our top quark

(Experiment)

Slides largely taken also from these talks (both highly recommended):
F. Déliot https://moriond.in2p3.fr/QCD/2023/MondayMorning/Deliot.pdf (ATLAS tttt obs)
K. Skovpen https://indico.cern.ch/event/1231799/attachments/2619648/4528902/kskovpenCERN.pdf (CMS tttt obs)
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LHC: search engine

“Physics beyond the standard model” Advanced Search
Preferences
Google Search || I'm Feeling Lucky Language Tools

hMake your homepage beautiful with art by leading desig
Energy: 7,8,13,14 TeV

Top quark: 600/minute Protons/Bunch: 1.5 101
Higgs boson: 30/minute PRl s ER= M t-ppmae: cunches/oeam: ~3500
Bunch crossing: 40 MHz

Rates:

@2008 - Privacy

u freyablekman  FH physics discussion




History top quark — at the start of LHC

" PRL 74, 2632 (1995) . .
discovery| eru 74, 2626 (1995) precision
6 |1 S T oo 2011 :k Top Quark Mass Uncertainty

>
]
£
4-,
10000s of events §°
CMS 201,50 fb" at (8 =7 TeV .
2 1600/ : |
P s+ Data % |
2 1400 . 2
~ = tt signal 8 |
2 1200 « tf background ¢
3 Jackgroun g,
Fitted Mass  (GeV/c?) 3 1000 = Single top g 4 A M <1GeVic?
s - - - . 800 = Drell-Yan (I 16m"
600 = Diboson fo-' 1 0
f ‘P19 events CDF | 200 Integrated Luminosity (fb )
= 200 s "
S 3 5 :
e 0 150 200R 250t csto% 350[G \7]00 U w ]
L 4 econstructea mass |Ge
E 2 searches )
T 11 1 Lm‘ — , —
ol I ! {heriin. 1

80 120 lwmf(cmam mq“rk
1995, CDF and D@ mw - 0") R

experiments, Fermilab




, o [pb]
3 3

-
o

Prodgption Cross Section
o
| —

—
<
N

1073

Top quark: now

April 2020 CMS Preliminary
B @ 7 TeV CMS measurement (L< 5.0 fb™")
= ‘o @ 8 TeV CMS measurement (L< 19.6 fb™) E
- @ 13 TeV CMS measurement (L < 137 fb™") :
B _._"' o — Theory prediction 4
- =n jet(s) 2 2 % CMS 95%CL limits at 7, 8 and 13 TeV |
= - hg 3
- i v .
N o Z N
- gl & ]
B - = + 0 i
i 7 ]
= 2 . % =
- i-i- - i
= “e S E
: Z 1
D1ty T3 g e T, Tw T, oty Ttzg otz T oty Dotw D owH T otH Tttt

All results at: http://cern.ch/go/pNj7
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BSM signatures in the ttbar phase space

Top quark compositeness (1*)
sGluons etc. |3
A
o
g-g production, g—tt 52? 2 — —
g g-g production, g—tt X,
Vector-like quarks (t/b’) a| ttH

ttbar+DM
Single top+DM
(monotop)

m(ttbar) >> TeV + high MET:
mostly unexplored territory




Use the top quark to break the standard model| | 29xanced Search

Preferences
Google Search || I'm Feeling Lucky Language Tools

Make your homepage beautiful with ant by leading designers

Advertising Programs - Business Solutions - About Google

@2008 - Privacy
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Top pair branching fractions

“alljets” 44%
= SiX Jets

ttjets 15%

B-quark identification
used to reduce background

»‘\:e ut+jets 15%
\).
_ e e+iets 15% .
“dileptons” "lepton+jets™
= two jets, two leptons, MET = four jets, lepton, MET

u freyablekman  FH physics discussion




Top physics: decay channel choice

* Difficulty of isolation of top quark events
inversely proportional to the complexity of
the mass reconstruction

Relatively easy Two neutrinos, ambiguities

Reasonable One neutrino, use missing
transverse energy

Very difficult Possibility to observe top as
‘peak’ in invariant mass
spectrum, no energetic
neutrinos

u freyablekman be. h ann ah !lﬁgs %ya%“kséar%‘!/ub be




tttt: theory and strategy

Cross section ~1 order of
magnitude smaller than ttH

Signatures: 4leptons4b - 3leptons4b2j —
2leptons4b4j -1lepton4b6j — 4b8j

Experimental results don’t always use the
the newest cross section - fb comparison
always better than mu/signal strength

FH physics discussion

10



Analysis strategy

* Depends on final state

* (similar ttH analysis: fewer leptons = more work)
4ttt

3 leptons

leptons . 4%

9%

lepton
39% Dominant background:

ttbar+HF

u freyablekman  FH physics discussion



The top quark ladder

CMS Prelimina

S‘ § 7 TaV CMS measurement (L =5.0 %)

& 1 03 3 - § 8 TaV CMS measurement (L = 196 b

@] s ¢ 13 TeV CMS measurement (L s 137 Ib™)

. R kY —— Thecry prediction

5 102I5_' .n;..g - B YU Z £ CMS 95%CL limits at 7, 8 and 13 TeV
- .

g : -'u R PR

@ 10F ‘.’*—- f
E —

g . : podey .

c | &

S + j_a 24 2

0101 -

- 10 1 e

'8 z

p -

Q102 -

102 s

BB RS R B RRPT RO TR - TR L AL B TiZq T UZ T & THw T T uH T
All rasults at- httplcam,. chigo'pN|7

u freyablekman  FH physics discussion
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Four top quark cross section - what is it?

