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Rare	top	processes	status

Very	rich	experimental	field	in	Run	2	due	to	large	sta,s,cs
2
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Rare	top	processes	status
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Observed:	 ,	V=	γ,	Z,	W,	
H	;	tZq	
Evidence:	tγ

tt̄V

evidence

observed	

To	do:		
tH,	tt̄tt̄Details	in	talks	by	P.Saba,ni	(ATLAS)	and	N.Chanon	(CMS)	

in	Top	physics	session	on	Friday	29/05	

https://indico.cern.ch/event/856696/timetable/?view=standard#b-372171-top-physics
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Rare top: signal and background

4

Direct	measurement	of	top	quark	coupling	to	gauge	bosons	
It	is	sensi,ve	to	most	of	the	leading	EFT	operators	that	preserve	charge-parity	
and	flavour	in	neutral	currents

	and	 	are	o\en	dominant	and	irreducible	backgrounds	for	many	BSM	
searches	and	for	
tt̄W tt̄Z

tt̄H

_

W/Z/τ

W/Z/τ

tt̄H

g

g

HHH

t

t̄

t̄

t

→ bW+

→ b̄W−

→ bW+

→ b̄W−tt̄tt̄

tt̄Z
tt̄γ

Heaviest	par,cle	final	state	
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Measurements	and	searches	
with	photons
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	produc,ontt̄γ
139	b-1,	eμ	channel		
Highlight:		comparison	with	fixed	order	NLO	
calcula,on	including	off-shell	effects				
Selec,on:	1	e,	1	μ	,	1	photon,		Njets	≥2,	Nb	≥1 
Fiducial	region	defined	to	match	theory	calcula,on
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 bkg.γPrompt 

Uncertainty

[JHEP 1810 (2018) 158]

Very	pure	channel	-	S/B	~	4,	2.5K	eμγ	events		

Backgrounds

Cross	sec,on	extrac,on		
Profile	LH	fit	to	ST	
(scalar	sum	of	all	
par,cle	transverse	
momenta	in	event)

σ = 44.2 ± 0.9(stat)+2.6
−2.4(syst) fb 6%	rela,ve	uncertainty

Dominant	systema,cs:	MC	modelling	of	kγ		(3.4%	)

ATLAS-CONF-2019-042

W➛τ➛μ(e)

Njets

https://cds.cern.ch/record/2709416
https://cds.cern.ch/record/2709416
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	differen,altt̄γ
Variables:		

photon	pT	and	|η|	
∆R(γ,	l)min	-	sensi,ve	to	tγ	coupling	
∆φ(l,l)	and	|∆η(l,l)|		

Unfolded	to	parton	level
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tγ	produc,on

Selec,on:		
1	μ	,	1	photon,			
Nb=1,	1	forward	jet 

Backgrounds:	
irreducible		
- kγ	:	9	,mes	larger	than	
expected	signal	

- Ζγ,	Wγ	:	twice	the	signal	
reducible		
- hadron	(jet)—>	photon	fakes	
- determined	from	DD	method	

8

Phys.	Rev.	Lek.	121	(2018)	221802q

b

q'

t

γ b

+µ

µν

W

W

BDT	trained	to	separate	signal	
kγ	shape	determined	from	CR	with	Nb=2,	
included	in	the	fit		
kγ	norm	-	free	parameter	the	fit	
Main	systema,cs:	JES	(12%),	tγ	model	(9%)

Observed	(expected)	significance:	4.4	(3.0)	σ

154	±	24	tγ	events	
expected	

σ(pp → tγj) × Br(t → μνb) = 115 ± 17(stat) ± 30(syst) fb
Fiducial	cross	sec,on	(pTγ	>	25	GeV,	ΔR(X,γ)>0.5)

220	±	63	tγ	events	
observed

forward	jet

t-channel

http://dx.doi.org/10.1103/PhysRevLett.121.221802
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u/c

b̄

Search	for	FCNC:	tqγ

Selec,on:		
1	e	or	μ	,	1	photon,		Nb=1 

Backgrounds:			
reducible		
- e	—>	photon	fakes	from	 	
- hadron	fakes	
- determined	from	MC	and	data	
irreducible		
- Wγ,	Zγ		
- determined	from	MC	and	
control	regions	

