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Four-Top Physics

| 4—*%0[@ Frodu&&om A bEhe Sktandard Model
(gluon fusion)

e Cross-sectionis ~ |2 fb In the Standard Model

* Enhancement of cross section predicted by some BSM physics
* Promising probe of top-quark Yukawa coupling




Top Eeaavs

« All-Hadronic Channel

a) Hadronic top decay b) Leptonic top decay

4-top Channels ‘qu .

* Major background(s): QCD + hadronic TT

de-wEoy Branching Fractions |

» Same-Sign DilLepton + MultiLepton Channels

* Run Il result published (arXiv:1908.06463) : Combined 3‘*125&0?\ f*”t‘iﬁ;f"“
» Observed (expected) significance: 2.6(2.7)c M;:‘::‘E = \ ’/
* Single-Lepton + Opposite-Sign DiLepton Channels di-Lepton o ie
* Run Il analysis ongoing | 13% 20%
L single-lepton
+ ATLAS Run Il Result submitted (arXiv:2007.14858) |, 4 o contains tou:

f: Kun 11
| Resulk

» Same-Sign DilLepton + MultiLepton Channels ONLY
« Observed (expected) significance: 4.3(2.4)c



https://arxiv.org/abs/1908.06463
https://arxiv.org/abs/1908.06463
https://arxiv.org/pdf/2007.14858.pdf
https://arxiv.org/pdf/2007.14858.pdf

Analysis Strategy

In order to address QCD and I T bac|<grounds we need some special techniques...

" Hadronic TTTT Signal
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QCD Background 5 ~ 1 pmillion pb

Light

Jets (mav\vj)

BASELINE:
N(Jebs+bleks)>9, N(bJets)>3, HT>700GeV

No L&p%mhs

Overall Strateqgy
Start with data and apply baseline.

Tag resolved and boosted tops.

Evaluate BDT to discriminate 4-top signal vs.
TT+QCD backgrounds.

Bin signal region in numbers of resolved and
boosted tops.Weight bins by the BDT shape.

Estimate TT & QCD backgrounds in signal
region from data in control regions.



Top Tagging

 Boosted top tagger: DeepAK8 (CMS-JME-13-002)
* Deep Neural Net (DNN) that inputs low level jet

High a

Boosted Regime

substructure and flavor information.
":.b Resolved top tagger: Custom BDT built for this search
" » Inputs Neural Net (NN) based b and c tagging
2 v information and jet kinematics
7 = W ................ TTTT vs. QCD+TT Resolved Top
, t Candidates (2016, baseline selection)
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BDT Targeting QCD & TT Backgrounds

« bvent-level BD | trained to discriminate between
TTTT signal and TT+QCD backgrounds

TTTT va. TT & QCD
(baseline selection)

* Inputs: jet and resolved top kinematics & angular
variables
 Discriminant shape used to welight signal region bins = ¢, § 5 5 5 |
- z z z s
BDT Discriminant Shapes (normalized) S oaf _
g | —— signal 8 | —— signal Z .
%05__— ba[;jound :%.05—— background 02 |
0.032— lCD 0.03;— T | o . Back%]i"ound Efffc.:siency » | 0
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Data-Driven Background

» Extended ABCD method: predict QC
regions (CRs) (arXiv:1906.1083 1)
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D+ 1 T background In signal region (SR) from data in control
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Validation in o-Resolved TC}P Region
(Extended-ABCD Predictions vs, 201& Daka)
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https://arxiv.org/pdf/1906.10831.pdf
https://arxiv.org/pdf/1906.10831.pdf

Predicting BDT Shape from Data with Normalizing Flows

Problem:

-xtended-ABC

shape changes too fast, or low statistics In one phase space

s

= 50

¢ AC

QCD original
ttbar 10~ 4

(baseline selection)

D [ discriminant shape is a case of this!

