III]]]]
............................................. | JOPPOTONIN SONNIINIINNDINNG NIINININNNG N

'|— DeepJet
— DeepCSV

—b vs udsg

Sesassesesmsnssasanes H w2

CMS

e T Ty A P A

B T T B 7" LITTLTTTTTY PRPIYy APPDY SPPPN

08 09 1
b-jet efficiency
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https://arxiv.org/abs/2211.16345
https://arxiv.org/abs/2008.10519

Fraction of events

Results: 11t

ttt: final state similar as t#¢f and populates in region high

0.8

0.6

0.4

0.2

IlI[IIII|[IIIIIII|IIII|IIII|IIIIIIIII|II

MVA scores

| ATLAS |
- {s=13TeV, 140fb" —— Total background - — . .
sn — ) In SM ttt produced always with other particles
* — i *
___ _ l W b
i R t
t
| - ; 7
I L[ T T T |

02 03 04 05 0.6 07 0.8 09

GNN score
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ATLAS: NLO QCD o(t1tW) = 1.02 fb  o(tttq) = 0.65 fb
CMS: NLO QCD+LO EW  4(t1tW) = 1.3fb  o(tttg) = 0.7 fb

Uncertainty: ATLAS 35%, CMS 20%
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Background

)

ATLAS

EXPERIMENT

Charge misID

Nonprompt —
ttW

Charge MisID

VV, Xy

[THF e
BHF u
I Mat. Conv.

SLAL  ZHIZHENG
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b
TL

EXPERIMENT

pT > 28 GeV, [n|<2.5

pT> 25 GeV, n|<2.5
b-jet identification with MV2c10

pT> 15 GeV, [n|<2.5
pT(l11) > 28 GeV for trigger requirement
Using improved isolation from BDT

pT> 20 GeV, n|<2.5

b-jet identification with DL1r; efficiency 77%
WP for b-jets, only ~17% for c-jets

ZHI ZHENG

Change

Old selection:
Lepton

Jet

New selection
Lepton

pT > 20 GeV, ||<2.5

pT > 40 GeV
b-jets: pT > 25 GeV (DeepCSV)

pT> 10 GeV, |n|<2.5
pT(I11) > 25 GeV, pT(I12) > 20 GeV for triggers
Using improved isolation

pT> 25 GeV, |n|<2.4
b-jet identification with RNN (DeepJet)
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)

ATLAS

pT> 15 GeV, [n|<2.5

pT(11) > 28 GeV for trigger requirement

BDT to reduce mis-identification rate with

calo/track quantities

Signal SS electron pairs / 2 GeV

LB L L L B ML LB B L ML LA L L

10° {s=13 TeV, 36.1 fb" <-no BDT =
-o-with BDT N

10*

10°

1 lllll]ll 1 llllllll

10
50 60 70 80 90 100 110 120 130 140 150
Invariant mass of e*e* pair [GeV]

lllll(q

Lepton selection

Base cuts

Trigger thresholds

Charge
mis-identification

CMS,

" Compact Muon Solencid

-

o

pT> 10 GeV, In|<2.5
pT(11) > 25 GeV, pT(12) > 20 GeV for triggers

e Three charge measurements are
performed for any electron in CMS

e Usually majority vote for charge
assignment

e In this analysis require all to be consistent

CMS Simulation (13 TeV) 2016

T

—_— * -

Efficiency
o
&

ArXiv:2012.06888

09 "=

0.85— -

Selective method
—e— Barrel
= Endcap

0.8

|
|

075 . e
20 30 40 100 200 1000 10
p, [GeV]




tt W data driven method @ ATLAS

multiplicities

Nie distribution is parametrized

making use of known jet scaling Scaling patterns for QCD jets
regimes 10 pr———r— DRI
o —— ¥, 2% 3
e R(j) =N(j+ 1)/N(j), jis the jet _+ JHEP 10 (2012) 162 52TV ;
mUItlpllClty _ """ Poisson: f1=8.70 E
o R(]) = q, for very hlgh jet _ o— staircase:dl;=0.908 ;
} Gy =-0016

p— N w N W (@) | oo O
L T T T T l TT
|

(a4
e R(j) =a,/(1 +n), nisthe N :
number of extra jets - ;
Separate normalizations (NFs) for
ttW* and ttW™: NF ry i N
1/0 5/4 9/8 el 13/12 17/16 21/20
NszW-(4jet) ntl
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https://link.springer.com/article/10.1007/JHEP10(2012)162

138 fb' (13 TeV)

CMS ¢ Data [ fitf

—_
N
o

.
ttW comparis o 2
O p rI On 100 S_R-Z(. v W+ I Nonprompt |
ttX class HVWV(V) EXy
Postfit Othert  Totalunc.