- free	parameters	in	the	fit

tt̄
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Phys.	Lek.	B	800	(2019)	135082decay
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Signal (x10) +jetsγW+

 fakeγ→e +jetsγZ+

 fakeγ→j γOther prompt 

4	NNs	trained	for	
tuγ,	tcγ,	LH,	RH	in		
produc,on	mode

Almost	an	order	of	magnitude	improvement	
of	limits	over	previous	measurement

Set	limits	on	effec,ve	coupling	parameters

u/c

g

u/c

γ

t

b

"+

ν

W+

produc,on

Forbidden	in	SM	at	tree	level,	suppressed	at	NLO	

https://www.sciencedirect.com/science/article/pii/S0370269319308044
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Measurements	with	Z	bosons
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Measurements	of	kV	produc,on		

11

σ	=	0.60	pb	
～90K	 	eventstt̄W

σ	=	0.84	pb	
～120K	 	eventstt̄Z

Same-sign	dilepton	SS	(4.8%)	
3-lepton	(1.6%)	

3-lepton	(2.8%)	
4-lepton	(0.5%)	

Measurements	in	channels	with	low	branching	ra,os

Phys. Rev. D 99 (2019) 072009

  
JHEP 08 (2018) 011

JHEP	03	(2020)	056

Latest	measurements	use		
		36		b-1	
				78	(36)	b-1		CMS	(ATLAS)	

A	lot	of	data	s,ll	to	analyse

tt̄W
tt̄Z

140	b-1

https://link.aps.org/doi/10.1103/PhysRevD.99.072009
http://arxiv.org/abs/1907.11270
http://dx.doi.org/10.1007/JHEP08(2018)011
http://dx.doi.org/10.1007/JHEP03(2020)056
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kZ	measurement
Selec,on	
3	or	4	leptons	
Z	boson	candidate		
Njets	≥2,	Nb	≥0	

12

Backgrounds	
‣ t(t)+X	
‣ Diboson+b-jets	
‣ non-prompt	leptons:	DD		

fake	factor	method		
Diboson	model	validated	
in	CRs	included	in	the	fit

0 1 2 3
bN

500

1000

N
um

be
r o

f e
ve

nt
s 

Data Nonprompt Ztt
)Xtt( WZ γX

ZZ Rare Uncertainty

 (13 TeV)-177.5 fbCMS

0 1 2 3
bN

0.5

1

1.5

D
at

a 
/ P

re
d.

1 2 3 > 3 2 3 4 > 4 2 3 4 > 4 0 > 0

50

100

310×

N
um

be
r o

f e
ve

nt
s Data Ztt )Xtt( WZ γX

ZZ Rare Nonprompt Uncertainty

 (13 TeV)-177.5 fbCMS       Preliminary

3 leptons
 = 0bN  = 1bN  > 1bN

4 leptons
 2≥ jN

1 2 3 > 3 2 3 4 > 4 2 3 4 > 4 0 > 00

1

2

D
at

a 
/ P

re
d.

Stat.

jNjNjN bN

1 2 3 > 3 2 3 4 > 4 2 3 4 > 4 0 > 0

1

10

210

310

410

510

N
um

be
r o

f e
ve

nt
s Data Ztt )Xtt( WZ γX

ZZ Rare Nonprompt Uncertainty

 (13 TeV)-177.5 fbCMS

3 leptons
 = 0bN  = 1bN  > 1bN

4 leptons
 2≥ jN

1 2 3 > 3 2 3 4 > 4 2 3 4 > 4 0 > 00.5

1

1.5

D
at

a 
/ P

re
d. Stat.

jNjNjN bN
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Main	systema,c	uncertain,es	
‣ lepton	iden,fica,on	(4%)	
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Fakes	and	
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control	
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8%	precision	

JHEP	03	(2020)	056
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kZ:	going	differen,al
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Differen,al	measurements	to	validate	and	
improve	 	MC	modelstt̄Z
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tZq	measurement

Backgrounds	
non-prompt	leptons		
- CMS:	Data	driven,	fake	factor	
method		

- ATLAS:	MC-based	shape,	free	
floa,ng	normalisa,on	from	2	
dedicated	CRs	

WZ+b-jets		
		

- dominant	background	in	4j1b	and	
4j2b	CMS	SR	regions		

Signal	extrac,on	
simultaneous	fit	to	distribu,ons	in	
signal	and	control	regions	
- MVA	discriminant	in	SR	
- Event	coun,ng	or	kinema,c	
distribu,ons	in	control	regions

tt̄Z

14

CR	kZ	(A) CR	kZ	(A)	
SR	(CMS)

SR SR SR	(CMS)

