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Preamble

This presentation is based on:
=> Two published phenomenological works by:
* Carlos Bautistal?, Ricardo d’Elia Matheus?), Leonardo de Lima3, Eduardo Ponton2), Leonidas F. do Prado®# Aurore Savoy
Navarro*#) (next slide)
1) Institute of Theoretical Physics, IFT, at the University Estadual of Sao Paulo, UNESP, Sao Paulo, BR
2) International Center for Theoretical Physics, South American Institute for Fundamental Research
ICTP-SAIFR, Sao Paulo, BR
3) Universidade Tecnologica Federal do Parana, Toledo, BR.
4) CEA-IRFU, University Paris Saclay and 4’) CNRS-IN2P3
* Carlos Bautistal?), Ricardo d’Elia Matheus?), Leonardo de Lima3, ASN*#) (See [next +1] slide)

=> One published experimental work by CMS, thanks to the dedicated work by:
* Mehmet Ozgur Sahin®, Aurore Savoy-Navarro %), Sezen Sekmen >, Gamze Sokmen ¢/ (See [next + 2] slide)
5) Kyungpook National University, KNU, KR
6) Middle East Technical University, ODTU METU, TR
=> And ongoing experimental collaboration carried on within CMS (not yet published) => not presented here.
Leonidas F. do Prado® 4 -Mehmet Ozgur Sahin?, Aurore Savoy-Navarro*#), Sezen Sekmen 3), Gamze Sokmen ©)
Maxwell Chertok and Wei Wei (UC-Davis, USA)
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Preamble :rrom the interest on the VLF impact on ttH production and Yt to ttH & ttHH
Phenomenology studies with CHM at present and future pp colliders, and experimental ttHH study

* On Fall 2015 with Ricardo (IFT-UNESP) and Eduardo (IFT &ICTP-SAIFR),

we launched Phenomenology/Theoretical project to look for VLF VIS, | The Compact Muon Solencid Experiment

_ Analysis Note ()

The content of this note is intended for CMS infernal use and distribution only

Available on CMS information server CMS AN -2017/258

hypothesis impact on the ttH production and the Top-Higgs Yukawa

coupling, for an application to the study of tttH process with LHC data. 05 October 2017

This study was performed on purpose with simple SM extensions. Impact of vector-like fermion hypothesis in the

production of ttH at the LHC and the
measurement of the top-Higgs Yukawa coupling

* End 2017 we moved to MCHM with ttH and ttHH within dedicated el i s o, < A oo, s S N
theoretical studies and phenomenology simulated scenarios for LHC
to HE-LHC (=> HL-LHC/HE-LHC YR).

The strong case of ttHH was raised in our work.

* Fall 2018 we launched with Leonidas the first experimental ttHH production study at LHC while pursuing in

parallel the phenomenology related studies, joined by Leonardo and Carlos.
16/05/2023 TOP-LHC-France ASN16052023 4



arXiv:1902.00134v2 [hep-ph] 19 Mar 2019

JHEPO3(2021)049 and related previous work (YR-CERN)

Higgs Physics at HL-LHC and HE-LHC, CERN

y Yellow Report

>~ March 20, 2019

Higgs Physics
at the HL-LHC and HE-LHC

Report from Working Group 2 on the Physics of the HL-LHC, and Perspectives at the HE-LHC

Conveners:
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Contributors:
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This work explores the tth and tthh processes as important probes to explore the top-Higgs
sector using two simple Composite Higgs realizations with the aim to provide sets of
representative points with detailed experimental outcomes relevant at the HL-LHC and Future
Hadron Colliders.

Published on arXiv: 2008.13026 and submitted to JHEP
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Probing the top-Higgs sector with composite Higgs
models at present and future hadron colliders

Carlos Bautista,>’ Leonardo de Lima,® Ricardo D’Elia Matheus,® Eduardo Pontén,»%!

Lednidas A. Fernandes do Prado®? and Aurore Savoy-Navarro?
“Instituto de Fisica Tedrica, Universidade Estadual Paulista (UNESP),
271 Dr. Bento Teobaldo Ferraz Street, Sao Paulo, Brazil
YICTP South American Institute for Pundamental Research,
271 Dr. Bento Teobaldo Ferraz Street, Sao Paulo, Brazil
¢ Universidade Federal Tecnoldgica do Parand (UTFPR),
19 Cristo Rei Street, Toledo, Brazil
4IRFU-CEA, Université Paris-Saclay and CNRS-IN2P3,
Bat. 141 DPhP, 91191 Gif-sur-Yvette, France
E-mail: carlos.bautista@unesp.br, leonardolima@utfpr.edu.br,
matheus@ift.unesp.br, leonidas.prado@cern.ch,
aurore.savoy.navarroQcern.ch