Similarities:
e Same central cross section of 722 fb
e Additional uncertainty on ttW+b(b)
o 40% in CMS, 50% in ATLAS

Events / 0.2 units
3

e Modelling problems at high NJets B
o Additional uncertainty in CMS result o
o Using Njets parameterization in ATLAS §
Differences: BDT score tiX
e Samples: 2 "Fanis | eom | mw |
o Sherpa multileg sample + EW contribution in ATLAS R LAl I Lk
m MG FxFx+ EW contribution as alternative sample used in O poser -

systematics
o MG FxFx sample in CMS
e Normalization free floating vs NJets parameterization
o Additional uncertainty in CMS result from EW corrections
o SFin CMS: 1.37 vs SF (=post-fit/pre-fit in SR) in ATLAS: 0.98
m Samples are different, derived regions are different

Data / Pred.




CMS

~ Compact Muon Solenoid

Triple top >
yz
treatment
Central value: 1.67 fbo (NLO QCD) Cross sections Higher central value: 2 fb (NLO QCD +
e Normalization uncertainty of 35% and uncertainty LO EW)

o 4FSvs5FS, EW
contribution, scale variation
e Scale variations (shape)

e Normalization uncertainty of 20%
e Scale/PDF variations (shape)

o(tttq) = 0.7 fb
o(tttq) = 0.65 b o(tttw) = 1.3 b
o(ttW) = 1.02 fb
MG LO sample with 5§ FS

MG LO sample with 5FS




138 fb™' (13 TeV)
T T T

1 T
¢ Data [ttt

CMS

:‘é‘
. 5 - N
ttZ In CMS : CR-3(-Z =m -trflfmprompt ]
® 600~ Postfit HVV(V) BXy
qC) Othert  Total unc.
Two on-Z control regions (in 3 and 4 lepton channels): T '

e Allows for free-floating ttZ normalization in fit
o Postfit normalization: 945 £ 81 fb
o Compatible and competitive with 2016+2017 CMS measurement

o Signal strength of 1.10 (w.r.t. SM prediction) g
e Allows for better constraints on WZ & ZZ with additional (b)-jets L e ——
o Scale factor as a function of NJets applied and can be o et
umber of jets
constrained = 1a0r _ 1381"(13TeV)
e Additional contributions from rare top backgrounds can be ; 1201 C'ﬁ_«_z e ::ﬁ _
constrained (tZq, tWZ2) £ 100, Postii MWW Fanert ]
. y - G eop 1 -'
Modelling and additional uncertainties: sol ;
e Sample: NLO QCD (MG) + P8 (mll > 10 GeV) 40 _:
e 40% uncertainty on ttZ+b(b) QOL .f
= +
CMS Q 18
' I S o5 '
=) 1 2 326
Number of b jets




ttZ in ATLAS

Sample: NLO MG+P8 (m(ll)>1GeV modelled in ME)

Normalization fixed in analysis: checked in ttZ Validation -
Region 2

Uncertainties:
e 12% on normalization
e Scale/PDF variations
e (Generator comparison: Sherpa vs MG
e 50% for ttZ+b/bb

Data / Pred.

3L with on-Z requirement
Nj>= 6
Nb-j >= 2

- ATLAS ¢ Data [ttt
10*E Vs =13TeV, 140" [JttWw  [tiZ
- tiZVR WttH  [Mat. Conv.
- Post-Fit [@HFe [MLowm.
10°E WHF 1 [@Others
= [ttt Uncertainty

2 03 04 05 06 07 08 09 1
GNN score
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O = 22.574 ] (stat)? 3 (syst) fb = 22.5786 fb

ATLAS

EXPERIMENT

Total uncertainty: +29%, -25%
Systematic: +21%, -15%
Statistical: +21%, -19%

6.1 (4.7)0

Events / 0.05

Data / Pred.

