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Introduction

e [ttt production is a rare process, in 13 TeV pp collisions:
. NLO QCD+EW: 11.97*18% 5 (R. Frederix, D. Pagani, M. Zaro)

—21%

» adding NLL’ resummation: 13.371“?'16?% fo (M. Beekveld, A. Kulesza, L. Valero)

* Sensitive to heavy new physics, top-Yukawa coupling, ATL-PHYS-PUB-2024-006
: : Top Quark Production Cross Section Measurements Status: April 2024
and a number of four-fermion operators in EFT _
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https://arxiv.org/abs/1711.02116
https://arxiv.org/abs/2212.03259
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-006/
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

State of the art

Measurements and searches in all channels

e e e e e et e e e e e ——

| Combination of |
| - 1L/2LOS
| - 2LSS/ML EPJC 80 (2020) L
Combination of |
| - 1L/2L.OS/all-had
| - 2LSS/ML ERJC 80 (2020) 76 =
. S — e ————————— )
T
|Observation in 2L.SS/ML e
\by ATLAS and CMS ’1
ﬂ . :

LHC Top WG Summary Plots

ATLAS+CMS Preliminary Vs = 13 TeV, November 2023
LHCtopWG
| 04;= 12,0755 (scale) fb & o = 13.4 71 (scale+PDF) fb t: ; | —

JHEP 02 (2018) 031 arXiv:2212.03259 ot stak

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

o,.. Ttot. (£ stat. £syst.) Obs. Sig.

ATLAS, 1L/2LOS, 139 fb™ s
JHEP 11 (2021) 118 —e—— 265 (38 ) fb 190
ATLAS, comb., 139 fb™ 7. 5
JHEP 11 (2021) 118 ; H 24 (¥4 ,) b 4.7 ¢
CMS, 1L/2LOS/all-had, 138 fo” & o 1o
PLB 844 (2023) 138076 — 36 (7 5)1b 390
CMS, comb., 138 fb™ ¥
PLB 844 (2023) 138076 e 1715 (+4 £3) b 4.0 o
ATLAS, 2LSS/3L, 140 b 56 47 40
EPJC 83 (2023) 496 ;= 22.5 55( 45 5,01 610
CMS, 2LSS/3L, 138 fb! et a7 ns
PLB 847 (2023) 138290 Bl 17.7 240 (5 g 10 560

0 20 40 60 80 100 120
Oz LTO]

4



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-005/index.html
http://www.arxiv.org/abs/1908.06463
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-013/index.html
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

State of the art

Measurements and searches in all channels
BSM searches
o ATLAS
« 1L/2LOS channels (submitted to EPJC)
» 2LSS/ML channels (JHEP 07 (2023) 203)
* resonance search using 1L events
(EPJC 84 (2024) 157)
e CMS
 dedicated search using partial Run 2 data
(EPJC 77 (2017) 578)
* interpretation of previous 2LSS/ML results
(EPJC 80 (2020) 75) to constrain heavy
resonances

* Reinterpretation of EFT and Yukawa coupling In
various ATLAS/CMS measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-14/
http://www.arxiv.org/abs/1704.07323
http://www.arxiv.org/abs/1704.07323
http://www.arxiv.org/abs/1908.06463
http://www.arxiv.org/abs/1908.06463
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Path to the observation

EPJC 83 (2023) 681
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/

Path to the observation

2LSS/ML channels have a complicated background composition

Reducible background - mostly from ¢

« events with non-prompt/fake and charge mis-identified (QmisID) leptons
Irreducible backaround: tt W/ttZ/ttH

Events / 100 GeV

Data / Pred.

180
160
140
120

100

500 600 700 800 900 1000 1100 1200 1300 1400 1500
H. [GeV]

C ATLAS
- {s=13TeV, 140 fb™

rrrrfrreeryperrrryprererrprrrrprreryprrrrprrrrp Ty rr
- I I I I I I | ! I

¢ Data B tttt

tW ttZ
I ttH QmisID
B Mat. Conv. [JHF e
Il Low m. B HF n
[ Others ttt
22 Uncertainty

IIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIlI

Events / 50 GeV

Data / Pred.