ABSTRACT: We study the production of tth and tthh at hadron colliders, in the minimal
Composite Higgs Models, based on the coset SO(5)/SO(4). We explore the fermionic rep-
resentations 5 and 14. A detailed phenomenological analysis is performed, covering the en-
ergy range of the LHC and its High Luminosity upgrade, as well as that of a future 100 TeV
hadron collider. Both resonant and non-resonant production are considered, stressing the
interplay and complementary interest of these channels with each other and double Higgs
production. We provide sets of representative points with detailed experimental outcomes
in terms of modification of the cross sections as well as resonance masses and branching
ratios. For non-resonant production, we gauge the relative importance of Yukawa, Higgs
trilinear, and contact tthh vertices to these processes, and consider the prospect for dis-
tinguishing the fermion representations from each other and from the Standard Model.
In the production of top partners, we find that the three-body decay channel W+W—t
becomes significant in certain regions of parameter space having a degenerate spectrum,
and is further enhanced by increasing the top partner’s mass. This motivates both higher
energy machines as well as the need to go beyond the current analysis performed for the
searches for these resonances.

KEYWORDS: Higgs Physics, Technicolor and Composite Models, Beyond Standard Model
ARX1v EPRINT: 2008.13026

"Eduardo greatly contributed to the work here presented but sadly passed away in the early stages of
the writing of this paper. He will be sorely missed.
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On the Importance of Three-Body Decays of
Vector-Like Quarks

Carlos Bautistal, Leonardo de Lima?2, Ricardo D’Elia Matheus!, Aurore

Savoy-Navarro®

! Instituto de Fisica Teérica, UNESP, Sio Paulo, Brazil
2 Universidade Tecnolégica Federal do Parana, Toledo, Brazil
3IRFU-CEA, Université Paris-Saclay and CNRS-IN2P3, France

ABSTRACT: It is a common feature of vector-like extensions of the electroweak sector
to have near degenerate states, such as electroweak doublets. In simplified models, it
is usually assumed that these have decay widths saturated by two-body channels. As a
consequence, experimental searches can be done focusing on only one of the states of the
doublet. Taking as an example case the light exotic electroweak doublet present in the
Minimal Composite Higgs Model, we show that including three-body decays in the pair
production process makes this separation unfeasible, since both states of the doublet will be
present and contribute significantly to the signal. In addition, by recasting present searches
in multileptonic channels, with a simplified cut-and-count analysis, a relevant increase in
discovery reach or exclusion potential is obtained; this indeed motivates a more detailed
analysis. This study shows how an inclusive search strategy, taking into account both the
near degeneracy and the presence of three-body decays, will have greater discovery power
and be more natural from a model building perspective.
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vailable on the CERN CDS information server CMS PAS FTR-21-010

CMS Physics Analysis Summary

ontact: cms-phys-conveners-ftr@cern.ch 2022/03/16

Search for the nonresonant ttHH production in the
emileptonic decay of the top pair and the Higgs pair decay
into b quarks at the HL-LHC

The CMS Collaboration

Abstract

This work describes a prospective search for the production of a top quark-antiquark
pair associated to a pair of Higgs bosons with the upgraded CMS detector at the
High-Luminosity LHC using proton-proton collisions at /s = 14 TeV. The analysis is
performed on dedicated samples simulated with the upgraded Phase-2 conditions.
The candidate ttHH events are selected with criteria targeting the lepton plus jets
decay channels of the tt system and the decay of the double Higgs bosons into two
bottom quark-antiquark pairs. In order to increase the sensitivity of the search, se-
lected events are input to a multi-classifier deep neural network. The resulting dis-
criminants are split into several b jet multiplicity categories with different expected
signal and background rates. A simultaneous maximum likelihood fit is performed
to evaluate the expected sensitivity reach. The analysis is expected to exclude ttHH
production down to 3.14 times the SM cross section with §00 fb~! of data. The sen-
sitivity for Minimal Composite Higgs Model scenarios is als
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EXPERIMENT

Snowmass White Paper Contribution:
Physics with the Phase-2 ATLAS and CMS
Detectors

The ATLAS and CMS Collaborations

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and
also contains a number of recepiresults.

White paper

CMS-Publications of the ttHH study for Snowmass 2022
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The ttHH production process: from the SM to BSM/CHM
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The many di-Higgs production mechanisms
in the SM.

8 TGEECGUG

Top pair associated production/ Di-Higgs
bremsstrahlung off top quarks (t@THH)

L i,

16/0/8ctor Boson Fusion (VBF) TOP-LHC-France ASN16052023

Gluon-gluon fusion (ggF)

o H 8 66606600y——@-- - H
L /b

“H 8 66600060¢—~—@ ——=-—-. H

Di-Higgs bremsstrahlung/Vector Boson
associated production




The t++tHH production in the SM CASE

The ttHH production in SM is interesting per se, with LHC as a unique playground from now & till end of HL-LHC
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| | | | | b
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Processes at the few fb level
involving double Higgs.

