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Why Four top is interesting ?

tftt is a very rare process in standard model (SM)
o (71T )y ~ 12 fb JHEP 02 (2018) 031]

Top Quark Production Cross Section Measurements

Around 25000

tf are produced
every hour

SLAL  ZWZHENG

o [pb]

103 g

102 2

10t 3

Status: November 2022

ATLAS Preliminary
Run1,2 4/s=5,7,8,13 TeV

v

Theory

LHC pp Vs =7 TeV

Data 4.5-4.6fb?

LHC pp Vs =8 TeV

A

Data 20.2 —20.3fb™t

LHC pp Vs =13 TeV

Data 3.2 -139fb?

t-chan s-chan

t tw t ttW ttZ ttH

tty

fid. ¢+jets

ty tZj

fid. €

4t

Run 2 in total

~1800 ¢ttt events
produced



Why Four top is interesting ?

tttt is a very rare process in standard model (SM)
o o(tTtT)y;p ~ 12 fb JHEP 02 (2018) 031]
Sensitive to top Yukawa coupling and its CP properties

Very heavy final state with almost 700 GeV in total — naturally sensitive to many BSM models and EFT
parameters

- Four-fermion couplings (e.g. 0}, = (fy,D(#y"1)) and tow-Higgs doublet model

Probing Top Higgs

Leading:0 (ad) Sub-leading:0 (a 52 yf ) 1 interaction

SLAL  ZHIZHENG a; 3


https://arxiv.org/abs/1901.04567

Four top: Signature

0 leptons
1 lepton

Four-top processes have high b-jets and jets multiplicity
3 channels are explored based on final states:
« All hadronic channel
« Single lepton and two opposite sign lepton (1LOS)
- Larger branching fraction and Larger irreducible background

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

- Smaller branching fraction and higher purity

CMS Preliminary CMS PAS TOP-21-005 138 fb=! (13 TeV)
71 Expected |"'| Observed Expected Observed
SL 108 1218
0SDL 133 1943
All-hadronic | 1:32 5.8:33
SSDL&ML —e— 1:94 1.0°0%
Combined 7, i > 100.4 q 4+0.d
-0.3 *¥-04
result L0y
2 4 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Expected and observed cross section best fit (p = cn-n-/ots‘-,“,-")

SLAL  ZHIZHENG

= 3 leptons

2 SS leptons

2 OS leptons
ATLAS+CMS Preliminary Run 2, Vs = 13 TeV, March 2022
LHCtopWG
i 04y =12.0"22 (scale) b ' :
" JHEP 02 (2018) 031 tot. stat.
NLO QCD+EW
O x1ot. (stat.xsyst) Obs. (Exp.) Sig.
ATLAS, 2LSS/3L, 139 fb™ +7 (245
EPJC 80 (2020) 1085 H—=—H 2475(6°,)fb  43(24)c
ATLAS, 1/2LOS, 139 b M7 e
L JHEP 11 (2021) 118 K * 1 267 (8_:; )fb 1.9 (1.0)c I

ATLAS, comb., 139 fb" T ons
JHEP 11 (2021) 118 = 24:0(477)fb 47 (26)0
CMS, 2LSS/3L, 137 b 58
EPJC 80 (2020) 75 —— 1267, 2.6 (2.7)o
CMS, 1L/2LOS, 35.8 fb' 20
JHEP 11 (2019) 082 — 0" fb 0.0 (0.4)c

| 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1

0 20 40 60 80 100

O [T0]


https://cds.cern.ch/record/2827591/files/TOP-21-005-pas.pdf

Analysis strategy: 1LOS

Pre-selected events:
* 1L channel: one lepton and > 7 jets and > 2 b-tagged jets
« 2LOS channel: Two leptons with opposite-sign charge and > 5 jets and
> 2 b-tagged jets
tt+jets background is estimated using corrected MC simulation

« Correction factors are derived in data, improving the tf+jets modeling at
high Njets/Nbjets
A binned profile likelihood fit is performed in different event regions
* Split lepton channel, jets multiplicity and different b-tagging requirement
* Background model constrained by background-dominated regions

SLAL  ZHIZHENG 5



1L

Event categorization

Events are categorized according to the number | 1 e
of jets and different b-tagging requirements oH

* Both number of b—tags and their quality wl o P
12 (9) and reglons for 1 I_ <OS) 2b tf+je:ts kinematic r:eweighting re%:]ions