80F

N O

o

60
40

20

Supplementary 138 fb' (13 TeV)
T T T T T T T T T3
» CMS ¢ Data mmtitt
| W ttz
SR-2/, SR-3/ -t\t/I\'I/(V) (Nzﬁ”promptlo
[ B Charge mis
Postfit ttt Total unc.

1000
Hr [GeV]

400 600 800



Path to the observation

 Non-prompt/fake
« (CMS used classic data-driven method (loose-to-tight ratio)
« ATLAS had a finer classification:
« HFe, HFy, material conversion, internal photon conversion
 each with a dedicated CR and free-floating normalisation

e« 1tW

. ATLAS: NLO QCD+EW, data-driven Nigts distribution (JHEP 10 (2012) 162)

N a
AL ag 1 (a, = 0)

Nj a2+j

« CMS: NLO QCD MC, additional uncertainties based on JHEP 11 (2021) 029
* free-floating normalisation

Rijy1y; =



https://arxiv.org/abs/1208.3676
http://www.arxiv.org/abs/2108.07826

Path to the observation

. . Su;?p/emelntary | | 138 :‘b" (13 TeV}
' - | | | | | | ] — 1
Z'+ - ATLAS ¢ Data ttW ’ % 600+ CMS ¢ Data [ttt .
Z 160~ {5 =13 TeV, 140 fb"' it [ Others — —  aRor SR/ =:m’ ,Kénprompt .
o SORSTFSi? 72 Uncertainty E ; t;X ,c,:lass- , BVV(V) BB Charge misiD .
- - 7 i . -X'Y Other t
120 :7 _: qC) [ Postfit Total unc. ‘
/ 5 > 400_ -
C // : [
40:_ ///// ¢ T
. ® 7/?///// N
- ©
.0 ‘ 0
D F 5 O 45
Dt 2:— | ® - N
_ 7 77 O (| A SR O s B0 R R X RIS
5 Y, A = I . Y
(© 03 . | | | | | ] -ES' 0.5t U— — PR—— RO— FR— p—
- 4 5 6 7 8 9  >10 0O 3 4 5 6 7 8

| Number of jets



Path to the observation

 Key improvement from signal-background discrimination strategy

 ATLAS use a single SR: =6 jets, =2 b-tagged jets,
Ht > 500 GeV (scalar sum of lepton/jet pr)
 Graph Neural Networks (GNN) for S-B separation

* increased weights in training for ttW with =7 jets
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Path to the observation
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BSM Interpretation — Yukawa coupling

» Top-Yukawa coupling x; and CP mixing

» ATLAS: using the observation results, observed (expected) 95% CL limit |k, | < 1.9 (1.6)

CMS: using the all-had/1L/2L.OS/2L.SS/ML combination (best-fit p=1.4)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://link.springer.com/article/10.1140/epjc/s10052-024-12458-6

O = ((Rr"R)IRY,1R)
BSM Interpretation — EFT 6L = (01700, 7,0)

@th = (QL}’ﬂQL)(fRylutR)

S — () ,uTA " TA
* 5 operators with different coupling structures iQt (?Ly AQL)(?W :R)
» 4 degrees of freedoms Opp = (OLr*T0 ) (Ory,T0p)

* heavy-heavy type four-fermion operators:

Ir: right-handed weak isospin singlet
O, : left-handed weak isospin doublet

CMS 1L/2L.OS channel + 2LSS/ML channel using
35.9 fb-1 Run 2 data (2018)

- best-fity = 1.4%1-2

ATLAS observation results

~1.0
K = PO T T T Operator Expected Cy./ A? (TeV~2) Observed (TeV?)
perators | Expected C;/A~ [Te ] served C; /A~ [Te | o) —2.0,1.9] (—2.2,2.1
| F R i .
Obo 25,32 i 0L —2.0,1.9 —2.2,2.0
O, 6 21 -3.8,3.4] ) | | | |
0}, -1.2,14 -1.9,2.1° O —34,33] —3.7, 3.5]
0;,, -4.3,5.1 -6.9,7.6 O —7.4,6.3] —8.0, 6.8]



http://www.arxiv.org/pdf/1906.02805
http://www.arxiv.org/abs/1710.10614

BSM Interpretation — EFT

 Higgs oblique parameter H modifies the propagation of the SM Higgs boson A Greho M. Mccullough