Accessing a new region in the
exploration of the Higgs sector:

interplay between HH, VBF(HH), ttHH

} At 13 TeV: o(tthh) = 0.775 fb (NLO QCD)*

10 > o(hh) =31.05 fb (NNLO)
' e o(VBFhh)=1.7fb (NLO)
------------- S 1 1 | '§-

107! = i “\'*\ L /

: pp—-2HH . 99” ! 3 g (*D. De Florian et al., arXiv 1610.07922)

. 1 . l ' Frederix++ 119 /
4 3 2 1 0 1 2 3 4 /At 14 TeV: o(tthh) = 0.948 fb (NLO QCD)
Mhgy, 1
ZHH WHH VBF HH ttHH tiHH ttH

03591 1% £1.7% fb | 0.57377007 £1.9% fb

19511 £2.0% fb

0.948137% +3.2%fb | 0.038333; £4.7% fb | 612750 +3.5% fb




Evolution of production cross-sections with E_,,  (from: LHCHXSWG-2019-005)

Total production cross sections for Higgs pairs within SM via gluon fusion, VBF, double Higgs-strahlung and double Higgs
bremsstrahlung off top quarks. PDFALHC15 parton densities have been used with scale choices according Table here below.
The size of the bands shows the total uncertainties originating from the scale dependence and the PDF+as uncertainties.

o(pp — HH + X) [fb]
M, = 125 GeV
PDF4LHC15

gg — HH (NNLO

ttHH (NLO)

FTapp :

10
1 E
a1l i
10 £ 0:0.775t01--25.24 —-----mmmmmmmm oo >to 82fb 3
'INb: ~320 to 3K to 2.5M 1
107 L
13 14 20 30 50 70 100

NG 13 TeV 14 TeV 27 TeV 100 TeV

ggF HH | 31.05'22%1+3.0% | 36.697%1% +3.0% | 139.9713%+2.5% | 1224*35% 1+ 2.4%
VBF HH | 1.73%003% 121% | 2.05708%121% | 8.40%04i%+2.1% | 82.87003%+2.1%
ZHH 0.363"32°+1.9% | 0.415735%+1.8% | 1.237330+1.5% | 823733 +1.7%
WYHH | 0.329%032% 1229% | 0.3697035% +2.1% | 0.9417032% 1 1.8% | 4.70709%% +1.8%
W HH | 0.173'12%+2.8% | 0.198112%+2.7% | 0568500 +2.1% | 3.30%33% +1.9%
ttHH | 07757332 +3.2% | 0.9497)7%+3.1% | 5.24729%1+25% | 82.1779%1+1.6%
tjHH | 0.0289735% +4.7% | 0.0367 150 +4.6% | 0.254755%+3.6% | 4.44755%+2.4%

FYI: tttt production cross-section 14/13~1.3; 13/27~12.6

Renormalization and factorisatieni scales set to my,,/2 for gluon fusion, to the individual virtualities Q; , = V-¢?; , of the t-channel
vector-bosons for VBF (with a lower cut of 1 GeV), to myyy (V =W,Z) for HHV production, to my/2 or ttHH and my/2 for tjHH
production. They were varied up and down by a factor of 2 to obtain the scale uncertainties, indicated as superscript/subscript.

PDF4LHC15 parton distributions used to obtain the results, and corresponding as +PDF uncertainties. The cross sections for t j HH
TOP-LHC-France ASN16052023

involve b&th tdp’and anti-top production.
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ttHH: STUDY OF COUPLINGS IN THE TOP HIGGS SECTOR
The interplay between HH, VBF(HH), ttH and ttHH vs Couplings, here only at LO only & within SM

(But negative interference => only 50% left at LO)

£ 0000000 t
g Y; in ttH better
Y COnStraintS /Zhhh _____ H
( —
9. 020000 J t 2 - :

Unlike ttH which gives access to only Yukawa top-Higgs coupling, ttHH gives access
to both the top-Higgs Yukawa and the triple Higgs couplings, like the HH process,
but without negative interference terms. ... ssvicos0r .