LR LR LR IR AL B |REAEE BARAE RARR 7T

ATLAS ¢ Data .mt
10*E Vs =13 TeV, 140 b [Jtiw |tz 3
SR WtH [JQmisiD =
Post-Fit BMat. Conv. [@HFe
lLowm,. BHF p §
Wi Others [tit

Uncertainty -~ -Pre-Fit |
=

2.1F
141 IS
07[T Y *"*‘
%,1 02 03 04 05 06 07 08 09 1
GNN score

Results:
overview

Central result

Relative uncertainty

Obs. (exp.)
significance
(@ 13.4 fb - NLO+NLL)

CMS

.l

o(tttt) = 17.7 731 (stat) 733 (syst) fb = 17.7 T3 fb

Total uncertainty: +25%, -23%
Systematic: +13%, -11%
Statistical: +21%, -20%

5.6 (4.9)0

138 fb' (13 TeV)
LU AL L

T T T T T

CMS ¢ Data Background

102} Postiit Ittt Total unc.

Events / 0.3 units

-qc; 1 " L 1 " " 1 " " "
d—_ 15 " _“‘ I+I.4 T .' ¥ . .
£ 05

©c . . 1 P

(o)



Instrumental background

Mainly arise from tf

Charge Mis-identification

Bremsstrahlung Mis-measured

’5 (trident process) curvature
~—
&
2
~—
=
<
. a{k .
JANN (beam pipe)
q
v b v b b q
tf W w W AR prompt lepton
)/ W W from W
b b b \ £t lepton from
¢t v PO ViR, 2+ instrumental effect

SLAL zZHIZHENG
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Events / 15 GeV

Data / Pred.

Background: Non-prompt leptons @ ATLAS @

General Ideas: Fit to data in CRs to estimate the normalization of backgrounds
e Rely on Monte Carlo simulation for shapes for different components
e 4 normalization factors are allowed to float in the fit:

- HF e, HF y, Mat. Conv., virtual photon conversion (low my*)

e 4 Dedicated CRs are defined to constrain normalization factors
_CRHFe ___CRHFp .. CR Mat. Conv. _ CR low ..

T L N L > 1%} %) = 3
- Tt L | ATLAS e Data  mmtitt c - s < r i 4
6ol ATLAS eData W S 100l oD i N S " ATLAS ¢ Data T 1§ 8o amas ¢ Data Mt :
" Vs =13TeV, 140 fb” ng =;\t112at com. w | Vs=13Tev, 140 fb" Em =:\‘nza conv. 1 g 400F Vs =13Tev, 140 16" (W Wiz 3 [ 6=13Tev, 140" (W Wiz ]
I CRHFe EHFo mlowm. ] N | CRHFu EHFe mELowm. 1 - CRMat. Conv. Wt (JQmisiD 70[~ CR Low m,. WtH [JQmisID |
50| Post-Fit mHF L mOthers 8 gol- POStFit mHF u @ Others’ ] 350 post-Fit WMat.Conv. [@HFe L Post-Fit WMat.Conv. [@HFe
" ot Uncertainty S - mttt Uncertainty - 200 WLlowm, WHFp ] 60|~ WLowm, WHFp
sof - Pre-Fit - @ -+ Pre-Fit 1 - W Others [t ] . W Others it ]
i 250F- Uncertainty  «-Pre-Fit ] 50— Uncertainty  «-Pre-Fit —
. 401~ 1 4

30

20

10

-d 5 0 3
o g O 1.15F
@ E o o | 7777 74777747777277 7747772477 + ................................. 4
E ~ ~
0.85F £ g g 085
0.7 - Y Y i " " ol 0.7
s 20 25 30 35 40 45 50 O o o