: . . : . . 7j 8] 9j 210j
used as input for the binned profile likelihood fit | | | |
ATLAS Simulation Wttt [tt+light [Jti+>1c
Vs=13TeV, 139 fb” Oti+b  Mt+B  Wtt+bb
60% 70% 85% 1L W t+>3b [@non-tt
Name Nb Nb Nb .5 1 — T —
2b _ — - % 0.84,—'_,_,—'_|—:—‘_5
3bL < 2 = - § 3
3bH =3 - =3 £ 08
3bV - 3 - Z 4 = 0.4k
4b (2LOS) - - 4 :
4b (1L) - =4 - 02
=0 () - 2> - "4 2233322292288 3
222222222868 &4 &

1AL

O\, ZHIZHENG - -



Background modeling: t1+jets

MC is known to mismodel the t7+jets at H; and high jet multiplicity

Developed techniques to tackle MC mismodelling in 2 b-tagged regions
Derived rescaling factor at prefit level

Events

Data / Pred.

1L
i

25b | |

B S Signal regions -----1
b i | |
3bV i Validation regions

-------------
3bH i ; i

————————————— +---— Control regions —---4-—-————-———-
| | |
2b tt+jets kinematic reweighting regions

7 8j 9j >10j

el Ay

O\, ZHIZHENG

108

10°

225§

1.5E
0.7

U'I

10°E
10°E

10§

—_
T TTT

F | T
[ ATLAS
E Vs=13TeV, 139 fb"
[ ti+jets uncorrected
- 1L,>8j>3b

104 Z

Before correction
I I ]

® Data
[tt+light
Wtt+=>1b

77 Uncertainty

10000

Events / 200 GeV

o]
o
o
o

6000

4000

Data / Pred.

R IR BN L I
L ATLAS

— Vs =13 TeV, 139 fb
| tt+jets uncorrected
L 1L,>8j>3b

¢ Data
[Jtt+light
Wtt+>1b

72 Uncertainty

| L | T 17T | T 1T
Wittt
Ott+>1c
Mnon-tt ]

200 400 600 800 000 1200 1400 1600 1800 2000

H [GeV]



Background modeling: t1+jets

MC known to mismodel the ¢f+jets at high H, and high jet multiplicity
Developed techniques to tackle MC mismodelling in 2 b-tagged regions
* Derived rescaling factor at prefit level
* Designed a 3-step sequential re-weighting to target different type of mis-modeling

jets '
- N — H.— AR After correction
jet T avg
‘g C | ‘ ‘ I | % _\II‘Il\lIII|IIllll\ll\ll\l\lllll\ll
1L S Lo | ATLAS ¢ Data Wit (0] | ATLAS ¢ Data Wttt
| . o = (s=13TeV,139fb" [Jif+light  [Jtiex1c S10000F Vs =13TeV, 139 1" [ Jfisight  [Jti+>1c —
: } ! [ tf+jets corrected Wit+>1b Mnon-tt & | t+jets corrected Wit+>1b Mnon-tt |
>5b ! ! ! 10° 1L,28j,23b 7/ Uncertainty % | 1L,28j>3b 2/ Uncertainty
| | i = [ —
s S e Signal regions —----1 F i 8000
4b | | | -
_____________ I e 6000 —
| | | o
3bV i Validation regions i
_____________ N 4000|~ .
| | | 107
3bH | | | i
. 2000 —
————————————— +---— Control regions —---4-—-————-———- 10 I
| | | .
3bL I I I L | | | L
| | | . 1 | | | | | | . 0E ] . ] | -
_____________ L U S ko] E 3 ko) E E
1 T | S po5F 3 & 1.5F 3
2b tt+jets kinematic reweighting regions 5 1.5F = S | 2,22
' i . o T e caratarere Toicor o R i a £ E
I I i S 0.75¢ = S 0.5
7] 8j 9j 210j 8 9 10 1 12 >3 200 400 600 800 1000 1200 1400 1600 1800 2000
Number of jets H' [GeV]
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Use of BDT in the Signal Region

Signal is separated from background based on a multivariate discriminant build in the signal region
by combining many input observables into a BDT

Observables are selected based on their discrimination power and the requirement of good
modeling

 B-tagging information: sum of the pseudo-continuous b-tagging discriminant score
* Lepton and jet kinematics