HEFT operators moditying the ttHH production

_ L4 2 |2 2 3 i 2A i -
ok,, k. ,c,)=k" o +k* k“o+c, o +k>k ol +k-c,oi _+Kk,kc,oi_

| A
l SM-LO contributions \ f— | BSM-LO contributio? |
k | ] |
q t .~ qg
~
T
’ { q h
. lI IL

Similar non-resonant contributions in Composite Higgs Models
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BSM case: the ttHH produchon at LO in MCHM
iy P

|
. | e -
: ¢ <hol e
. 909000} g sl h
~h g t

\ Yukawa vertex (~80%) Higgs trilinear self-coupling (20%/15%)/ Double Higgs Yukawa vertex(~5%)
AND In red: processes
QCD pair production of heavy top partners with their top-Higgs decay specific to MCHM
T - h
- - h
g8 "0000—= ¢ ~
\ t

8 VOO ——_
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ttHH: the resonant part => search for VLQ (= simple extension of SM)

NON RESONANT PRODUCTION PROCESS at LO:
BSM-LO contribution

SI\/I LO contributions f
-
gmmr\—-—\ -
gW

RESONANT PRODUCTION PROCESS at LO:
QCD pair production of heavy top partners with their top-Higgs decay

8 DOOO——=__
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Study of the ttH and ttHH processes within
the Minimal Composite Higgs

Based on:

1) Probing the top-Higgs sector with Composite Higgs Models at present and future hadron
colliders (JHEP(2021), 049

2) On the importance of 3-body decays of VLQs (arXiv 2023.09022, submitted JHEP, May 9)
(and published ATLAS, CMS searches for heavy VLQ resonances at LHC)

N.B. Due to time constraints we here review only some of the points studied in the two pheno papers, which are
of specific interests in the present reported experimental studies. Thus points related to couplings measurement
and link with EFT are not presented here.
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&\ Springer Link JHEP(2021) 049, March 2021

Home > Journal of High Energy Physics > Article
C. Bautista et al., JHEP Publication

Open Access | Published: 03 March 2021
Probing the top-Higgs sector with composite Higgs
models at present and future hadron colliders

e Study of tth & tthh production processes in the context of CHM
e Can be probed by precision measurements of couplings + resonance searches.

* We concentrate on the fermion sector and its interplay with the Higgs boson. This
depends on the composite resonances associated with the top quark.


https://link.springer.com/article/10.1007/JHEP03(2021)049

The Minimal Composite Higgs

* Higgs is a pNGB (pseudo Nambu Goldstone Boson) of SO(5)/SO(4)
* Potential is generated by SM interactions with strong sector.




The Minimal Composite Higgs

* Many extensions possible: non-minimal breaking, neutral naturalness,
UV completion....

* Here we focus on the top sector resonances in the smallest (custodial)
SO(5) irreps: 5 and 14

* Fermion masses arise from linear mixing with resonances “partial
compositness”

e Resonances fall into irreductible representations (irreps.) of SO(4),
with distinct phenomenology



Fermionic Representations

* UnderSO(4),5=4P 1
L\Iki ~ ()\(5/'31 -‘%r‘.?.'/."n ‘Ta B)
Y

\_Y_I

W, ~ T Y=7/6 Y=1/6

v=2/6 Mz, =V M + yit?,

Ef:lix = f (_&)!Z[IT [‘yb’l\p‘i + yLllI,II T h.c. ‘
L + S TRU [yraWa + yri¥a] + hec.
‘n ,'x’.')/:{ |

(3
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Fermionic Representations

* Under SO(4),14=9P 4P 1

Vg ~ (({3/33 US/:): U;‘z/:’j= %3/:5: Vs, \’/—1/31 !‘é/:sa F_1/3, 1"1—--1/:5)

|
y=;/3 Y=2/3 Y=-1/3

Lo = fTr :(f*'rT(_?}fi(---’T (yroWo + yraWa + ';Uf,l‘l’l)] + h.c.

. + /Tr :(-—"TTT}?(-"T (YroYs + YraVa + Yyr1 Vs )] + h.c.




Standard Model Couplings

* SM couplings are modified by functions of and also by
resonance mixings.

* Couplings entering tth and tthh:

. 1. .. | I . my; Co — |
Ly —;r’)‘,,_h()“h — Gmﬁh“ — Kademvh? — — (r' + k:h + —”hh) (Irtg + h.c.)
L L [ LN v

1 Yy C2q VAL, 7Y
T 1370 ("'qh - )ij M’) GG, SMlimit: k=1,c=0



The top Yukawa

 Below resonances:
K, =1 —

* Except, it My~ Mjor Mg<< My 4

¢
{f ht =1— 1 ‘ Suppressed

r\.—la..-J

htl 1 — 3 ‘ Enhanced!