Complete NLO

102

] . Etitt, 13 TeV
e Substantial cancellation at tree level : ©

between QCD and subdominant EW 103
contributions '

g
: 10 :
= Large NLO corrections 5 19
8 F 1z
. . 105 L |- LOQCD - - 48
e NLO EW corrections are subdominant ° NLO QD — 1S
L Complete NLO — 1o
but can be considerably enhanced at 106 |8
differential level 12

e Full NLO accuracy including one-
loop and real emission corrections

NLOQCD —

. 05 F — ]
with terms of O(a,a?), O(a>), O(a.a), [ Complete ”ILO | ]
O(a?) 600 1000 2000 4000

M(titf) [GeV]
LO(+NLO)
U[fb] LOQCD LOQCD + NLOQCD LO LO 4+ NLO LOgop (+NLOGeD)
p=Hr/4 683770% 11.12775% 7.59758%  11.971)8% 1.11(1.08)

JHEP 02 (2018) 031 PRD 105 (2022) 11 Kl S!(OVpen

u freyablekman  FH physics discussion
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Four top quark cross section - what is it?
NLO + NLLI

161
e Recent calculations at next-to-leading l
logarithmic (NLL’) accuracy t ]
12¢
e Resummation of soft gluon emissions 10l
for four colored particles (for the first .
. &
time)
6.
* Increase in cross section by 15% al
. L o _ |
= Decrease In Scale uncertalntles by 50 /0 2 LUXqed: plus_PDF4LHC15_nnlo_100, v's = 13TeV
0 N-resummed, m;=172.5 GeV, Ho = 2my, 7-point scale uncertainty
v Ox\>/ e@ xe\y xé\g/ xé\gl
arXiv:2212.03259 ¢ & & X<§
&
e
V5 (TeV) o (M) o TN (1) o N (fb) K S
13 11.00(2)F25-2% b 11.46(2) F213% fh 12.73(2) 1'%, b 1.16
13.6 13.14(2) 125 0% b 13.81(2)7207% b 15.16(2) 2% fb 1.15
V5 (TeV) o_i\g%O(QCD+EW) (fb) o_i\g%O(QCD+EW)+NLL (fb) o_i\gaZO(QCD+EW)+NLL’ (fb) Knios

13 11.64(2)T23-2% £ 12.10(2)F135% fb 13.37(2)F35% . fb 1.15

22.8%
13.6 13.80(2)*225% fb 14.47(2)T153% b 15.82(2) "% b 1.15 5 OV p e n
8
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8 amassmoaon
©  F Vs=13TeV, _';"L’f
_On ttbar+HF .‘;:104;JetpT220GeV,lnls2.5 ;;E\ZD
- Entire topic by itself e :
- With theory considerations! i TN
 Also very relevant for ttH SN
production S
s 1-5; __________________________ E
 Important to remember for T T T A O M,
. | 00CMS Simulation Preliminary 2018 (59.8fb")
four-top production: these are & | mosemec ernace
real b quarks g
- 50 just using (tight) b- g
tagging to reject QCD =
background is typically not
the most beneficial strategy
as it cuts (just as) hard into
signal ,

b-jet efficiency

u freyablekman  FH physics discussion
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3
leptons

9%

4

lepto

4%

tttt

ns

Different final states

CMS all-hadronic, |+jets, OSDL: TOP-21-005
(accepted arXiv:2303.03864)

ATLAS I+jets, OSDL: arXiv:1811.02305

39%

u freyablekman  FH physics discussion
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http://arxiv.org/abs/2303.03864
https://arxiv.org/abs/1811.02305

JIHEP 11 (2014) 154

CMS: evidence for titt (I+jets input)

More details: CMS TOP-21-005 arXiv:2303.03864 (Accepted PLB)

Lepton+jets

(0100 £89 d'1d

+ E T T T
e First studied at W L, C]_ ' a3
8 TeV, 20 fb-1 { v, q =
10°F 3
* Production cross b -
S 10'F 2
section = 1 fb "
10°F 1
e Introduce a « trijet »
tagger ina BDT g;; <32 fb @95%CL “f 1 ]
_ ‘ 1381 (13TeV) ! Elc(:n(TeV) *
5 | CcMS Ner21| o - 1op NeT=0 Ner21 |
10 ewajers goiet = g?}bm =cu 2 s * Followed by the study at
H 102l R tt+H 72 Postit unc. 13 Te\/, 1 38 fb'1
‘!.. i | l!'. ” e p & | "
10" ' i'”"“i?,}!i}-,i_‘!" [ di df ” e Apply Hr > 500 GeV
10° e Categorize events based on
101 lepton flavor, jet and b-tagged
o 14 o jet multiplicities, number of
g 1op ity ;H{l H : l{l i }*1 14 resolved top quark candidates
> BOT bin S=14(1.2)c

arXiv:2303.03864 (Submitted to PLB)