CR	WZ	 CR	WZ	0b

1b

2b

2J 4J3J

Selec,on	
‣ 3	leptons	

‣ opposite	sign	same	flavour	
pair	within	Z	mass	window			

‣ 2	to	4	jets	with1	or	2	b-tags

Phys.	Rev.	Lek.	122	(2019)	132003
 arXiv:2002.07546

Z(ll)

t➛blν

forward	jetu d

W

b

b

t

Zt-channel

http://dx.doi.org/10.1103/PhysRevLett.122.132003
https://arxiv.org/abs/2002.07546
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tZq	results

15
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Observa,on	of	tZq	produc,on	by	both	collabora,ons

σ(pp → tℓ+ℓ−q) = 111 ± 13(stat)+11
−9 (syst) fb CMS 77.4	b-1		

= 97 ± 13(stat) ± 7(syst) fbfor m(ℓ+ℓ−) > 30 GeV ATLAS 139	b-1		

Main	systema,c	uncertain,es	
‣ Prompt-lepton	background	(3-4%)	
‣ Jets	and	ETmis			(2-3%)	
‣ Leptons	reconstruc,on	and	ID	(2-3%)

15%	precision

pT	(Z)
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Searches	for	4-top	quark	produc,on
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Introduc,on
Final	state	with	high	jet	and	b-jet	mul,plicity	

17

Single	and	two	lepton	opposite	sign		
larger	branching	frac,on	(56%)		
large	irreducible	background		

+light	jets,	 +heavy	flavour	jets		
Same-sign	charge	lepton	and	
mul,lepton	(SS/ML)	

small	branching	frac,on	(12%)		
lower	backgrounds		

,	 ,	non-prompt	leptons,	
charge	misiden,fica,on

tt̄ tt̄

tt̄W tt̄Z Analysis	strategy	depends	
on	the	final	state	
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Introduc,on
Final	state	with	high	jet	and	b-jet	mul,plicity	

18

Single	and	two	lepton	opposite	sign		
larger	branching	frac,on	(56%)		
large	irreducible	background		

+light	jets,	 +heavy	flavour	jets		
Same-sign	charge	lepton	and	
mul,lepton	(SS/ML)	

small	branching	frac,on	(12%)		
lower	backgrounds		

,	 ,	non-prompt	leptons,	
charge	misiden,fica,on

tt̄ tt̄

tt̄W tt̄Z
SS/ML	is	the	most	
sensi,ve	channel
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4-top:	1LOS	channel

Selec,on	
1	e/μ		or	2 e/μ,	Nb	≥2 
CMS:	
- Njets	≥7(8)	(1L),	Njets	≥4	(2L),	HT>500	GeV	
ATLAS	
- Njets	≥5	(1L),	Njets	≥4	(2L)

19

extract	effec,ve	tagging	efficiency	
(	pTjet,ΔRjet)	from	low	Njet	region	
apply	to	low	source	regions	to	promote	
events	to	higher	Nb	

36	b-1

JHEP 11 (2019) 082
Phys.	Rev.	D	99	(2019)	

052009	
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Analysis	strategy	
categorise	events	Njets,	Nb	 
ATLAS	adds	categories	based	on	NRC	

Background	es,mate	
CMS:		
- MC-based	with	DD	correc,ons		
ATLAS:		
- data-driven	method	(kTRF)

https://arxiv.org/abs/1906.02805
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052009
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Signal	extrac,on
Simultaneous	fit	to	discrimina,ng	
variables	in	mul,ple	signal	regions	
ATLAS:		

fit	HT	distribu,ons	in	each	region	
CMS:		

2	BDTs	to	improve	sensi,vity	
BDT	1:	dis,nguish	3	jets	from	hadronically	
decaying	top	from	other	3	jet	combina,ons	
BDT	2:	separates	signal	from	the	background
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significance	
obs	(exp)

CMS 0.0	(0.4)
ATLAS 1.0	(0.6)

CMS:	obs	(exp):	5.2(											)	5.7+2.9
−1.8

BDT	2	
score

Limits	on	μ:	

CMS	combina,on	with	SS/ML	
channel	36	b-1	:	

σ(tt̄tt̄ ) = 13+11
−9 b

observed	significance	1.4		

Njets	=10	

Nb	=4Nb	=2 Nb	=3
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4-top:		SS/ML	channel
2lSS	and	3l	channel	signature	
4	b-jets	from	4	top	quarks		
4	or	2	jets	from	W	