H
Zy=—|D'DHY
mf

 Better sensitivity via ¢f¢f production than on-shell Higgs production in other channels
e 95% CL upper limit

« CMS interpretation of the previous 21 SS/ML results (best-fit y = 1.0)
2 E:’JC 83 (2023) 496 Erratum EPJC 84 (2024) 156
e H <0.12 < 9
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
https://arxiv.org/abs/1903.07725
https://arxiv.org/abs/1903.07725
https://arxiv.org/abs/1903.07725
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://link.springer.com/article/10.1140/epjc/s10052-024-12458-6

SearCh fOr 2HDM th/H —> l—ftf JHEP 07 (2023) 203

 ATLAS 2LSS/ML channel: similar strategy as the observation analysis
» Additional BDT to separate BSM vs SM ¢ttt

*: normalised to total background *: normalised to total background *: normalised to total background
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/

3bL = Light-flavour enriched
3bH = Heavy-flavour enriched

Search for 2HDM tA/H — trtr /=

Name Ng()“/ NZO% NES /
« ATLAS 1L/2LOS channel (arXiv:2408.17164, submitted to EPJC) iEL _, f3
 Events categorised using number of jets and various b-tagging 3bH - - >3
- 3bV =3 =3 =3

requirements >4b (2LOS) - > 4 i
* The b-tagging requirements enhance separation between different ibst()l(Ll)L) : -t

It subcategories: ff+=1b, tr+=1c and rr+light ATLAS Simulation flight  flezlc [fisb

e using particle-level jets matched to b/c hadrons (s=13 TeV, 139 fb’ Wit+B  Wti+bb Et+>3b

1L I titt I Other
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e (t+=>1b: tt+b/B/bb/=3b
 according to number of jets matched to b-hadrons

b vs. B: asingle vs. a pair of b-hadrons matched to
a particle-level jet

Relative contribution
o
~d



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/

Search for 2HDM 1tA/H — titt

Data-driven corrections on tf+jets background

Flavour rescaling: correct normalisation of tf+=1b, tf+=1c and tf+light

Multi-dimensional kinematic reweighting based a neural network (NN)

trained as a binary classifier of data vs. #f simulation
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*: normalised to total post-fit Bkg.

@ mER RN AN R RN LAREN RN RRRN REREN LR RS
g 80:— ATLAS ‘t?ﬁti tttt m, = 700 GeV -
- Us=13TeV, 139" 7 fiH — fift my, = 700 GeV * -
2oF. 2LOS, 28], >4b ] it E
— — " Post-Fit ] tt+light .
B :}tt+>1c —
Search for 2HDM #A/H — tttt - =i
- ] Others . .
501 " Prafi By =
 GNN to optimise the signal-background discrimination -
e A list of higher-level variables (sum of jet b-tag scores, H, ... ) » - o
20

included as global features o |
* helps with the validation of the background modelling 5 opbeanhinnd +
* the training converge faster and less prone to training statistics s 1;;//////% _____ __/__/gg////// ///,/,// //////{///é
* In final fit SM 717 cross-section is fixed to the prediction R I Y Ty S
GNN Score

 Combined with the 2LSS/ML results
 2LSS/ML drives the sensitivity
« 1L/2LOS introduces a larger improvement at high masses

1 O I l I I I I l I I 1 | I 1 1 I | I | I | | l I I I | I 1 1 1 1 I 1
ATLAS Preliminary —eo— (bserved limit (Combined)

(s=13Tev. 139 f5! — — Expected limit (Combined)
| t1c (Combined)

1 1L/2LOS+2LSS/ML +2 6 (Combined)

- Expected limit (1L/2LOS)

—rimim Expected limit (2LSS/ML)

—— tanB = 0.5 (H)