Higgs Coupling Modifications in CHM

Top-Yukawa coupling is of central interest here. SM couplings are modified by functions of & by resonance
mixings.

e Compositeness gives rise to top-Yukawa couplings (y,,Vz)
In MCHM, tth coupling modified as:

: A 0 i
cin | ’ MCHM.: A, < O suppression
s =1+ Agp y With *
~ Ytth )
: MCHM,,: As, < 0 suppression
£ =ZEW | A¢tn, > 0 enhancement
f*
* Higgs sector non-linearities {y%ﬁ,ﬁ’“ oy . Jtng,g’lliMN partner p:irpmduction
generate new vertices such as tthh
S non-resonant part

* Top-Higgs Yukawa coupling through mixing with singlet, 4-plet &nonet resonances (green squares represent mixing)

H SM-like coupling to the Higgs H H H __
| : | \\ // qr,Htp H' H, non SM-like, cubic non
M, My M, . .
Qp —r—t—re>n Tr 0L = S & Tr 0, | ¥ T renormalizable coupling

Ui r Vi Vsr Var VYor Yor



The thh & tthh processes in MCHM

 Complementary better to say in “interplay with” to HH (gluon fusion and VBF)
* u(ttH): all modifications enter only through y,

omcum(tth) =

* While the ttHH) process is described by B3 pp - tEhh
C L s = 14 TeV
Sum of Resonant + Non Resonant contributions controlled by: AN I —— MCHM;
8 10% — NRMCHM;
A e'? ————— SM
/ f \1{ j . -
b o 10"
!/"6?5‘6'6'6‘-—~—g\/ g - i g ey g E
,’/\QQQQQJ_’_( ! 9 h g o h é 100:
~h t t “6. g
4
Yukawa vertex Trilinear Self Coupling “Double Higgs” Yukawa vertex
1071 R | P T A ¥
E ! ! ! iy wvhrheh, oh ! HE
Non Resonant (NR) production can dominate if resonances are heavy — 500 1000 1500 2000 2500 3000 3500

M[h,t] (GeV/c?)

* Dominated by top yukawa, h3 ~ 15% & a few % for hht

e But resonances impact kinematic distributions (see HL-LHC experimental study)



Pheno analysis in MCHM 5 and 14 parameter spaces:

*Top sector is controlled by: Mi, y,;, ygiand ¢, cg (MCHMD5) or ¢,, ¢q Crg (MCHM,,)

*Phase redefinition & impose CP conservation in strong sector => 3 (5) physical signs for 5 (14)
*Terms controlled by the “c” couplings modify cross sections, decays BR and widths but
generally do not affect the shape of distributions. They can be encoded in a K- factor.

*We end up with — MCHMs;: f, |M,/|, |M,|, sign(M;), y;, and yp.
— MCHM, 4: f, | M|, |My|, |My|, sign(M,), sign(My), y; and yp.

*We fixed y by m,,,=150 GeV.

(Approximate running mass near the resonance scale, intended to capture the main running
effect on the couplings. The pole mass of 173 GeV is used in the kinematics.)

*We obtain the unitary transformations and use them to extract the Higgs couplings.

~ MCHM,,- LS:
MCHM, - 15 1 My] € [0.8,3.0] TeV, | M,| € [1.2,3.0] TeV.
M| € [0.8,3.0] TeV, M, € [1.2,3.0] TeV, M, € [1.3.4.0] TeV.
f€10.8,2.0] TeV,  yg €[0.5,3.0]. f€[0.8,2.0] TeV, y,€[05.3.0].




The top Yukawa in MCHM 5 and 14 parameter space

My [ TeV]

MCHM,
(yo=2, f=1.2TeV)

5 ~
1.0 § -
;;
SE -
0.9 *® =
-1
0.8

MCHM,,
Mg=2.0TeV,y =2, f=1.2TeV)

Direct Search
Exclusion

Excluded by
0.8 < p(oggh) < 1.2
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Parameter SpdcCe SCan

® Multidimensional parameter space
® How to identify representative points in a scan?
® Bin by bin clustering (A.Carvalho et. al JHEP 04 (2016) 126):

-'I\Fhiu.‘; - ),
Al a \ f ' - p (i,a) + T(4,b)
TS, = —2 L log(ngia)!) + log(ngp!) — lff)g( 5 !
1—1

d

® TS,,= 0, measures closeness of a and b.
® Iteratively merge points with smallest TS, .

® Stop when a “reasonable number” of clusters is
achieved.



Some clusters from the MCHM; scan

a 10° 10°}
E ;
'O s
P 102 10%}
| E ;
o 3
U 1 1
2 10 10"
$ t
k11 S . . . 0% e eteeeaeeea] 10K , \ ,
500 1000 1500 2000 2500 00 05 10 15 20 25 3.0 0 500 1000 1500 2000 2500
10° 10%} 10°}
102 102M 102E
10" 10'E 10"
109} 10° . . . . . . 10° o

500 1000 1500 2000 2500

10°%

102}

00 05 10 15 20 25 3.0

0 500 1000 1500 2000 2500

103

102

10!