_“2 __I T | TTT I TTT I TTT | LI | T 1T | T 1T I TTT ‘ L | T I__
5 O amas # Data - fiti* 7
ﬂ EroroT | TTTT | TTTT | TTTT | TTTT | TTTT I TTTT | TTTT | TTTT | TTTT LIJ 200 __ vg = 1 3 Tev -1 39 fb’1 .tftf El tf—'—llght __
€ 3500 . ’ ]
:>J’ C ?_TL':gT V., 139 fb™! ;gtaflta igﬂl- ht . 1so: Signal regions [(Jtt+>1c Wtt+=1b ]
£ 1s=13 16V, +19 ] E 1L,9j,4b [@non-tt 7 Uncertainty 1
3000 1L,>9j,>3b [tt+>1c Wti+>1b — Eo " 7 E
[Eur. Phys J C 79 (2019) 970] C Pre-Fit Wnon-ti 7 Uncertainty 160: Post-Fit - normalised to tot. bkg.
L 13 ’ y . y 2500~ *: normalised to tot. bkg. 140 —
2 | ATLAS {s=13TeV, 805 fb’ ] - ] 1201 E
= 1.2 MV2, 110<jetp_< 140 GeV 4 2000 B = E
§ C T B i Lepton , R S o VR :
o . 1 1500 I . W R E
5 118 : jet I ]
o o 1 ook ) E . . 60 =
s —— 3 : N : kinemati ]
I o g — [ L e N 40 -
- 1 500~ 27 L 1
s - ] - B CS 20 -

& 08 —+- Scale factor (stat. unc.) = WE_,,,,,,,.__,__ _______________ i S e W e rw w f e
C Scale factor (total unc.) 13 ; 25§ E S g 3
C 1 1 | 1 1 o PR y / 7 e TE ° . * + ]

= ~ — e, - (/i o e o ek,

0-8500-85% 8577% 77-70% 70.60% 60-0% = % W‘“{WW/W/ g ‘ e 2 E
D, 0P & 0755 %fz g osf :
15 16 17 18 19 20 21 22 23 24 25 1 208 060402 0 02 04 06 08 1
Sum of b-tag scores BDT Score
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Events

_L _k
[ <
r

—
o
T

o =
N0

Data / Pred.

Fit result

Signal regions and control regions are used as input to a
binned profiled likelihood fit

m T T T T
. . c 10° =
HT used in CRs and BDT used in SRs g - E '\?_T’-AS 1 ;Data -
L - \s=13TeV, 139 fb signal (u=1.0) —
The measured p found to be: ~ 1L/2LOS - _ :

B signal (u_=2.2)
SM __ +1 6 +O 7 +1 Post-Fit fit
U =ogilos: =227 0 =227 (stat.)” (syst) 10 | []Background —
— 7/ ]
Measured cross sectlon. - 77, Bkg. Unc. ]
— AN+H1T +15 N i
Observed (expected) significance: 1.9 (1.0) o - .
artas 0 ypaa € Pamas 77 ypa e 10°E E
[ Vs=13TeV, 139 fo mii  Otight 1 & Vs=13TeV, 139 fb" Wit Oii+light c =
L Otte>1c mit>1o 2L0S O+l @t>1b C ]
Post-Fit [@non-tt /2 Uncertainty 10*F Post-Fit mnon-tt 7/ Uncertainty 1 - —
*: normalised to tot. bkg. ] *: normalised to tot. bkg. |
l 1 ] 1 ! 1 1 1 1 ! l 1 1 1 1 l 1 1 1 1 l l -
2 1.6 ... signal (u=1.0) + Bkg. E
@ 1‘215_ — signal (u_=2.2) + Bkg. E
© 25 iR =
g 1 it
‘ | 25 ) 15 1 05
5 B 12

;—WWW % 0.7; - ° . -~ - L .- -4 & Iog10(S/B)

SLAL  ZHIZHENG 10



Systematics

The dominant systematics
uncertainties are coming from
four-top signal and 77+jets
modeling uncertainties
Substantial impact from JES
uncertainties and from b-tagging
mis-tagging rates on light-jets

SLAL  ZWZHENG

Uncertainty source Aoy [H]
Signal Modelling
» tttt modelling +8 -3
Background Modelling
——— > tt+>1b modelling +8 -7
————————> tt+>1c modelling +5 -4
——— > tt+jets reweighting +4 -3
Other background modelling +4 -3
tt+light modelling +2 -2
Experimental
—— > Jet energy scale and resolution +6 -4
» b-tagging efficiency and mis-tag rates +4 -3
MC statistical uncertainties +2 -2
Luminosity <1
Other uncertainties <1
Total systematic uncertainty +15 -12
Statistical uncertainty +8 -8
Total uncertainty +17  -15
11