Py [GeV]
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CMS

Background: Non-prompt leptons @ CMS

Use tight-to-loose ratio method

e Fake rates (FRs) measured in QCD multijet events in data

e Validate FRs (from QCD MC) in tf and DY (Drell Yan) MC

e Apply measured fake rates in application region using looser lepton ID

CMS Simulation Supplementary (13 TeV)
T T I T T T T T —

wn — T T T T
A ] - . T
— T - + Monte Carlo . Tight-to-loose prediction
9 o i
i PRL 122 (2019) 132003_‘
. SR
[
=
2
o}
S
L Tight ’ ?
oose g o
£, 1D $
o)

1AL , , 47
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https://arxiv.org/pdf/1812.05900.pdf

Signal Regions @ CMS

o1 AL
TN

ZHI ZHENG

Events / 0.25 units

Data / Pred.

138 fb' (13 TeV)
——— —

138 fb' (13 TeV)
———

2 T ' L20of T T T o
g 3t CMS ¢ Data [t | g CMS ;?ﬂ:’ta i
o SR-4¢ iz W ~ 100 SRa¢ miH - Nonprompt
o itt class Bvviv) | Othert o titt class .Oth(er) t -mY
~ Postfit ttt Total unc. —~ 8ol Postfit Total unc.
(2] |2}
-— -
5 5
> > 601 1
1] L
40
20 1
] ©
8 o 0 T T T T
I a 1.5 t
E gy | - * )
.
m N m PR B 1 PR I SR N 1
o 1 (@] 0 0.2 0.4 0.6 0.8 1
BDT score tttt BDT score tttt
138 fb' (13 TeV) 138 fb' (13 TeV) 60 138 fb' (13 TeV)
T " T | e " T | M " T | §
4 Data Wit 4 Data it ¢ Data it
1| CMS Lo mE CMs o mE CMS o mE
SR-2¢, uu miH I Nonprompt SR-27, ep WEiH e Nonprompt SR-2f, ee MiH e Nonprompt
itt class mYVIV) Xy 601 it class W V/V(V) W Charge misiD T i class W V/V(V) W Charge misiD
: Other t tt : Xy Other t : Xy Other t
Postfit Total unc. Postfit tt Total unc. Postfit tt Total unc. i

w
o

n
[=]

S
o

Events / 0.11 units

Events / 0.25 units
H
(=]

n
o

—_

°
o
<<<<<< o 15
| | ‘ ‘a | |+ + ‘ %0.5 | | .. ‘
02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 1
BDT score tttt BDT score tttt BDT score tttt
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Result: interpretation

Top Higgs Yukawa coupling

| %, sin(o) |

ATLAS Higgs coupling comb.: kappa t 95% CL limit of 0.81-1.25
(0.85-1.42 exp)

This analysis: <1.8 (<1.6 exp) for ttH+tttt, and <2.2 (<1.8) for tttt
only

—2:r ......... T P T N Y

Top Higgs CP:

T
= 2ar)(:y 2004. 04545 _— ttH/tH(yy) ] a rX’V 2303.05974  ttH /tH(_ti'(? )
= 15 — 10 —|— Best fit >< SM - .g | ATLAS _ :
by - = L Vs =13Tev, 139 ' C
T e R 26 s, = I .

R T G 1 : :
E 7 = - 1%° :
05 - T :
e -] E - E
3 E 0 z :
- - L 209 F
-0.5 - C % i
= . 5 al C
—1F et M = - -
- ATLAS = " 1 5
-15F Vs=13TeV, 139 fo! _; _2: Y Bestfit a=11",x=0.84 -
E PRI R N PRI I T N N N T N M A AT ' BT |: j ® SM CP-even:of=o‘J(,=1
235508 0 05 1 15 2 [ # CPodda-igst
K,cos(a) 22 -1 0 1
K; COS O _2 - 1
o1 AN

O AN Z.ZHENG

- aTLAS  —sswcL(obs)| g
[ \s=13TeV, 140 fb” ——95%CL(Obs) I _|g
- ttH parametrised ---68%CL (EXP-): 7
C - - - 95% CL (Exp.) |
- X SM 1 =6
+ BestFit | —5
J —4
1 -3
4 -2
1 —1
> 25 0
| ; cos(a) |
arX|v 1901 04567
O 1 2
a;
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