T

10°

102['

10°

500 1000 1500 2000 2500
M[h,t] (GeVic?)

e Red and blue: 15t and 2nd
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Some clusters from the MCHM. scan

* Allows one to see new qualitative features in the
parameter space

e 15t quadrant points have generally wider
resonances

* In hindsight, expected from the relation

myy ~ ;(/1..;4111?\1'\’[4 M 1\



Benchmarks points MCHM. in Low Scale region (LHC & HL-LHC)

Pheno analysis: Feynrules->UFOfiles->Madgraph->(ready for “fast simu” =Delphes, or full simu)

I M; (GeV) S1323 1800 1483 92065 9882 2000 3000 1400 161K 92384 _92RQ9
% M4(GeV) 1357 1479 2235 1370 1339 1479 1295 1339 1309 1519 1437
5 f(GeV) 1199 1593 1071 1393 1220 1168 1484 1265 1229 1110 1646
= VI. 0.91 2.25 .38 2.35 1.83 2.33 1.98 1.34 1.22 0.51 1.03
& YR 0 88 0.58 0.72 3 38 3.57 328 3.25 0 66 0.74 2.30 0.85
u(tth) (All Energies) 090 094 08 083 078 0.79 0.84 091 0.90  0.81 0.94
p(tthh) (14 TeV) 214 147 080 151 153  1.02 200 225 241 139 158
p(tthh) (100 TeV) 1458 884 328 1028 11.18 7.04 1342 1520 16.11 13.68 10.57
NR-iLthh/iLLthh (14 TeV) 0.37 0.59 0.88 0.45 0.40 0.61 0.35 0.36 0.33 0.46 0.55
NR-tthh/tthh (100 TeV) | 005 010 022 007 0.05 0.09 0.05 0.05 005 0.05 008
M1y (TeV) 1.36 1.48 1.66 1.40 1.38 1.51 1.32 1.34 1.31 1.54 1.44
M (2) (TeV) 1.63 2.02 2.24 3.95 2.61 3.10 3.22 1.61 1.80 1.63 2.20
My sy (TeV) 1.79 388 268 555 521 485 567 217 202 347  3.2]
M 1y (TeV) 1.74 3.87 2.68 3.55 2.60 3.10 3.22 2.16 1.99 1.62 2.22
st/s ('TeV) 1.36 1.48 2.24 1.37 1.34 1.48 1.29 1.34 1.31 1.52 1.44
'py (GeV) 8.83 549  26.22 51.92 60.01 71.68 44.33 6.44 7.49 13.78  10.64 |
BR(TM™) —»th) U.19 015 03T 011 013 042 011 07 07 031 015
Bl{('l‘(l) yWTh) 0.018 0 0.47 0.004 0.004 0.003 0.006 0.024 0.016 0.005 0.010
Bl{('l‘(') »"Z) 0.39 0.41 0.22 0.42 0.43 0.42 0.43 0.40 0.41 0.50 0.41
BR(T(M) > WHW—t) 0.11  0.13 0 0.13 013 016 012 010 010 014  0.12

Red and blue: 15t and 2"® quadrants of M;-M, space
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Benchmarks points MCHM,, , low scale region (LHC HL-LHC)

Dy D Ds [ Dy FADSH Ds D7 Ds Do DT Du  Dio |
n M; (GeV) H73 943 1979 13 273F 2008 =4 H36 HFTF 264 408 H64
% M4(GeV) 1823  -2447 -1297 2196 1340 -1272 -1907 -2005 -2670 1460 1373 -2997
g Mg (GeV) 1382 2000 3889 3236 2836 3473 1500 1467 2000 3230 2965 1329
M [(GeV) 881 1275 1012 1288 1550 1912 863 931 1071 1648 1155 1244
A g7 1.98 1.33 0.85 2.68 1.67 1.11 1.23 2.93 2.06 2.40 1.04 1.25
YR 3.90 1.07 0.73 0.30 1.93 1.86 1.67 1.23 2.65 2.67 0.49 1.32
u.(t.th.) (/\]I Encrgi(_:s:) 1.39 0.90 0.48 0.71 0.68 0.68 0.93 0.98 1.22 0.71 0.68 0.93
p(tthh) (14 TeV) 4.27 0.97 2.82 0.55 1.34 1.81 2.15 1.57 1.70 0.93 1.83 2.86
u(tfhh) (100 TeV) 27.70 6.32 28.44 3.05 10.87 13.69 19.94 11.20 9.21 7.35 16.04  21.53
NR-tthh/tthh (14 TeV) 0.46 0.82 0.08 0.87 0.33 0.25 0.37 0.61 0.87 0.53 0.23 0.30
NR—chh/ch-h (100 TeV) 0.07 013 0.01 016 0.04 0.03 0.04 0.09 0928 0.07 0.03 0.04
IW,,.(I) (TeV) 1.38 1.62 1.31 1.70 1.38 1.31 1.42 1.46 2.00 1.50 1.38 1.33
A'f.,.(-z) ('l'cV) 1.58 2.00 1.2 2.20 2.060 2.4 1.0 147 2.00 2.10 1.49 1.35
IWT(;;) (TeV) 1.41 2.00 2.11 3.16 2.84 3.47 1.50 1.47 2.02 3.23 1.81 1.36
Mg (TeV) 1.38 2.00 1.54 3.18 2.69 2.45 1.50 1.47 2.00 3.17 1.80 1.33
Mx“) (TeV) 1.38 2.00 1.30 2.20 1.34 1.27 1.50 1.47 2.00 1.46 1.37 1.33
5/3