Combination with SSML

The combined four top cross section: ;.- = 257 fb
Compared with 65 = 12 £ 2.4 fb

Ittt
Compatible with the SM prediction with 2.0 o

Observed (expected) significance: 4.7 (2.6) 0

ATLAS Vs =13 TeV, 139 fb™
L L DL L L L DL LB LR LA B

— tot. titt
stat. Tot. ( Stat., Syst. ) Obs. Sig.

+1.6 +0.7 +1.5

Evidence for four top = mwaos| e 2252 (%7 5) 190

+0.8 +0.4 +0.7

2LSS/3L F o - 20 o6 (L9045 04) 430

0.8 04 40
Combined o —i 20 o5 (L% to.; ) 470

OH”1””2HH3H”4I |5”H6H”7HH8HH9H 5

SM
Best-fit u = G”/ Oni

SLAL  ZHIZHENG

Data / Bkg.

L L L L L B L
- ATLAS ¢ Data -
10° _Vs=13TeV, 139 fo’! signal (u=1.0) _
E 1L/2LOS+2LSS/3L signal (u =2.0 3

- Post-Fit B signal 1,,-2.0) .

. [ ]Background N
10°E %2/, Bkg. Unc. E
1035_ =
1025— -
- e
: | | ! | 1 | ] ! 1 1 | 1 ! 1 I 1 1 | I—_
4 signal (u=1.0) + Bkg. =
3~ — signal (u_=2.0) + Bkg. ]
2_ fit ]

1 1 1
25 =2 15 — 05 0 0.5
Iog (S/B)
12
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Reinterpretation: What is available on HEPData

Reinterpretation material provid
in hepdata

 Data and background (split
component) in SRs, CRs anc

ed

0Y
VRs

 Data and background (split

0Y

component) for key distributions
( sum of b-tag score, Njets, HT)

in BDT training regions

 Ranking and group impact table

« Workspace

SLAL  ZHIZHENG

< Hide Publication Information

Measurement of the ¢£tt production cross
section in pp collisions at 1/s=13 TeV with
the ATLAS detector

The ATLAS collaboration

Aad, Georges , Abbott, Braden Keim , Abbott, Dale , Abed
Abud, Adam , Abeling, Kira , Abhayasinghe, Deshan Kavishka ,
Abidi, Haider , Abramowicz, Halina , Abreu, Henso , Abulaiti,
Yiming

JHEP 11 (2021) 118, 2021.

https://doi.org/10.17182/hepdata.105039

|#” HistFactory [l |+ HistFactory

Abstract (data abstract)

CERN-LHC, ATLAS. Measurements of the of four-top-quark
production cross section using events with single lepton
(electron or muon) or an opposite-sign lepton pair, in
association with multiple jets in proton-proton collisions at a
centre-of-mass energy of 13 TeV with 139 fbA-1 of data. The
result is combined with the previous measurement performed
by the ATLAS Collaboration in the multilepton final state.

< Download All ~

|#” View Analyses v

Y

Data from Figure 05(d) auxiliary
10.17182/hepdata.105039.v1/t22

Comparison between data and prediction
for the distribution of b-jets multiplicity in
the 2LOS,>6j,>3b region after the fit.

Table 23: 1L,9j,4b SR BDT>

score prefit

Data from Figure 06(a) auxiliary
10.17182/hepdata.105039.v1/t23

Comparison between data and prediction
for the distribution of the BDT score in the
1L,9j,4b signal region before the fit.

Data from Figure 07(a)
10.17182/hepdata.105039.v1/t24

Comparison between data and prediction
for the distribution of the BDT score in the
1L,9j,4b signal region after the fit.

Data from Figure 06(b) auxiliary
10.17182/hepdata.105039.v1/t25

Comparison between data and prediction
far the distributian afthe RDT ccare inthe
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https://www.hepdata.net/record/ins1869695

Events

Data / Pred.