0z

u freyablekman
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CMS: evidence for tttt (OS leptons input)

OS leptons+jets

arXiv:2303.03864 (Submitted to PLB)

101 fb~! (13 TeV)
| |

c
. 5104 ¢ Data Bl ti+rare
e Done with 101 fb-' of 13 TeV s | CMS fie21b  mm OEW ‘
2 - .
) - OSDL, N >4 Bl tt+0b .ttt
data @ 103 ’ i+ H 77 Postfit unc.
g etV 1

e Use the Hr > 500 GeV
spectrum in the fit

e Categorize by lepton flavors,
also by jet and b-tagged jet

multiplicities
D 1 ok ; ¢ }
s [ .
8 0.7 1 L ! ! 4
4 5 6 7 >8

Jet multiplicity

S=18(00.6)c

More details: CMS TOP-21-005 arXiv:2303.03864

u freyablekman  FH physics discussion
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CMS: evidence for tttt (all-hadronic input)
All-hadronic

CRsusedin VR | arXiv:2303.03864 (Submitted to PLB)
| CRs used in SR 1

e Done for the first time with 138 fbh-
of 13 TeV data

* Select events with no prompt
isolated leptons in Hr > 700 GeV

I T T > e Use the improved DeepJet b-tagger

v 6 7 8 9 10
N . .
i (13700 * Categorize events in Hr, the number
5 . cms  Fom of boosted top quark candidates, jet
E, All-hadronic BN other backgrounds | and b_tagged Jet mu|t|pl|C|t|e5
w Ner=2 : ;gHandtHV
3001 Hr>1100 GeV ; , ] .
' 77 postitunc  BDT to separate signal from QCD
i A =
200 s ad | and tt backgrounds
100l ”j/”///f//y//f//”i//l : 1 -
////// , * ABCD method to estimate
g ] background
§ ooy S=25(04)0
@) 0.75 1 1 i | 1
8.0 0.2 0.4 0.6 0.8 1.0
BDT discriminant 13

u freyablekman  FH physics discussion




Innovative ML intermezzo

Shape Predictions for BDT and H..

*schematic illustration*

] 5::3 SR
per SR | P : = .
category T cr ! » _;
c ‘ | e ]
\ — | e
E CR
S

BDT discriminant ' —
distribution I CR

(trained on MC) v

*Huang, Krueger, Lacoste, Courville. Neural
Autoregressive Flows. arXiv:1804.00779
*S. Choi. arXiv:2008.0363

15" Int. Conf. on Top-quark Physics (TOP2022)

e Neural net (NN) finds transformation from input

distribution
— target distribution (Neural autoregressive flow)

e Maps simulated tt distributions onto tt + QCD

distributions in 5 CR distributions for
BDT & H, simultaneously

Nicholas Manganelli - UC Riverside

14

u freyablekman
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Innovative ML intermezzo

60 fo-' (13 TeV)

T

S400F " T T T T
E i CMS : 3aCtg+tf
& | Supplementary B other backgrounds |
i 300f All-hadronic wm fi+Handff+V
| Nar22, Nar20 -t
| 700<H;< 1100 Gev  ## Prefitunc.
200}
M /4/
100}
- ////{// //»l//
&1.504”34‘”””' |
Ll
g;-gg///// /Wf%/% %ﬂ%
8.0 0.2 0.4 1.0

More details: CMS TOP-21-005 arXiv:2303.03864

BDT dlscnmmant

transformation 100

auto-regressive
flow DNN

Events / bin

_; Neural net does

bs / Exp

O
050123456789

150

1
1

60 fb~' (13 TeV)
| | u

=

%%
i % ///%///mi////p
27

5
.Of

i |

I ¢ Data

- CMS QCD + tt

| Supplementary B other backgrounds |
All-hadronic mm tt+Handtt+V

| NpT22,NgT20 .t |
HT >1100 GeV 2z Postfit unc. ]

»% :
| | —#

{///?//,/// “

/%ﬁ/&%ﬂ%ﬂ@%@y/ o R

BDT discriminant

u freyablekman
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CMS: evidence for tttt in 0,1,2(0OS) leptons

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 fb~' (13 TeV)

0.6 s.d.
— oo 3s.d.

Expected
77 1.21.34.:.d. B Observed

0.4 s.d.
2.5 s.d.
1.5 s.d.
3.9 s.d.

7777777 27 s4-

2.6 s.d.

/) 0.4 s.d.
0.0 s.d.

77777777777 32 s

4.0 s.d.

0 1 2 3 4 5

tttt signal significance

freyablekman  FH physics discussion
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Why re-analysis?