—— tanB =1.0 (H)

| ]llllll]
| llllllll

T T T
| llllllI
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Search for 2HDM 1tA/H — titt

 More on 2HDM and scalar search by Eleanor

ATLAS - this analysis (arXiv:2408.17164)
Sgluon pair production S¢S¢ — trtt

ATLAS - this analysis CMS previous 2LSS/ML result

(arX/V..2408. 7 77 64’) B IEI = L L L L L L L L L L L 3
3 B I | | | I | I I I I I I I I I | lOlb | I ldl | | I | I I I | 3.0 CMS 137 fb (13 TeV) & E ATLAS ‘ Observed (Combined) E
i ATLAS 1 SeTVe ] 95% CL exclusion regions femry — \l_ — 13 TeV. 139 fb1 — , -

- Vs=13TeV, 1391 -=== Observedticy,,, ] = Observed = S = ev, xpected (combined)
2.5 N j‘\I;I/IZLCiS "'tg;S/S/C'\fL — = EXxpected ; 2.5: ==t Median expected, £1 Oexperiment TOO 1 = 1L/2LOS+2LSS/ML Expected+ic (combined) =
: imits at 95% Expected+1 | i /e » =1 Uexperimen - . 3
: Xp S oxperiment : ol + bsoudoscala % - All limits at 95% CL Expected+2c (combined) 1
SN Scalar + pseudo-scalar — 1 - n
N P - e X 10-TL - Expected (1L/2LOS) _
1 a - C’D?o 5 mmms Expected (2LSS/ML) =
1 T 0 - R g
1 3 N - Theory (LO) _
i T 107 ERRN,. E
~~ o3 E N O\ -
b - ]

0.5
10°E E
oo—m>—m™—™——m—m———————F—F—F— - v Py e by e b b ey PSS by | -
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http://www.arxiv.org/abs/1908.06463
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/

Summary

e {1ttt production observed by ATLAS and CMS experiments

 both experiments outperformed the earlier projection
 measured cross section slightly higher than the prediction

* results can still benefit from more data e il
..7:‘

e Direct BSM searches and reinterpretation of the measurements i3 4 2
P MAY THE 7TOPS BE WITH YOUL

* nothing significant so far - not the end of the story!

g 9 L ] L ] L I L l T I LI I | T_

o - ATLAS -

E‘ . s =14 TeV, Projection from Run 2 data _:

: — — . 2 F Run 2 :

* Run 3 with {/s=13.6 TeV — 20% larger tftt cross section § I Run 2 Improved :
= 70 ]

- - -

o 15.822'15?% fo at 13.6 TeV (M. Beekveld, A. Kulesza, L. Valero) o [ :
. | . . 61 -

* Iindependent data to check against what we saw in Run 2 : :
 much improved BSM search sensitivity when combining Run 2 + Run 3 5 —
| K Z

4 ~

3| =

| I I . | I L1 11 l L1 1 1 | L 1 1 l L1 1 1 l L1 1 1 I L1
20 500 1000 1500 2000 2500 3000
Integrated Luminosity (fb™)


https://arxiv.org/abs/2212.03259




tttt production

‘0000000" > t

Interference' ®----

Sub-leading:
O3y, O(@3a)

~7 fo LO1 LO2 LO3 LO4 LOs

NLO1 NLO2 NLO3 NLO4 NLOs NLOs

omLo/ Lo, [ % ]

R. Frederix, D. Pagani, M. Zaro

~ Sub-leading:
~ O(agy}), O(aza?)

e oy ) Olarn

LO, —26.0 —28.3 —30.9
LOg3 32.6 39.0 45.9
LOy4 0.2 0.3 0.4
LOs 0.02 0.03 0.05
NLO; 14.0 62.7 103.5
NLO- 8.6 —3.3 —15.1
NLO; ~10.3 1.8 16.1
NLOy4 2.3 2.8 3.6
NLOs 0.12 0.16 0.19
NLOg < 0.01 < 0.01 < 0.01
NLOs + NLOs3 —1.7 —1.6 0.9
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https://arxiv.org/abs/1711.02116