| e (GeV) 12.17 91.45 22.06 157.07 67.39 53.12 64.23 79.22 17.70 82.52 17.55 3 .63
BR(T() —th) 0.40 025  0.44 0.26 042 042 028 011 026 042 046 017
BR(T() -W+h) 0.35  0.51 0.05 0.48 0.01 0.0 045 061 036 0005 011 043
BR(T(‘) —t7Z) 016 024 041 0292 043 044 024 027 0.20 042 034 032
BR(T(H) WHW—1) 0.09 0 0.10 0.04 0.14 0.13 0.02 0.02 0.18 0.16 0.08 0.08

Red and orange: 15t and 3" quadrants of M;-M, space

Blue and cyan: 25t and 4" quadrants
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Experimental “model independent” VLQ searches S ...............--..--...-..-......1..3.?’?..‘1?.76!’1_54 -
% 8:2 e~ 95% CL otgehrcesd 152 Lﬂi
Usually assumed: E«"". ________ all channels 1.5 =
Only one VLQ contributing to the chosen signal. Other BSM 3;35«“‘ BOW)+B(tH)+B(2) = 1 ] 148 E
resonances are much heavier, absent or decay into different final states - viaT 35146 ©
Separate searches carried out for Tand X5 /5 04k 144 2
Decay width is saturated by a few 2-body decay modes of the VLQs. 0.3F - 142 5
Xs5/3 > tW, T - WhtZ th 02f © ::8 =

YT 3/(E3 CY) AT, . 1.36

0 010203040506 070809 1

(X53X53) [Pb]

- B(X5, — tW) =1
- Right-handed
| SS dilepton and

1-lepton combination —

95% CL upper limits
—e— Observed
------ Expected
[ 68% expected

|:] 95% expected

800 900 1000 1100 1200 1300 1400 1500
X, mass [GeV]

CMS Collab.. JHEP, vol. 03, p. 082, 2019.
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E CMS 95% CL upper limits
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1 llllllll 1 Illlllll
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[OPHHErance AENEE0R2022 CMS Collab. CMS-B2G-20-011, CERN-EP-2022-175.



MCHMDS5: The lightest top partner can be singlet or 4plet like.

The physical states after diagonalization are:

r 1( | l T T T T - T R
Iy =Upaty +UpTy, +UpsXgyz, +UpaTy

r 1( | ] T T I B T r T T
I'y” = Upgatg + UppThr + UpsXosp + Uralk

With: L, R chiralities; U, g =corresponding Unitary rotations to mass basis

g 60%; mm BR(TW W+ wW-t)
@ 50%1 BR(T') -» Remaining 3-body channels)

- Singlet-like points
o 30%1 (@<n/4)

P o/ | ; . . T T
S %00 0.05 0.10 015 020 025 030 035
Branching ratio

To measure singlet & fourplet contributions, define:

ay - -, ] D
nr + np ‘, Ny + N
% cos? ) = ~L_,

e —

. .
sin“ f# —

I3 2 9
. Moy = Yoz T Vnir s
with C o s

5 12 2
MR I""L(h’).l * [*L['Hj]._i

nt n° = respt the 4plet and singlet contributions for each L,R chirality
O angle characterizes nature of TV @ =0 (singlet) = it/2(4plet)

mm BR(TYaWrW™t)
20% BR (1) ..
(T**'= Remaining 3-body channels)
15%1 _ _
Fourplet-like points
10% (B=mn/4)
5%/

O{g, . ; ! . =
.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Branching ratio

memmmmmm) For fourplet-like points, 3-body decay branching ratios are sizable
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Three body decays in MCHM. of lighest VLQ states

4plet-like T bigger BR(T->3-body) with prevailing T (1) > W +W -t .
The singlet-like case is just the opposite.
=> MOTIVATES focus on 4-plet case.

(V)]
lz . £ 60%"
S . B BR(Xs/3 » W+t)
[9] 0% BR(Xs5/3 = W*th) + BR(X5/3 » W*t2)
S 40% -

B BR(Xs;3 = btt) + BR(X5,3 » WW*b)

fourplet, E o
o
20% Fourplet-like points
(©
§ 10% .
— [o) | |
g %o 0.2 0.4 0.6 0.8 1.0
Branching ratio

smglet
The 4plet-like scenario also more interesting for Xs/;
One of the lightest states and near degenerate with T(2)
with splitting caused by EWK effects and smaller than mW .
negligible => only allowed 2-body decay is Xs;3 > W*t.
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1034

Number of events

1074

107!