Selec,on		
≥2	jets,	≥2	b-jets	
HT>300	GeV,	ETmiss	>	50	GeV		
Z( )	mass	window	veto			

Backgrounds	
DD	methods	for	non-prompt	and	
charge	misID	leptons	

	MC	based	with	DD	
correc,ons	
- jet	mul,plicity:	based	on	data/MC	
comparison	of	 	jet	mul,plicity	spectrum	

- correc,ons	vary	between	1.46	and	0.77	for	
1	to	4	addi,onal	jets	

- factor	of	1.7±0.6	is	applied	to	improve	
modelling	of	extra	heavy	flavour	jet	based	
on	measured	ra,o	of	 	and	 	ra,o	

ℓ+ℓ−

tt̄Z /tt̄W

tt̄

tt̄bb̄ tt̄jj
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N` Nb Njets Region
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EPJC	80	(2020)	75

137	b-1

Two	analyses:	categorisa,on	
and	BDT	based	
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4-top	search	result

22

In	BDT	analysis	kW	is	constrained	
by	regions	with	low	BDT	score

σ(tt̄tt̄ ) = 12.6+5.8
−5.2 b

2.6	(2.7)	σ	observed	(expected)	significance		

Post-fit	 	scaled	by	1.3±0.2tt̄W/tt̄Z

Dominant	systema,cs:		
modelling	of	addi,onal	b-jets	
(11%)	
JES	(9%)	JER	(6%)		
b-tagging	(6%)
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4-top:		SS/ML	channel

Basic	selec,on		
≥4	jets,	≥1	b-jets	
|mll	−	mZ|	>	10	GeV	for	OS	SF	
pairs	in	3L	selec,on	

Fake	background	es,mate	
mo,vates	CR	defini,on	
MC-based	template	method	
with	4	free	parameters	included	
in	the	signal	extrac,on	fit	
• HF	electron,	HF	muon	
• material	conversions	
• internal	conversions	

	background	normalisa,on	
is	free	in	the	fit
tt̄W

23

139	b-1

Material	
conversion	CR

ATLAS-CONF-2020-013

new
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4 5 6 7 8≥
Number of jets
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kX	background	model

	valida,on	region:		
≥4	jets,	≥2	b-jets	
plot	N+	-	N−		to	suppress	all	charge	
symmetric	backgrounds	

Systema,c	uncertain,es	on	 :	
125%	on	 +7	jets	
300%	on	 +8	jets	
50%	on	 +3b,	 ≥4b	

Addi,onal	50%	uncertainty	is	
applied	to	 	and	 	with	3	and	
≥4b	jets	

100%	uncertainty	on	3-top	cross	
sec,on	and	addi,onal	50%	on	
kt+b	

tt̄W

tt̄W
tt̄W
tt̄W

tt̄W tt̄W

tt̄Z tt̄H
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4-top	search	result
Inclusive	signal	region		
≥6	jets,	≥2	b-jets,	HT>500	GeV	
BDT	is	trained	to	separate	
signal	from	background	

Signal	extrac,on		
simultaneous	fit	to	BDT	and	
distribu,ons	in	4	CRs

25

4.3	(2.4)	σ	observed	(expected)	significance		

σ(tt̄tt̄ ) = 24+7
−6 b

μ = 2.0+0.4
−0.4 (stat)+0.7

−0.5 (syst) b

Evidence	for	the	4-top	quark	produc,on		

Consistent	with	SM	predic,on	at	1.7	σ0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT score

0
0.5

1
1.5

 

Da
ta

 / 
Pr

ed
. 1−10

1

10

210

310

410

Ev
en

ts 
/ 0

.1

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

SR
Post-Fit

Data tttt
Wtt Ztt
Htt Q mis-id

HF e Mat. Conv.
µHF -e+Low-mass e

Others ttt
Uncertainty 12 14 16 18 20 22

Sum of b-tag scores

0
0.5

1
1.5

 
D

at
a 

/ P
re

d. 0

10

20

30

40

50

60

70

Ev
en

ts

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

BDT>0
Post-Fit

Data tttt
Wtt Ztt
Htt Q mis-id

HF e Mat. Conv.
µHF -e+Low-mass e

Others ttt
Uncertainty

2 3 4≥
Number of b-tagged jets

0.5
0.75

1
1.25

 