ATLAS+CMS Preliminary
LHCtopWG

i 0= 12032 (scale) fo

" JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2LSS/3L, 139 fb"

Run 2, Vs = 13 TeV, November 2022

tot. stat.

O £ tot. (stat. £syst.)

Obs. (Exp.) Sig.

7 5

EPJC 80 (2020) 1085 = 2475(5",) fo 43(24)0c
ATLAS, 1L/2LOS, 139 fb q S 15
JHEP 11 (2021) 118 e 2677 (8 i13)fb 1.9(1.0) o
ATLAS, comb., 139 fb™' .
HEP 11 (2021) 118 H—r—t 247(a%)tb  47(26)c
CMS, 2LSS/3L, 137 fb : .
EPJC 80 (2020) 75 ! 1267, fb 26(27)¢c
CMS, 1L/2L0S, 35.8 b 20
JHEP 11 (2019) 082 - 0™ b 000040
CMS, 1L/2LOS/all-had, 138 fb™ 13
CMS-PAS-TOP-21-005 * ——e— 38]fb 3.7(1.5) ¢
CMS, comb., 138 fb™ "
CMS-PAS-TOP-21-005 * o 17 5 b 39@3.2) ¢
*Preliminary :

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

0 20 40 60 80 100

G g [1b]

120

u freyablekman
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ATLAS: SSDL, ML (motivation)

ttW validation region in the Re-anélvsis (just like CMS)
ewdence anaIy5|s Submitted to EPJC
Z 40— - arXiv:2303.15061
| L ATLAS +Data []ttW ]
Z ool ¥s=13TeV, 139" @ Others 7~ Uncertainty
- ttW VR -
_ Post-Fi . ] .
oo difference between positive and
W negative SS dilepton events to

suppress symmetric processes

."?"C”\\Q
“j

24
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de

ATLAS: SSDL, ML (backgrounds)

Q) Background estimation in the four top cross section measurement

K
o
o
!

e ttZ+jets and ttH+jets background:
- From simulation

o ttW+jets background:
- Njets dependence fitted to data using 4 free parameters
- 4 control regions with 1 b-tag jet and with low Ht , split by charge

ttW background

aop ai NF:iw+jety  NFiiw- 4jet)

Value

1‘11+0.31

0.25
1.27* s

+0.25
0.22 o

+0.10
0.51 iy

-0.10

P4
Z'+

Data / Pred.

180

120f
100

80f
eof—
405—
200
of

27F
1.8F

T

[ ATLAS
160~ |5 =13 TeV, 140 fo"! Wit
[ CRs+SR ]
140 post-Fit 7

T T T T T ]
Preliminary ¢ Data [tw ]
@ Others
77 Uncertainty ]

Fitted ttW compatible with the
measurement in the previous slide

0.9

of

T T
ATLAS Preliminary ¢ Data

2 T ]
$ 300 Wit

& s =13 TeV, 140 fb! []ttw mitiz
CR tiW*+jets WtH [JamisiD
250~ post-Fit [@Mat. Conv. [@HFe ]

W Low m,. WHF u

200 W Others [t 7
Uncertainty  ---Pre-Fit

150(;;

°
[ LR L] S esson ¢—
o 4 ¢ % 1
~ N e Z T 1
‘g 0.851 E
a 07
4 5 =6 M
® 220 | T T T T L
5  ATLAS Preliminary ¢ Data Wttt B
o 2000 15=13TeV, 140 fb" [JW miz
F CR 1b(+) WtH [CJQmisID E
1801 post-Fit EMat. Conv. [HFe 1
160 MLowm,. WHFp
140:_ W Others [ttt E
BrzXiz Uncertainty -+ Pre-Fit ]

Data / Pred.

Frédéric Déliot, MoriondQCD 23, 27-MAR-23

Events

Data / Pred.

Events

Data / Pred.

F T T
200F ATLAS Preliminary  Data
F {s=13TeV, 140 fb" [Jttw
1801~ CR tiw +jets WtH
160[- Post-Fit WMat. Conv.
F WLlow m.
140~ [l Others
12°S Uncertainty

T ]
Wit
mitiz
[“JQmisID
[MHFe
WHF
[ttt ]
«wPre-Fit |

115 E
Bossomiss dsssssson 4
1 {2 ?
0.85F E|
0.7
4 5 =6 M
T T T T T T ]
ATLAS Preliminary ¢ Data Wtiti 1
Is =13 TeV, 140 fb" [Jtiw Wtz -
CR 1b(-) WtH [JamisiD ]
W Mat.Conv. [@HFe ]
MLowm,. WHF ]
[ Others [ttt J
Uncertainty

1.25

-« Pre-Fit

0.75F
0.5

9 =10

11

Submitted to EPJC arXiv:2303.15061
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Events / 15 GeV

Data / Pred.