220

180
160
140
120
100F

SR RN AN R LN IR IR RN REULE RNE
F ATLAS ¢ Data ---titt* ]
200F Vs=13TeV, 139" [T  [Jtixlight 3
E Signal regions [Jtt+>1c [@tt+>1b =
£ 1L,9j,4b [Enon-tt 77 Uncertainty
- Post-Fit *: normalised to tot. bkg. —

Reinterpretation material

Data and background in each bin
used in the analysis

[ A N

i S

AR ERARN ARRS AR

i

208 06 0402 0 02 04 06 08
BDT Score

|
-
—_
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Variables

titt
tt+light
tt+>1c
tt+>1b
tIW

tiz

ttH

Single top
V+jets
others

Total

Summed error

Data

120—

100—

80‘—1 —_—

60—

40—

20—

-

-10 -08 -06 -04 -0.2 00 02 04 06 08 1.0
BDT Score

SQRT(s)
LUMINOSITY

BDT Score

-0.6891 (bin:
-1--0.3782)

-0.2505 (bin:
-0.3782 -
-0.1228)

-0.0246 (bin:
-0.1228 -
0.0736)

0.1546 (bin:
0.0736 -
0.2356)

0.3063 (bin:
0.2356 -
0.377)

0.4372 (bin:
0.377 -
0.4974)

0.5503 (bin:
0.4974 -
0.6032)

0.6519 (bin:
0.6032 -
0.7006)

0.7499 (bin:
0.7006 -
0.7992)

0.8996 (bin:
0.7992-1)

13000 GeV
139 fb—1
titt  tt
+light
021 2.7
047 2.4
0.64 0.91
075 1.7
0.89 1.1
0.99 0.70
11 077
1.1 032
1.3 018
1.3 0.050

IV &
+

1c

16

15

12

7.9

8.2

5.4

4.8

3.2

2.0

0.76

AVARSS
+

1b

79

75

69

63

56

46

39

30

21

10

W

0.30

0.29

0.24

0.32

031

0.24

0.31

0.31

0.095

tiz

15

1.6

11

0.27

2.1

3.0

3.2

33

33

3.1

2.8

2.5

2.1

11

Single
top

2.2

1.2

11

2.8

0.46

0.54

Vijets

2.5

1.8

0.82

0.72

0.56

0.54

0.74

0.28

0.57

0.18

others

0.30

0.30

0.16

0.19

0.31

0.14

0.20

0.12

0.11

0.18

15

Total

107 30

101 28

90 25

80 223

74 21

58 #17

52 115

39 :11

29 18

14 :a



Reinterpretation material

Work space

Can access the workspace used in the
analysis for both 1LOS analysis and
combination

Can play the workspace with pyhf

SLAL  ZWZHENG

workspace_1L0S.json 10.17182/hepdata.105039.v1/r1

Archive of full likelihood from the 1L/2LOS channel in the

{
"channels": [
{
"name": "ljets_8j3bL_CR__HT_all",
"samples": [
{

"data": [
0.2619302106314403,
3.551365528672369,
3.618559846462551,
1.9899839472282626,
0.9043540460099155,
0.7127012527272792

1k

"modifiers": [

{
"data": null,
"name": "lumi",
"type": "lumi"
}?
{
"data": {
"hi": 1.2,
"lo":0.8
)

"name": "tttt_Xsec",
"type": "normsys"

b
{

& Download All +

|+ View Analyses v

Y

Data from Figure 05(d) auxiliary
10.17182/hepdata.105039.v1/t22

Comparison between data and prediction
for the distribution of b-jets multiplicity in
the 2LOS,>6j,>3b region after the fit.

Table 23: 1L,9j,4b SR BDT >
score prefit

Data from Figure 06(a) auxiliary
10.17182/hepdata.105039.v1/t23

Comparison between data and prediction
for the distribution of the BDT score in the
1L,9j,4b signal region before the fit.

Data from Figure 07(a)
10.17182/hepdata.105039.v1/t24

Comparison between data and prediction
for the distribution of the BDT score in the
1L,9j,4b signal region after the fit.

