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The top quark and LHC

e LHC is a top-quark factory with a very rich top-quark program unfolding... SM
tt tt is observed !

- Now it’s finally time to shine for at new physics (NP) searches ?

* We look at new physics with dominant quark interaction of the form Xtt
— Caution: not a “top-partner”, as no EW interaction expected
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Simplitfied models for analysis strategy testing

* Color octets top-philic particles

4 Partial top compositeness )
Include direct QCD interactions
] ( N=2 SUSY constructions (sgluon)
ESS D) §DHS§D‘L88G — §m%8 S§S8a + E [y&g —+ ygp’l:”}p] 88 t Generic ALP models
g J

| BP1: Mg, =2 TeV, ys, = 1
BP2: ﬂ/fga =3 TCV, Ysg = 3

* Singlet top-philic particles... 4 )

Flavour constructions

1 y I 5 5 - 5 Extended Higgs sectors

£31 D) 5(9”51(9 81 — 5’)’)’&8151 + 1 [yls + Y1plY ] Slt - -
Dark Higgs models (ie new
These two cases are enough to cover the typical topologies of NP \singlet scalar) )

final states
> can be extended to vector particles, color sextet, etc...
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Gluinos vs scalar octets

* Despite equivalent production rates, top-philic scalar octet searches
yield limits nearly two orders of magnitude lower than gluinos ...
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From resonant searches to EFT

3}  * SMEFT region ...
Multi-Tev
2
P P PP PP P PP PP PPPPRPP : « Twilight
* The “high-pT” region, usually a singlet NP :  region », nor
S 2 Tey particles produced on-shell : just on-shell NP
) B B :  production, nor
— Highly boosted tops pp — ttX, (X > tt)X EFT
* The “medium-pT” region, two NP particles Pair production
TeV produced on-shell _ dominates
- Midly boosted top pp > teX, XX, (X - tt)
e SM tt tt region
2 my

- No top quark reconstruction, multilepton
+ b-jets searches




Boosted tops

* For TeV-scale NP particles, each individual top should be boosted and
identifiable=> we could obtain an invariant mass and search for resonances
* Obijective:

—> First reconstruct completely the four-top final states,
either leptonic or hadronic (hhhh, hhhl and hhll)

- Then determine the resonances from the tttt final states

Hadronically-decaying parton-level top quarks
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Analysis strategy for boosted tops




Three main points

Our projections and toy analysis strategy relies on three main ingredients

Leverage top-tagging and pr- Maximise the four-top signal

: Use a bump-search strate
cut to reduce the background selection rates P &Y




Top reconstruct
N
Leverage top-tagging and pr cut
to reduce the background
J

g.‘bkgr

on

107 ATL-PHYS-PUB-2022-039
ATLAS Simulation Preliminary ParticleNet

108 k— /e —12.ToV, Dything PFN —
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Very promising tagging and
mistagging efficiencies

- We can use this to
dramatically reduce the SM
background

We implement these
efficiencies in a stochastic way

Notice the large pr cut on
each top-jet candidates



Top reconstruction

Leverage top-tagging and pr cut
to reduce the background

~

Reconstruction simulated using SFS -

calibrated on Z' — tt ATLAS analysis
[1804.10823]

Each hadronically-decaying top is required
to have more the 350 GeV of p;

— Limit our sensitivity starting below 1.5
TeV

The requirement on isolation for each R=1
fat jet is however easily satisfied

Oiim(pp = tttt) [fb]

ysg =0.5 Ysg =2.5
101 e Y53 = 1.0 s yog=3.0
m— Ysg =1.5 = conservative
\\\\ e Yop = 2.0 = = optimistic
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Analysis process

Leverage top-tagging and pr cut Maximise the four-top signal
to reduce the background selection rates

et * We include most of the possible top-
I -\ quark decays (in particular the

mostly hadronic ones)

~20%

* Use standard kinematics technics for
Four-top final states 40%=> 1 leptonic - 3 hadronic leptonic top-quark reconstruction
~30%
\v - Assumes on-shell W boson to get
missing energy from neutrinos
2 leptonic - 2 hadronic = - Combine b-tagged jet with the

closest isolated lepton

INITIAL OBJECTS :{  Top decays



Analysis process

Leverage top-tagging and pr cut
to reduce the background

Maximise the four-top signal
selection rates

All hadronic

5% Selection rate

|

~20 %

(Four-top final states ~ 40 % =P

~30%

|

SR1 - At least 3 fully
tagged tops + 1 fat jet

1.5% Selection rate

1 leptonic - 3 hadronic

0.5% Selection rate

2 leptonic - 2 hadronic

INITIAL OBJECTS

Top decays

—

Reconstruction + Selection

More than 5%
of the tttt
reconstructed
signal events
pass selection
cuts

We must pair
the tops to
reconstruct the
NP particle
Invariant mass



Analysis process

Leverage top-tagging and p; cut

to reduce the background

Maximise the four-top signal
selection rates

All hadronic

|

~20 %

5% Selection rate

SR1 - At least 3 fully
tagged tops + 1 fat jet

Four-top final states ~ 40 % = 1 |leptonic - 3 hadronic

~30%

1.5% Selection rate

|

0.5% Selection rate

2 leptonic - 2 hadronic

INITIAL OBJECTS i Top decays

Reconstruction + Selection

Pair matching : e e
use the pairs largest
of tops quarks invariant
mass, keep
the smaller
one for a

bump search

with the closest
invariant mass

LIMITS



Constituent-based Top-tagging
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* In practice, we leave out a significant fraction of the information by just cutting on My ,

\ -

— Conservative choice, expect significant improvement with a better analysis strategy



Constituent-based Top-tagging

Leverage top-tagging to reduce

the background selection rates

Maximise the four-top signal

Use a bump-search strategy

* All signal samples have a resonance width
[, < Mg, /2

e Reconstruction significantly broaden the
resonance
- The NP resonance mass can still be extracted
- Promising results, but requires confirmation

from the collaborations with full detector
simulations

* Note that the signal shape remains very
stable at NLO.