ATLAS: SSDL, ML (backgrounds)

Q) Background estimation in the four top cross section measurement

e Fake/non prompt lepton background
- Shape from MC, normalisation from data using control regions enriched in fake (low jets multiplicity, low Ht)

e Charges mid-ID
- Charge flip rate from data

NFHFe = 0.66 + 0.61 NFHFp =127 £ 0.50 NFLow my* = 1.08 + 0.34 NFMat,Conv_ = 1.80 * 0.44
S ARRRRAAR ARSI senas Anaas TR R R e BARAE R ® _ w 40
60— ATLAS Preliminary e Data  [titt - ATLAS Preliminary o Data  [titt ] € 8o imi v = F o -
s=13Tev, 140 o' W @tz 1 © =13 TeV, 140fb" [CIEW [tz i e %7?;2’5"33",31 ’ ,[,—)xa .::; & [ ATLAS Preliminary ¢ Data it
CRHF e mtH  @MatConv. | © CRHF u mfH  EMatConv. ] @ _F "= ' @ @tz B 400F /s =13TeV, 140" [JW miz
Post-Fit @HFe mlowm. 1 Post-Fit @HFe mlLowm. 1 £ CRLowm, WtH L]QmisiD F CR Mat. Conv. [ ] [JamisiD ]
WHF u [ Others ) 1 2 ost-Fi WHFu  [@Others _| F Post-Fit B Mat. Conv. [HFe 350:— Post-Fit EMat. Conv. [HFe
[mtit Uncertainty | & ot ZUncertainty - 60— Hlowm, WHF u E ]
... Pre-Fit B g Pre-Fit r Y _ 300E- .Lowmy. WHF u 3
o re-Fi ] - [l Others ) [ttt ] E [ Others it E
- 50 7’Uncertainty .-~ Pre-Fit 2500 Uncertainty ~ --Pre-Fit ]
k] g 3 R
. &’ » 51-155//////////////////// 00 &
Y Uil = 7 S e 4 < Y % G =
0.85F 1 Sossp e S B 088 2
0.7t L - -
T e e Ao 15 20 25 30 35 40 45 50
Py [GeV] p: [GeV]
Frédéric Déliot, MoriondQCD 23, 27-MAR-23 12

Submitted to EPJC arXiv:2303.15061
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ATLAS: SSDL, ML: Signal region

Four top cross section measurement

/2

o
w
B

e Graph neural network (GNN) to separate signal from backgrounds
e Simultaneous profile likelihood fit to data in the signal region and the 8 control regions

= 1.9 + 0.4(stat) ¥, 07 (syst)
o5 = 22. 5+ (stat (syst) fb

compatible at 1.8 o with the SM prediction (wrt 12 fb)
Largest systematic uncertainties on signal modelling

8 SR RN A R RN MR RN RSN AR
S ATLAS Preliminary ¢ Data Wttt
< 10*E s=13TeV, 140 fb" [JiW mtiz E
%’ SR WtH [(JQmisiD 7
[ Post-Fit @ Mat. Conv. [@HFe
|_|>J MLlowm,. WHF n 3
[l Others [Otit
77 Uncertainty ~ ---Pre-Fit |

Expected significance: 4.3 ¢ (wrt 12 fb) /4.70 (wrt 13.4 fb)
Observed significance: 6.10

> —T ] > S
8 SOj ATLAS Prehm nary 0 Data .titl' - 8 16 ATLAS Prellmlnary 0 Data Mttt -
o F Vs =13 TeV, 140 fb™' []tiw mtiz 1 o [ Vs=13TeV, 140 b [Jiw [fi74

S I GNN=06 Wt [CJamisiD 1 S 14 GNN=209 Wi+ [JQmisiD |
T 250 post-Fit WMat. Conv. [HFe | ~ [ Post-Fit EMat. Conv. [HFe
.2 [ WLowm, WHFu ] g 12 MLowm,. WHF
g 20 L [ Others it _' [ F [ Others [tit ]
w F Uncertainty ] w10 Uncertainty —

B y | i
st 1Tt T 3

" 600 800 1000 1200 1400 1600 1800

Vihsphddmpmmpmmmpn
B R R
600 800 1000 1200 1400 1600 1800

Hy [GeV] Hy [GeV]

Data / Pred.
Data / Pred.

ol i  Main gain in sensitivity thanks to

g - updated lepton and jet selection and uncertainties
o i LA YW _— - use of the GNN discriminant
R LA A S - improved treatment of the ftt background
o %.1 02 03 04 05 06 07 08 09 1

GNN score

Frédéric Déliot, MoriondQCD 23, 27-MAR-23 13
Submitted to EPJC arXiv:2303.15061
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ATLAS: three tops?