Data from Figure 06(b) auxiliary
10.17182/hepdata.105039.v1/t25

Comparison between data and prediction
far the distributian afthe RDT ccare inthe
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Conclusion

ATLAS finds further confirmation of evidence for four top process

A slight excess in the measured four-top cross section, but still
compatible with SM prediction with 20 in the combination

* Interesting to reinterpret
Understanding the ff+jets background will help improve the analysis

SLAL  ZHIZHENG 17
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Systematics

Uncertainty source Description Components (number)
t7+>1b normalisation +50% ti+b, ti+bb, ti+B, ti+>3b (4)
ti+>1c normalisation +50% ti+>1c (1)

Generator choice

PS choice

Renormalisation scale
Factorisation scale

PowHEG v§s MADGRAPHS_AMC @NLO
PyTtHiA 8 vs HERWIG 7

Varying u, in POWHEG
Varying u; in POWHEG

(t7+light, t7+>1c, ti+b, ti+bb, ti+B, ti+>3b)
® (shape, migration) (12)
(ti+light, t7+>1c, ti+b, ti+bb, ti+B, ti+>3b)
® (shape, migration) (12)
ti+light, tt+>1c, tt+>1b (3)
ti+light, ti+>1c, tt+>1b (3)

ISR Varying ag N (PS) in PyTHia 8 tT+light, t7+>1c, ti+>1b (3)

FSR Varying p; (PS) in PyTHia 8 ti+light, ti+>1c, tt+>1b (3)

5FS vs 4FS PowHEGBOXREs (4FS) vs PowneGBox (5FS) ti+b, tt+bb, tt+B, ti+>3b (4)
1l A

Ik M\

ZHI ZHENG

Pre-fit impact on p:

16="8+A8 6 = 8-A0
Post-fit impact on p.:
o =08+A0 6 = 8-A8

—e— Nuis. Param. Pull

tttt cross section

titt PS choice

ttbb 5FS vs. 4FS

tt+>1c normalisation

ttt noandp

b-tagging: light jets mis-tag rates EVO
ttbb generator choice shape

tt+>3b normalisation

tt+jets reweighting: non-tt subtraction
tt+> 1c generator choice shape
tt+>3b 5FS vs. 4FS

ttB normalisation

JES modelling EV1

JES pile-up p-topology

ttB 5FS vs. 4FS

tt+light generator choice migration
JES flavour composition tftt

ttH + jets cross section

JES flavour response

single-top-quark generator choice

2 -15 -

An
-06 -04 -02 0 02 04 06

ATLAS
Vs=13TeV, 139 fb™

—E—

s

I

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

19
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tt+jets modeling

wn
F=

Y

Events / 200 GeV

Data / Pred.

_l LI | L I L I LI I LI | LI | LI I L | [ l_
_ ATLAS ¢ Data B titt J
10000 (s =13 TeV, 139 fb™" [ Jtt+light [Ctt+>1c —
" tt+jets uncorrected Wtt+>1b [non-tt |
- 1L,>8j,>3b 2~ Uncertainty _
8000\ —
u o ncorrected -
6000 u
- % i
- . —
4000~~~ / —
2000\ 2.
- A,
B -

200 400 600 800 1000 1200 1400 1600 1800 2000

H' [GeV]

% _I L | LI | L I L | LI | LI | LI | LI | LI I_
[0} . ATLAS ¢ Data Bttt J
§1oooo— \I_§=13 TeV, 139 fb" [ Jtt+light Ctt+>1c —
Ny _ tt+jets corrected Btt+>1b [Mnon-tt |
2 | 1L,28j,>3b ~~ Uncertainty i
3 8000 -
7 |

6000 corrected -

NRR

4000

2000

||l T T l L I LI ] 1T 1 I
J

—
., 0 O

2z

Data / Pred.

0.5

200 400 600 800 1000 1200 1400 1600 1800 2000
H' [GeV] 20



BDT training

o1 AL
OGN

ZHI ZHENG

Name Description

>, b-tag  Sum of pseudo-continuous b-tagging score over the six
jets with the highest score

Niets Number of jets

AR,  Minimum AR between all pairs of b-tagged jets

H%H Scalar sum of all jet and lepton transverse momenta

¢l Centrality (33, pr;/ 2.; E;) of the leptons and jets

plTe ad Transverse momentum of the leading jet

ARE]}“ Minimum AR between all pairs of b-tagged jets and leptons

AR;;g Average AR between all pairs of jets

My Invariant mass of the closest triplet of jets

ET™ Missing transverse momentum

m\TN W reconstructed transverse mass my (£, Ex™) (1L)

NiRrjets Number of large-R jets with a mass above 100 GeV

2. d Sum of the first k, splitting scale d;, of all large-R jets

2. dys Sum of the second k, splitting scale d,; of all large-R jets

(= c -
20011T OT NnNic 2ccotic \/\ ')‘\YT!VIII’_")/‘(TIF (‘_r,)-{\l g1 19T~ C-\U '!‘(')
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