100 »

{BP1, SR1 conservative

% 7
S

Z

1072

/

= NLO

—
——
-

1000 1250 1500 1750 2000 2250 2500 2750
M 1 [GeV]




NLO in the twilight




Why did we needed these ?

e Can we estimate the size of NLO corrections from the SM estimate?

o ONLO o
Nk _nLo = Lero ( - ) oo = Lero Koo
LO

* No...only a partial knowledge of NLO effects ...

—> In the SM, NLO-correction in QCD dominates = K¢y ~ 2.3 1711.02116,2212.03259

= In the SMEFT, much smaller effects,

i D de et al. 2008.11743
Depends on the operator, typically Kocp = 1 egrande et a

LD, Fuks, Goodsell

1805.10835

* Altogether, pretty uncertain situation: we have therefore included a full
QCD NLO estimate of the NP signal

= In simplified model: case of pseudo-scalar octet led to Ky¢cp ~ 2



NLO in the new physics twilight zone ...

EFT
* With a high luminosity, we can
f push into the 2 TeV region for

i new colored top-philic particles
. | 58/< - a « twilight zone » where both
Mixed region p .
t on-shell and off-shell particles
o < dominates
- Many difficulties for automated
o codes : large number of
Pure P diagrams, NP particles in
on-shell NP |OOpS...
J Sg N




Automatisation in MG5@NLO framework

Simplified model

&

MadLoop

Collier, Ninja, ...

- Poles

- Loop integrals

UFO model
MadGraph5_aMC@NLO

NLO-compatible

Many other
included tools ...

- Events

MadFKS

- Soft + collinear
divergences

Final dataset




In practice

* In order to consistently describe the « twilight » region with both on-
shell off-shell NP contributions, we consider the full pp — tttt process

with NP contributions

- Includes t-channel contributions

9

T,
QW\‘\{GQ

MadLoop does not include non
colored charge particles in
loops by default = IR poles

- One-loop QCD corrections also necessarily leads to

renormalised NP interactions

NLOCT does not renormalise
NP vertices by default 2> UV
poles

—> Care must be
taken at every steps
to ensure consistency
between the
conventions from all
involved codes (all
files available in a
Zenodo dataset)



Results

* We obtained NLO cross-section results for a range of masses and full
spectrum for the benchmark points

— Validate the K-factor approach + match previous EFT and on-shell

results

100, e SN
Scalar singlet, ys; = 3.0 ==
1.75¢
1.50+
1.254
%
| 1000 1500 2000 2500
Mg, [GeV]

3000

100 :
1BP3, SR1 conservative  __ | g

10'11

10‘31

Scalar singlet, 1,5 TelV

4
’ = NLO

7

Sy
&

1500 2000 2500

M 1 [GeV]

500 1000

3000



Results and projections




Backgrounds

* The inclusion of top-tagging makes our final states less susceptible to
background contaminations

- Focused on tt 4+ X backgrounds

Process o(NLO) [fb] o(NLO) X e€spr1 [fb]
= - x 0,1 — 0,05 top-tagging
19 9.92+ 10° > 0.058
) X 107 (kinematics cut)
ttW 565 < 0.001
ttW j 452 0.0012
_ Most of the reduction in
ttZ 7956 background comes from the < 0.001
H7 j 672 kinematics cut 0.0011
L - a side-effect of starting from
tttt 9.2 > 2 tops in the final state < 0.001
ttt + ttt 1.5 < 0.001




# of events/bin

“
Sighal and background distributions

* Altogether small background yields, even with the full HL-LHC dataset !
- When on-shell production is available (BP1 with ms, = 2 TeV), distinct signal shape

—> Caution is required at low mass (peak due to kinematic cuts)
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Projections — Scalar Octet

* Octet masses up to 2 TeV Y s —
could be tested at HL-LHC, ———. Projection 3000 fb-1 =
with good short term ]
prospects ; /,/’

- Probing NP cross-section
below the fb level

- At larger masses, the
particle width increases

M

s . wo
significantly — hampering 0.50 o
background rejection 5|
O
. . =
* Based on the simple analysis i

for imorovement | 1.0 1.5 2.0 2.5 3.0
P Ms, [TeV]

-
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Projections — Scalar Singlet

* While the analysis strategy is Lo Use the same-sign lepton SR
tuned to the case of a | —— Projection 500 fb~!
coloured NP, we can test 273
also the top-philic scalar 2.50
singlet case 2.25

* Much lower production = 2.00
rates means that only TeV- >,

scale particles are accessible __

- Low efficiency due to
kinematic cuts on top-
quarks 1.00

1.25

- New parameter space 0.6
nonetheless accessible
\h..




Conclusion




Conclusion

* Fast experimental progresses on tttt searches = Experiments are still
statistically limited

* Dedicated NP searches are within reach: we presented a new possible
analysis strategy using top-tagging to tame the SM background and explore
the sub-fb region at HL-LHC

 Complete NLO estimate for the NP signal rates > more accurate projections
* This is designed as a proof-of-principle !
- Key idea : complete reconstruction of the top quarks in the final state

= In an actual experimental search, the top-tagging algorithm could be tuned and
kinematics cuts improved

- The final analysis stage should clearly be improved
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