The role of 11t

b tttw

 Strong correlation with tftf seen by both experiments

e tttW indistinguishable from f¢¢¢t

 NLO prediction from G. Durieux: 2 fb +15% g
* higher order and EW correlations largely cancel (apart from NLO QCD)

* need better modelling and dedicated separation strategy in future analyses

o (ttt) [fo]

30

25

20

15

10f

CMS supplementary 138 fo (13 TeV)

720 |
68% CL N
...... 9 18 [> 3100 L L L L L L L B LB L BB LR
=1 =, ATLAS
16 [~ E= (s=13TeV, 140 o'
© 80 Obs: Exp:

= 58% CL ---68% CL
= 95% CL ---95% CL

® SM
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tttW only, H. Faham, G. Durieux, et al
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https://github.com/gdurieux/triple-top-nlo
https://indico.cern.ch/event/1375202/contributions/5879882/attachments/2845477/4975002/ElFaham_3t_vs_4t_TOPWG_2024.pdf

CMS: all-had/1L/2LOS channels

e 1L and 2LOS channels

 All-had channel: first ¢f¢f analysis using this channel

SR/CR/VR defined using number of jets, b-jets
Each split by number of resolved/boosted top candidates

Background estimate relies on profile likelihood fit to CR+SR
S-B separation: 1L BDT; 2LOS Hr (scalar sum of jet pr)

data-driven background estimate - extrapolated from CR to SR

SR/CR defined using number of leptons, jets and b-jets
1L also uses the number of top candidates, identified using
a BDT-based resolved top tagger

and Ht

ABCD method for normalisation
DDN trained to predict the shape

BDT used for S-B separation

OSDL
(2017+2018)

Single-lepton

All-hadronic

Combination of above

SSDL&ML (2016-2018)
EPJC 80 (2020) 75

OSDL (2016)
JHEP 11 (2019) 082

Full combination

W
o
o

Events / bin

N
o)
o

200}
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Obs / Exp
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A B
- CMS
- All-hadronic

: Ngrr=1, NgT 21
:_ HTZ14OO GeV

o

¢

.
.

l

Data

QCD + tt
other backgrounds
tt+Handtt+V
tttt ]
Prefit unc.

150}

50}

[/ /

////////////

s ¢4

/.

% %

7. %

7 777

B

0.6-

L R T I TR TR
0.6 0.8 1.0

BDT discriminant

CMS Supplementary 138 fb~' (13 TeV)
H Total unc. Stat. unc. SM prediction Observed  Exp. Sig. Obs. Sig.
® Central value (Stat., Syst.) (s.d.) (s.d.)

— o — 28 (179,13 06 1.9
F o 4 12(%56, %8 1.2 1.4
— ® —] 58(4.730) 04 2.5
H-o-H 25(102,793) 15 3.9
o] 1.0 (195,03 27 2.6
- ° — 0.2(1Z,13) 04 0.0
o] 1.4 (33,83 32 4.0
I R N | 1 N N N S B

9 10 11 12 13 14 15 16
best fit p = O/ Otshl%/'
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 Similar strategy used by ATLAS and CMS
categorise events according to number of leptons, jets, b-jets, and boosted top candidates
Boosted Decision Tree (BDT) for signal-background separation

All-had/1L/2LOS channel

 (Compatible results from different channels and between ATLAS and CMS

1L/2LOS

2LSS/3L

Combined

ATLAS \s =13 TeV, 139 b
| L I L L I IIIIIIIIIIIIIIII I | L | UL | LI L | L L
— {01, tttt
stat. Tot. ( Stat., Syst. ) Obs. Sig.
—_ ey 22 75 (707 T5) 190
TP 20 0o (Toa . 0s) 430
@ 20 ‘o (4. Tot) 4To
| I | I | I | I | I | I L1 11 | | I | | | I | I | I | I | I I | | L1 11 | | I I I |
0 1 2 3 4 5 6 7 8 9 10
SM

Best-fit u = Gtm/ c

tttt

OSDL
(2017+2018)

Single-lepton

All-hadronic

Combination of above

SSDL&ML (2016-2018)
EPJC 80 (2020) 75

OSDL (2016)
JHEP 11 (2019) 082

Full combination

CMS Supplementary 138 b~ (13 TeV)
H Total unc. Stat. unc. SM prediction Observed  Exp. Sig. Obs. Sig.
® Central value (Stat., Syst.)  (s.d.) (s.d.)