Q) Four top as a path to three top

e SM three top production
- Cross section ~ 10 times smaller than the four top process '
- Still very signal like
- Currently no experimental constraints !

e Free floating both tttt and ttt in the fit ;
- Very large correlation between the 2 processes : - 93% _ _
ottt W)~ 11 o(tttq) ~ 0.6 fb
2 Famas ey aome W] g 100y | o
< Vs =13 TeV, 140 fb' [Jiw @iz E = ATLAS Preliminary | _lg & . .
2 SR Wi Camsb | & EreTev, 1o’ | | o Use the 2D likelihood scan to set
o Post-Fit EMat. Conv. [HFe | o) 80 Obs: Exp: - —8 o limit on ttt productlon
] MLlowm.  EHFu —68%CL ---68% CL .
EOthers @t ] —oscL ool | |7 8
Uncertainty -+ Pre-Fit _ b s (@] Processes 95% CL cross section 95% CL cross section
E 60 N % SM ] interval [fb] with y,7 =1 interval [fb] with u,7,7 = 1.9
#BestFit | |0 1t [4.7, 60] [0, 41]
- W [3.1,43] [0, 30]
1 s titq [0, 144] [0, 100]
A
° E o - . g 1 1
&’ 121:: e ‘+“‘+ ....... ; T S N
% 0:75_- R M R R v 15 20 25 30 35 40
a %1 02 03 04 05 06 07 08 09 -1 otftf [fb]
GNN score
Frédéric Déliot, MoriondQCD 23, 27-MAR-23 14
Submitted to EPJC arXiv:2303.15061
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ATLAS: three tops?

= 100 T
o= A ATLAS |
E= & \s=13TeV, 140 fb i
© 80 Obs: Exp: —
= wm68% CL ---68% CL ]
[ —95%CL ---95%CL |
604;‘ ®SM
:\ + Best Fit _
40 —
o0f —
O....‘I.\...I...I......l.ll...l...ll....l._
0 5 10 15 20 25 30 35 40
[fb]

nNn W ~ O O N 00 ©

—

Obs. -2A In(L)
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CMS: SSDL, ML: analysis strategy
CMS TOP-22-013 - arXiv:2305.13439 (submitted to PLB)

* Analyze multi lepton channels: 2LSS, 3L, 4L

* Event categorization based on jet and b-tagged jet
multiplicities, Hr

¢ Electrons (muons): * Jets:
*pr>10GeV, |n| <2.5(2.4) *pr>25GeV, |n| <24
* LeptonMVA ID e DeepJet b tagging (¢ = 90%)
* pr> 25,20, 10, 10 * Use Deepet score in MVA
[ same-sign 2¢ channel ] 3¢ channel | 4¢ channel J
) i ‘ i
>2j, >1b, Hr>200 GeV [ >2j, >1b, Hr>200 GeV [ >2j, >1b
[ I I I [ I I [
[ >4, >20, Hi>206ev | [ omeor | —owmossronz ][ =1w —o & —1 0
<4j, <2b, OSSF on-Z OSSF on-Z OSSF on-Z
[ | Hy <280 GeV | I
>6j or 23b] [ <6j, <3b [ >3j, >2b ] [<3j or <2b] j
v ¥ | | , -
[ SR-2¢ ] [CR-ze-45j2b] [CR-ze-23j1b] SR-3¢ CR-3(-2j1b CR-3(-Z SR-4¢ H CR-4¢-Z |

25



http://arxiv.org/abs/2305.13439

CMS: SSDL, ML: analysis strategy
Final fit

e All SRs and CRs are included in a binned profile likelihood fit

 Additionally split SRs into three subregions (tttt, ttV, and tt) based on the
highest value of three BDT scores

same-sign 2¢ channel 3¢ channel 4¢ channel
>2j, >1b, HT>200 GeV >2j, >1b, HT>200 GeV >2j, >1b
2>4j, 22b, Hr>280GeV one of =0 ¢ OSSF on-Z =1 =0 & =1
I I <4j, <2b, I I OSSF on-Z OSSF on-Z OSSF on-Z
H1 <280 GeV
>6j or >3b <6j, <3b >3j, >2b <3j or <2b
¥ ¥ ¥ ¥ v v
SR-2¢ CR—22—45j2b CR—2€-23j 1b SR-3¢ CR-3¢(-2j1b CR-3¢-Z SR-4¢ CR-4(-Z

* +¢¥+

arXiv:2305.13439 (submitted to PLB)
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CMS: SSDL, ML (backgrounds)

—

r—
CR-2(-45j2b | CR-2¢-23j1b
_

SR-2¢
138 b’ (13 TeV)
® T T T T LI B
'c ¢ Data it
S 600 CMS Other t . Xy
N Preliminary M Charge misID IVV(V)
o W Nonprompt I ttH
; CR-27-45j2b ttz | tw
= Total unc.
q>) 400 + -
i1}
;19
1 f
o At ” * .
.y
8 o5 ‘ | ! ;
©
a 0 0.2 0.4 0.6 0.8 1
BDT score tt

Events / 0.2 units

Data / Pred.