D
at

a 
/ P

re
d. 0

20

40

60

80

100

120

140

Ev
en

ts

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

BDT>0
Post-Fit

Data tttt
Wtt Ztt
Htt Q mis-id

HF e Mat. Conv.
µHF -e+Low-mass e

Others ttt
Uncertainty



E.Shabalina	-	Rare	top:	produc6on	and	decays	-	LHCP2020	26/05/2020

Lepton	coupling	universality	

W	decays	in	dilepton	 	events	
are	used	to	measure	ra,o	

								R(τ/μ)	=	BR(W➛τν)/BR(W➛μν)	
2.7σ	devia,on	from	SM	at	LEP	
Separate	direct	muons	from	W	
from	W➛τ	➛μ		

difference	between	pT	spectra	of	
W➛μ	and	W➛τ	➛μ		
τ-lepton	life,me	(transverse	
impact	parameter	d0)	

Tag	(e	or	μ)	and	probe	(μ,	pT>5	
GeV)	approach	
R(τ/μ)	extrac,on:		

fit	in	3	pT	bins	and	8	d0	bins	of	
probe	muon	
normalisa,on	k( )	of	 	
is	free	in	the	fit

tt̄

tt̄ (tt̄ + tW )

26

	R	=	0.992	±	0.013	[±0.007	(stat)	±	0.011	(syst)	]

1.3%	total	uncertainty

Details	in	talk	by	C.Young	(ATLAS)	in	on	Wednesday	27/05	 Twice	more	precise	than	LEP	!
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Statistical Error
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ATLAS-CONF-2020-014 139	b-1

https://indico.cern.ch/event/856696/timetable/?view=standard#b-372155-top-physics
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Rare	top	processes	status

27

Observed:	 ,	V=	γ,	Z,	W,	H	;	tZq	
Evidence:	tγ,	

tt̄V
tt̄tt̄

new

t̄t t
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Status: May 2020

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV
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Data 3.2 � 139 fb�1

Top Quark Production Cross Section Measurements
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Summary	and	conclusions
Measurements	of	 / 	(X=V,H,γ, )	processes	are	a	large	
part	of	the	current	CMS	and	ATLAS	programs		

sensi,ve	to	top	quark	couplings		
Improved	limits	on	the	FCNC	rare	processes	
Measurements	of	 	and	 	differen,al	distribu,ons	using	
full	run	2	dataset		

improve	our	understanding	of	their	modelling		
allow	to	explore	parameters	of	EFT	and	other	BSM	models	

Observa,on	of	tZq	produc,on	by	both	collabora,ons	
Evidence	for	the	4-top	quark	produc,on	has	been	achieved	
with	4.3σ	significance		
The	new	measurement	of	lepton	universality	is	in	agreement	
with	the	SM	and	is	the	most	precise	measurement	of	R(τ/μ)	to	
date	

tt̄X tX tt̄

tt̄V tt̄γ
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More	results	with	full	Run	2	data	are	yet	to	come	

new

new



Backup
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Scan	in	axial-vector	and	vector	
current	coupling	plane		
Scan	in	the	electroweak	dipole	
moment	plane
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4-top	search	result

31

Upper	limit	on	 	is	
translated	into	a	limit	on	
Yukawa	coupling:	

	at	95%	CL

σtt̄tt̄

|yt /ySM
t | < 1.7

g

g

HHH

t

t̄

t̄
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LFV	in	dilepton	events

32
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4-top:	1LOS	channel

Background	es,mate	
derive	scale	factors	from	low	jet	mul,plicity	
regions	to	correct	MC	
apply	to	high	mul,plicity	regions	
heavy	flavour	component	correc,on	based	on										
to										ra,o	measurement
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tt̄bb̄ tt̄jj

36	b-1



tZq	measurement

Backgrounds	
‣ non-prompt	leptons		
‣ CMS:	Data	driven		
‣ ATLAS:	MC-based	shape,	free	floa,ng	normalisa,on	
from	2	dedicated	CRs	

‣ WZ+b-jets		
‣ kZ		
‣ dominant	background	in	4j1b	and	4j2b	CMS	SR	
regions		

Signal	extrac,on	
‣ simultaneous	fit	to	distribu,ons	in	signal	and	
control	regions	

‣ MVA	discriminant	in	SR	
‣ ATLAS:			
‣ coun,ng	in	CRs	for	non-prompt	lepton	background	
‣ MTW	in	WZ	CRs	
‣ NN	in	kZ	CRs	

‣ CMS:	coun,ng	in	WZ	and	ZZ	CRs
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