— o 28 (5,132 06 1.9
F o 4 1.2 (%96, %08) 1.2 1.4
— ° —] 58(1%.%2) 04 2.5
- 25(82,%9 15 3.9
| @ | 1.0 (*84.703) 27 2.6
- ° —] 0.2 (17,73 04 0.0
| o] 1.4(03,:3%) 82 4.0
L1 L1 | I T T T N
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ttit production

« An important background for tftf - potentially a signal very soon
* two different groups of processes: tttW (dominant) and tttj (subleading)
« 4 vs 5 flavour scheme
* For tttW, interference with tttt already at LO when using 4FS; NLO when using 5FS

» difficult to separate from tttt

« NLO QCD prediction from Gauthier: 2 fb “_LBZZ (scales) +5.9% (pdf)

* On-going studies for further improvement (Hesham El Faham, Gauthier, et al)

* choice of the theorist HT/8 —> gives minimal scale variation

 inclusion of NLO EW corrections

tttW only, Hesham El Faham, Gauthier, et al

tttW only, Hesham El Faham, Gauthier, et aI3 _ ‘ | —— LO2/LO1
Gauthier LO 0.41 fb -20% +20% (+0.3%) LL LO3/LO1
LO1 0.27 fb -30% +40% (%0.2%) 9
TR LY es]  L02  -0.18 fb  +30%.--20% (0.1%) !
QCD+EW +LOEW LO3 0.31 fb  -10% /+20% (0.2%) L
: L04 0.013 fb =9%  +8% (+0.3%) ——
tttj+ 0.2 0.11 -0.088 0.098 0.12 0.21 0 022 T 7% (21%) N
tttj- 0.44 0.24 -0.19 0.24 0.29 0.49 NLO1 0.21 fo/-7%  +2% (:0.8%) | e mrmammmm——mmem———==m ==
ttw+  0.52 029  -0.19 0.33 0.43 0.66 g5 TaR BN AR e A -11’_r_,_,_:—~H‘
NLO3 0.057 fb -60% +50% (%1%)
ttW- 0.52 0.29 -0.19 0.33 0.43 0.66 NLOZ  0.0042 fb  —20% 420% (27%) | | |
Total 1.68 0.93 -0.658 0.998 1.27 2.02 NLO5 ©0.0017 fb  -4%  +5% (%1%) 0 100 200 300 400

pr(ty) [GeV]


https://github.com/gdurieux/triple-top-nlo
https://indico.cern.ch/event/1375202/contributions/5879882/attachments/2845477/4975002/ElFaham_3t_vs_4t_TOPWG_2024.pdf
https://indico.cern.ch/event/1375202/contributions/5879882/attachments/2845477/4975002/ElFaham_3t_vs_4t_TOPWG_2024.pdf
https://github.com/gdurieux/triple-top-nlo
https://indico.cern.ch/event/1375202/contributions/5879882/attachments/2845477/4975002/ElFaham_3t_vs_4t_TOPWG_2024.pdf

Observation of r717 production

* Using events in 2LSS/ML channel
* requiring =2 SS leptons:

 leading lepton pr > 28 GeV

Events / 100 GeV

» subleading leptons p+ > 15 GeV

o jets pr>20 GeV

 Simple SR selection
« >0 jets, =2 b-tagged jets (77% eff.), Hy > 500 GeV

e Selected

e 38 signal events (pre-fit)

482 data events

* Hy: scalar sum of all leptons and jets py @

Data / Pred.