SR-3¢

CR-3(-2j1b

138 fb™' (13 TeV)
e

= L B

5 600 CMS ¢ Data Wit

— L Othert [l Xy
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‘g CR-37-2j1b

>

w

$

s 0 T I
3 :
o 1
S +
% 0.8 1 i I
a 05 0 0.5 1 1.5
BDT score ttX
138 fb”' (13 TeV)
T T T LI B =
1500 CMS ¢ Data mtit 51400
L. Other t Xy —
Preliminary [ Charge misID EVV(V) — 1200
CR-2£-23i1b [ Nonprompt  EttH ®
-2¢-23j iz miw c
! Total unc. °>’ 1000
1000 E w
800
600
400

200
T T T T 5 o
1.1 B 15
1 s 4 $ s e i
0.9 1 1 1 1 E 05
0 0.2 04 06 08 1 8
BDT score tt

CR-3¢-Z I[ SR-4¢ ][ CR-4(-Z ]l

138 fb (13 TeV)
T T

140

120

100

Events / bin

60

IS
o
T

CMS

[ Preliminary

CR-4¢-Z

¢ Data | [

Other t Bvvv)
WH tiz

Total unc. 1

n
(=]
-
o
!

- N o

Data / Pred.

138 fb! (13 TeV)
T T

T T j ]
CMS ¢ Data [ttt
b -~ Othert Xy ]
Preliminary W VV(V) [ Nonprompt
| CR-3¢-Z WiH
] Total unc.
. Y
T T i
+
. . .. . L4
1 - . .

N 40
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CMS: SSDL, ML
Signal region: 2SS
m[ CR-ze-45j2b] CR-ze-zsjlb] SR.30 CR.30.2/1b CR.30. [ " ][ CR4L.2 ]
v

tt

138 fb (13 TeV)
osof T LA AL B LR

c r T
< | CMS ‘Omert  mxy
@ . . Y
€ Preliminary W Charge misiD EVV(V)
o 200f [ Nonprompt ~ EEtiH -
u>J SR-2¢ ttz miw
Total unc.
1501
1001 +
s —

B 15 .}.
o . ¢ .
I .
~
S0'5..‘.|.,..|‘...1....|H..|‘...
‘D“ 0.4 0.5 0.6 0.7 0.8 0.9 1

BDT score tt
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CMS: SSDL, ML

Signal region: 3L

SR-2¢ [ CR-2(-45j2b ] CR-2¢-23j1b SR-3¢ CR-3¢-2j1b CR-3(-Z [ SR-4¢ ] [ CR-4(-Z ]
} 1 138 fb" (13 TeV
ST e TERIST 10T
= 1201 CMS ¢ Data [ttt 12 CMS ¢ Data [ttt 2 & CMS + gtar:a . =t)t(tt il
S .. Othert X €N imi er Y
o Othert WXy o Y = Prelimina
2 100 Prefiminary g mnowonet | 5 aoof L TOTPAY mw) mNorprompt ] 5 4 v My
> SR-3¢ g iz Lﬁ SR-37 .%'V iz w60 SR-37 Wiw Total unc
2 sol Wtiw Total unc. Mt Total unc. g
g
w
-d . T : : | B T T T -o' T T I T T T
o ? 12 ; o 15 $
< L + e —
8 UL L R ..‘\EO'SH..|....|... i ﬂo's.. L1y I B R
8 0.5 1 1.5 2 25 3 8 04 05 0.6 0.7 0.8 0.9 1 8 0.4 0.5 0.6 0.7 0.8 0.9 1
BDT score tftt BDT score tiX BDT score tt
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CMS: SSDL, ML

Signal region: 4L

SR-2¢ ] CR-2(-45j2b ] [ CR-2¢-23j1b

CR-3(-2j1b

CR-3(-Z |i SR-4¢ I | CR-4¢-Z

SR-3¢
138 fb™ (13 TeV) 138 b (13 TeV)
E T LENLEL L L LR DAL L DL L g LA L L DL LR AL L L
2 5L CMS 4 Data Wi < et CMS 4 Data Wi
2 Preliminary otert  HVWV(V) ? Preliminary otert WV
o [ [i3] tiz | ! tiz
> SR-47 =~ SR-4¢
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2t % 40} + .
1 20} .

0 T T T

1.5

—_
- U1 O

1

05 t
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o o»

>

o I
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[e))

A B
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07 08 09 1
BDT score ttX
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Events / 0.3 units

Data / Pred.

CMS: SSDL, ML: result

arXiv:2305.13439 (submitted to PLB)

[ CMS t Data
1021 Preliminary Wttt

138 b’ (13 TeV)
T I T T T T

e Clearly need something like
four tops to exist to be able to
describe the data

i/ o = 1.3 £0.3

Background
Total unc.

ottwlattthw =14=%+0.1

6uzlots =13£0.1

Measured ttW and ttZ cross
sections are in agreement with

SM within 2.3 0 and 2.2 o,

respectively

‘Stftf =55 (49) o

in agreement with SM

=997*8 b o5 = 113410 o5z = 179731 (stat.) F27 (syst.) fb
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Four-tops now really established in multi lepton final states!

Events / 0.3 units

Data / Pred.

A

so shows power of well-understood data!

N —
o <

—_—

Postfit

138 fb' (13 TeV)
T T T T I l T T T T
- CMS ¢ Data Background
Bttt Total unc.