D method can fail if variables are correlated, distribution

~ Example: Predict Shape of TT by transforming QCD |
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https://arxiv.org/pdf/1804.00779.pdf
https://arxiv.org/pdf/1804.00779.pdf

Expected Sensitivity
Channel Expected Run |l
‘ Limit x SM o (139 1b!)
EERa SR Top Bins |
N(resolved tops) (N._) All-Hadronic (preliminary) |
I I 3 22 Single-Lepton 37
N _=2 *scaled from 2016 result |
N(boosted tops) RT NRT 0
(Ng-) - ' = NBT 5 Opposite-Sign DilLepton 99
=1 RT NT = 1 *scaled from 2016 result | |
BT BT

Same-Sign Di+Multi Lepton ‘

(run Il result)
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Can further split buns by HT, N(Jets),
or other kinemakic variables

*re-optimized full Run 2 result should improve on this scaling by luminosity

* Split SR bins by number of boosted and resolved tops and welight by shape of BD T

* Sensitivity estimate based on MC study, considering statistical and rough estimate of
systematic uncertainties.

» Adds sensitivity when combined with other channels



https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1908.06463

Outlook

» Multifaceted and novel approach to a challenging channel
» Contributing to combined CMS result by end of the year

* Very close to “evidence” of 4-top production in CMS!
* BSM Interpretations also of great interest
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4-top Cross Section Phenomenology

* ki = y1/yMr where yris t

o(tttt) = o°

M (1110)g 7/, + R20S + rpo™
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» Strong, electroweak, and higgs terms contribute:
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https://arxiv.org/abs/1602.01934
https://arxiv.org/abs/1908.06463
https://indico.cern.ch/event/667053/contributions/2727034/attachments/1566622/2469184/4top_TopicOfTheWeek_28Nov17.pdf
https://arxiv.org/abs/1602.01934
https://arxiv.org/abs/1908.06463
https://indico.cern.ch/event/667053/contributions/2727034/attachments/1566622/2469184/4top_TopicOfTheWeek_28Nov17.pdf

4-top Cross Section Phenomenology

o(tttt) = oM (tttt) gy 7/ + Kpoim + ki (tt) g

1nt

DT

Leading Order Cross
sections @ 13 TeV

M (#t1t) 412/, 0 9.997 b,
Mttt y:  1.168 1b,
M(fttf), .. —1.547 fb,

Total : 9.6 tb™

A/.7 2
oM (tttt) gy 7/ < | My + Mg,
oM (ttth) g o Myl

Sl\d(tttt—)mt X Mg—}—Z/’yMH +M

My

g+2Z /v

*Noke: cross section on slide 2 includes NLO
calculations, which is why it doesnt makch the

. “Total” value. Detailed info here: arXiv:1711.02116

LO sktrong + LO wealkk + LO Higgs = 96 1h
LO+NLO skrong + LO weale + LO Higqs =92 b
LO+NLO strong + LO+NLO weak + LO Higgs = 12,0 {b


https://arxiv.org/abs/1711.02116
https://arxiv.org/abs/1711.02116

2-Higgs-Doublet-Models (2HDMs)

» Simple extension of the Standard Mode

* A heavy scalar or psuec

» Signal Is 4 top quarks (tt
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 [eads to enhanced tttt cross sectio

» Key Ingredient In minima

 More information: arXiv:| [06.0034
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(SM) with 2 doublets of Higgs-like bosons rather than one
ecaying to tops Is produced In association with | or 2 tops
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supersymmetric standard model (MSSM)

Top-associated Heavy Scalar Production Modes
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‘The’ Higgs?
h H
A HT

4 Higgs: One doublet of
neutral bosons
(including our 125 GeV
Higgs) and 1 doublet of
a psuedoscalar and a
heavy charged Higgs

T — T ——


https://arxiv.org/abs/1106.0034
https://arxiv.org/abs/1106.0034

ABCD vs. Extended ABCD

ABCD method: D = BC/A ext-ABCD method: D = (BC/A)Y(A/BC’) |
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Normalizing Flows

| Example: Predict Shape of TT by transforming QCD |

= More

Detalls (arXiv:2008.03636v )
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(NAF), to construct a multidimensional
invertible function

» More appealing and acceptable than GAN,
since only transformation learned and 1t
doesnt try to reproduce the underlying
physics.

» Can predict different variables simultaneously

QCD original
QCD transformed
ttbar

(baseline selection)
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