160

140F

180

120F

EPJC 83 (2023) 496

- Vs =13 TeV, 140 fb™
- SR
[ Post-Fit

100

60F

40 -
_-
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80

OF
1.25F
1
0.75F

¢ Data Ml tiit -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/

Background estimate

Combining MC and data-driven techniques

Reducible background - mainly from #f (~20%)

events with charge mis-identified leptons (QmisID)
 data-driven QmisID rates using Z — ee events ~( pr, 17 )
events with fake/non-prompt leptons

« material conversion, low m ., HFe, HFp

* using MC templates, with free floating normalisation,

Y

with dedicated CR for each
Irreducible background (~60%)

tTW: MC with data-driven N-jets (JHEP10(2012)162)

Rijy1y; =

regions

Other backgrounds from simulations
Profile likelihood fit with all CRs and SR
determine background and signal simultaneously

Nis1

N;

ay

a +J
« fit the N-jets distributions separately in W' and tfW~

(a; = 0)

SR
ttw 127 + 35
ttZ 79 + 15
ttH 68 + 10
QmisID 27 + 4
Mat. Conv. 30 +£ 8
HF e 23+24
HF u 9+4
Low m.- 15+5
Others 50 £ 10
tit 29+0.9
Total bkg 412 + 21
ttt 69 + 15
Total 480 + 19
Data 482

Evenis/ 100 GeV

Data / Pred.

180:— ATLAS ¢ Data .titf
- Vs =13 TeV, 140 fo' []ttW ttZ
160 SR -ﬁH QmisID
- Post-Fit I Mat. Conv. HF e
140 Mlowm, WHF
120 ] Others ttt

100

80

60

y !

72 Uncertainty B
40 —

20

OF ]
1.25F E
1 %/4////%//y-/////*///%//)%/////%///%W%

0.75F
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500 600 700 800 900 100011001200 13001400 1500
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https://arxiv.org/abs/1208.3676

Path to the observation - ATLAS

 Combining MC and data-driven techniques ; I T ; r doun | mm
* Reducible background :gﬁ?slﬁﬁ:’ E % - Pos E @
» events with fake/non-prompt leptons o - D i TR

* using shape from MC, with free floating normalisation in the __ L

profiling, with dedicated CR for each
 QmislID: data-driven QmislID rates using Drell-Yan events,

11311111111111111111111111111

parametrised as ( py, 17 ) % S R %
* Irreducible background (~60%) S
« (tW: MC includes NLO QCD + EW (t-W scattering) contributions 2 CFamas | eom | mw
+  with data-driven N-jets (JHEP10(2012)162) g g Py 87
N p a a
R(J'+1)/j — ]J\gl = dp aza_ll_j (a; =0) 1:24 0.51£0.10 0.22
« fit the N-jets distributions separately in 17 W™ and W™ regions o0F
e Other backgrounds from simulations ZZ

29


https://arxiv.org/abs/1208.3676

Graph neural networks

* Trained in the signal regions

 increased weights assigned to W events with

>/ |ets

Edge Features:

Global Features:

N

jets

Node Features:

Pt

Eta

Phi

E

B-tagging (if jet)
Charge (if
lepton)

Node type

 most important input:
pseudo-continuous b-tagging score

Events

Data / Pred.

300

250

200

150

100

. ATLAS ¢ Data

~ Vs=13TeV, 140 fb™' []ttW

~ SR B ttH

~ Post-Fit I Mat. Conv.
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] Others

2 Uncertainty

nE

| |
B ttit
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HF e
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tit
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Results - SM 71 cross section

> B I | 1 1 | T 1 | 1 1 | 1 1 | 1 1 | 1 1 i _'(2 — | | | | | |
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Systematics

e Stat. dominated measurement

1t W estimate also depend on stat.

e t1tt modelling uncertainties

aMC@NLO+Pythia8 vs. Sherpa
aMC@NLO+Pythia8 vs +Herwig7
both aMC@NLO and Sherpa samples
are LO QCD+EW with NLO QCD

Uncertainty source Ao [fb] Ao /o[ %]
Signal modelling

tttt generator choice +3.7 =277 +17 -12
tttt parton shower model +1.6 -10 +7 -4
Other t7tt modelling +0.8 -05 +4 -2
Background modelling

ttH+jets modelling +09 -0.7 +4 -3

ttW+jets modelling +0.8 -0.8 +4 -3

ttZ+jets modelling +0.5 -04 +2 =2
Other background modelling +05 -04 +2 =2
Non-prompt leptons modelling +04 -03 +2 =2
ttt modelling +03 -02 +1 -1