RN
1

o
(&)

—
.
-
=

Events / 0.05

Data / Pred.

107!

2.1F

1.4
0.7F

II|II
ATLAS

- ¢ Data i ]
= {s=13TeV, 140 b [JtiW Wtz E
- SR W ttH [ ]QmisID 7
~ Post-Fit PBMat. Conv. [HFe 7
3 MLowm,. WHFu 5
C [ Others [ttt ]

72 Uncertainty ~ ---Pre-Fit |

;h.n. e ..“/«',* /i-/s* -*' *%////ﬁ*//# #//ii# //‘%7

QF
0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8 0.9 1

GNN score
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Some thoughts on interpretation

* The CMS and ATLAS tttt results
are all very ML heavy

* The various ML methods are
trained on (N)LO tttt MC

(typically even with many '
diagrams turned off on purpose!) u i
. ITEACHHOW ¢
» See for example 1501.07580 for 0005

example of the consequences

* (executive summary: ML
results cannot necessarily be
directly interpretated in BSM
context if scale >4*mtop TeV)

1
':' dilepton

0.002

EXCLUDED

1ye
H

\J
0.001 |,
\

A\ T T T

N e 2T
e T

oooo5L 1 o vy 1oy |
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Different approaches to EFT

* ATLAS: BSM-like EFT
looking for dramatic
changes in shape at high
scale

* CMS: SM-like EFT trying
to constrain small changes
cross section limit/
uncertainties and mapping
fit cross section limits to
Wilson coefficients

- Both have pros and cons

u freyablekman  FH physics discussion
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EFT interpretations
* Like many rare processes involving loop diagrams,
four-top production is extremely sensitive to new
physics
SM effective field theory at order 6

I4' ~(5) A(5) ~(6) 1
Lerr = Loy + 4 ):( O ZL O; +0(A3)

ATLAS previous Run 2: use L - Esm as signal model,
constrain A

CMS FTR/Run 2(2016): constrain  Lgpy / EHM with Ao,/ oy, fiX
A\, constrain C,

HL-LHC yellow report has lookup tables to map cross section uncertainties to EFT parameters!
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Yukawa coupling fromy, s —"

- About 20% of tttt <
production diagrams A
contain H, and y, has _ CMSsupplementay 1381 (13TeV)
substantial influence on  zso S e o oo neen -
value Oy, | = Pt oo section ]

- % JHEP 02 (2018) 031 ! ]

- Interpreting more than oot y
just cross section: not e |
easy (as many : 5 :
diagrams involved) with  f ]
current MC - will be very | |
ML heavy goal 8005 1o 15 20 2|5| - '3|.o

yyeM

CMS-TOP-21-005 arXiv:2303.03864 (see additional material)
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Yukawa coupling fromy, s "

- About 20% of tttt -
production diagrams TS
contain H, and y, has

substantial influence on

Obs (exp) limit with a= 0: |k < 1.8 (1.6)

value Oy T 25 aras mroimmy | — o] Jp 2

% [ (5=13TeV, 140" ——95%CL(0bs) I _|g g

& 2: {iH parametrised =~ 68% CL (Exp.) 1 |7 ql

- - - 95% CL (Exp.) 2

- ATLAS mad an attempt bl B
in the context of the CP 1
even/odd H yukawa _ 8 £
- ttH dependence e L AT,

other important effect [ coste

Submitted to EPJC arXiv:2303.15061
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T

n igh muliiplicity top physics results in the future

2016-

: 274199 / 548714092 / 285




t at LHC, CERN , . TP - -
')05; \fan lfiplicity top physics results in the future

: 274199 / 548714092 / 285 KTCASeoHS Pty

LHCtopWG

Run 2, Vs = 13 TeV, November 2022
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Systematic impacts

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.) C M S
Fit constraint (exp.) +10 impact (exp.) -1o impact (exp.) Preliminary
Additional b jets in X :  ——— : : :
b tagging efficiency (b jets) -—o——-
b tagging efficiency (charm, linear) --—0-—-
Normalization ttZ 1'3153.: :
JES: Absolute (corr.) g P ———— B
Normalization ttW 1382:: '—'
Matrix element scale variations (tttt) : —— -—-—-
b tagging efficiency (charm, quadratic) —— -—e—-
JES: RelativeSample (2018) —_—— -—-—-
b tagging efficiency (light) L — -—-
Additional jets in ttW —_— '_’
Final-state radiation scale o '—‘_‘
MC stat. in bin 2 of SR-2L pu (tttt, 2017) — '—'_‘
MC stat. in bin 3 of SR-3L (tttt, 2016) -—0—- -—-—-
Initial-state radiation scale (tttt) : '—0—' '——'
Initial-state radiation scale (ttW) '—‘—' '——‘
Matrix element scale variations (ttH) "‘—0"—' '—‘—‘
Matrix element scale variations (ttW) —_— '—'—'
Luminosity (corr.) —— -——-
MC stat. in bin 5 of SR-2L ep (tttt, 2017) : : '_.._.' : : '—:‘ .
0 005