Charge misassignment +0.1 -0.1 +0 -0
Instrumental

Jet flavour tagging (b-jets) +1.1 -08 +5 -4

Jet uncertainties +1.1 -0.7 +5 =3

Jet flavour tagging (light-flavour jets) +09 -06 +4 -3

Jet flavour tagging (c-jets) +0.5 -04 +2 =2

Simulation sample size +04 -03 +2 -1

Other experimental uncertainties +04 -03 +2 -1

Luminosity +0.2 -02 +1 -1

Total systematic uncertainty +4.6 -34 +20 -16
Statistical

Intrinsic statistical uncertainty +4.2 -39 +19 -17
ttW+jets normalisation and scaling factors +1.2 -1.1 +6 -5

Non-prompt leptons normalisation (HF, Mat. Conv., Low m,+) +04 -03 +2 -1

Total statistical uncertainty +4.7 -43 +21 -19
Total uncertainty +6.6 =55 +29 =25




3bL = Light-flavour enriched
3bH = Heavy-flavour enriched

SearCh fOr 2HDM tlTA / H N tftl_t 3b\V = Validation region

Name N[(;OC/(' NIZOC/( NESC/
ATLAS 1L/2LOS channel (arXiv:2408.17164, submitted to EPJC) iEL _, -
< = -
Events categorised using number of jets and various b-tagging 3bH =3 - >3
. 3bV =3 =3 =3
requirements >4b (2LOS) - > 4
4b (1L) : =
>5b (1L) . > 5
1L channel 2LOS channel
>5b
4b Control
regions Control
regions
3bH .
Flavour
rescaling o , Flavour o :
3bV Validation regions rescaling Validation regions
2b NN kinematic correction J NN kinematic correction J

7] 8] 9j >10j 5i 6] 7] >8]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/

Variable

Description

2ic[1,6) Peb;

Ht
Ivjets
-
dR;
my’
ARz
ARMID
M

avg.
mjj
2. d12
2. dr3
NLR-jets

Centrality

Mgy

Sum of the pcb scores of the six jets with the highest scores

pt sum of all reconstructed leptons and jets

Jet multiplicities

prt sum of the four leading jets in pt divided by the pt sum of the remaining jets
Average AR across all jet pairs

W-boson transverse mass calculated using the lepton four-momenta and E%‘iss (1L only)
Minimum AR between any pair of jets b-tagged at the 70% OP

Minimum AR between any pair of lepton and jet b-tagged at the 70% OP

Average invariant mass of all triplets of jets b-tagged at the 70% OP

Average invariant mass of all jet-triplets with an angular separation of AR < 3
Sum of the first k; splitting scale d1, over all large-R jets

Sum of the second k, splitting scale d, over all large-R jets

Number of large-R jets with a mass greater than 100 GeV

i p% / 2.; Ei where the sums are performed over all reconstructed jets and leptons

Invariant mass of the two leptons (2LOS only)
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_ @ data Pdata (X) _ O(x)

ataP ata
o wix) = UsimPsim(x) 1 -0(x)

a’datanata(x) + sim Psim (X) ,

O(x) = P(data|x) =

Exponential loss function to help with the training in low-stat regime
_ox) O(x)
L = Pgane” 2 + Pgme 2 .

after minimisation &£ = 0
resulting event weight

w(x) = 9™
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Search for heavy resonances - H/A

« Consider 2HDM signal in the alignment limit sin(f — a) ~ 1

400 - 1000 GeV, with 100 GeV steps

« mass width set to 5 - 30 GeV, consistent with tan f = 1
 95% CL upper limit on xsec x BR ~10 fb

« SM tftt normalised to 12 fb, with 20% uncertainty on xsec,

plus other modelling uncertainties

c(pp— ttH/A) x B(H/A— tt) [pb]
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