102 4

10% +

Effect on T partner pair production

—e— Simplified singlet: 2 BR(th,tZ) = BR(Wb) = 0.5, BR(WWt) = 0
Simplified Doublet: BR(th,tZ) = 0.5, BR(Wb,WWt) = 0
—e— Fourplet-like: BR(th,tZ) = 0.45, BR(Wb) = 0, BR(\WWt) = 0.1

1000 1200 1400 1600 1800
T mass [GeV]

2.11
2.01
1.9
1.8
1.71
1.61

1.5

M

Ratio of number of events

—e— Simplified doublet / Simplified singlet
—e— Fourplet-like / Simplified doublet

e ol

1.4

1000 1200 1400 1600 1800
T Mass [GeV]

10°

-
o
-

o (TT )[pb]
2

10—3-

1L+2SSL+MultiLep —*—

Singlet-Expected
Singlet-Observed
Doublet-Expected
Doublet-Observed
Fourplet-like-Estimated

pp = XX

1000

1200

1400
Mass (GeV)

1600 1800

* A naive rescaling of existing searches shows an improved exclusion by roughly 100 GeV.

* This motivates analysis including the 3-body channels
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Search for vector-like resonances in the presence of 3-body decay

MCHMS5 with a 4plet-like T2 = simplest scenario in a complete model providing 2 light VLQs

Key characteristic of a model with a 4plet-like T!)= degeneracy in mass with X;;

Due to their degenerate masses, X;s/; and T\Y) cannot be simultanously on-shell in a,b-diagrams
* diagram (a) generates either production of an on-shell X; 5, followed by its 3-body decay (blue ellipse)
* or Xs/; mediated production of on-shell T+W, followed by 2-body decay of T -> tZ (2 green ellipses)

Key point: Same final states for these 2 situations: WtZ Wt

Analogous situation occurs in diagram (b), with the roles of TY) and X5 5 reversed.



Near degenerate states: off+on shell contributions
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s '1obo' T 9S00 zooo 0 oo
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n
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1) i) peak at 1.3 TeV generated by decays of on-shell T(%)
i) the bump in the region M[t,Z] ~1.3 TeV generated by 3-body decays of on-shell Xs,; (which force T!) off-shell)
2) Same applies M[W +, t, Z], with a peak from on-shell X; 5 sitting on top of a off-shell X;,; bump.

NB : this is general feature of mass degeneracy & presence of 3-body decays, in any model as long as the involved
coupling constants are sizeable. In MCHMS this is guaranteed because T*) and Xs,; are coming from the same multiplet .
=> Difficult to disentangle between TV and X;; signals=> TURN IT as an ADVANTAGE with INCLUSIVE SEARCH



Inclusive search with contributions of pair production of both

T™ & X5/3 to the same signals

XX -» (Wth)Wt, XX » (WtZ)Wt, TT » WWt)th, TT -» (IWWt)tZ.

 Witht—> Wbandh(Z) — b b, the signature is 4W4b.
* Multileptonic search channels (2SSL + 3L)

Madgraph (LO) » Pythia » Delphes (HL-LHC card)

1. “Objects definition” (labelled as “no cuts” in Tables):
Leptons: isolation variable (1) < 0.1,

pr > 30GeV, In| <3

reconstruction using AKT4

pr > 30GeV, In| <3

Jets:

2. Np = 3: As signal contains 4 b and most background don’t.

3. H;ep > 1.6 TeV: High transverse momentum in signal from
heavy particles decay.

4. Etmiss > 100 GeV or > 150 GeV: to ensure we are excluding

rarer background contributions.

Process o [fb] decay mode o x BR [ab]
X5/3X5/3 = W TW™ | 4.87 | Wiz Wiz WhadWhad 208
Wi+ Wi Wi Whag 133
WixWis Wi Wi 106
X5/3X5/3 — WHW—tth 1.12 Wi+ Wit Whaa Whad 27.6
Wi+ Wi Wi Whag 17.7
VV[iVle W[in¢ 141
TT — WTW~tth 1.01 Wi+ Wit Whaa Whad 24.9
Wi Wis Wit Whaq 15.9
I/Vl:t I/le Wli Wl? 127
TT — tthh 1.37 (hh — BBWTW ™)
Wi+ Wit Whad Whad 14.6
Wi Wiz Wi Whad 9.32
I/Vl:t VVH: Wli Wl:p 075
Xs5/3X53 = WIWttZ | 1.1 | Wiz Wiz WhaaWhad Zy; 7.15
VVZiVVFFVVZiWhadeB 4.58
Wiz Wiz W= Wi Zy; 3.66
TT - WTW—ttZ 0.86 | Wi+ Wit WhaaWhadZy 5.59
VVZiVVFFVVZiWhadeE 3.57
Wiz Wiz W= Wi Zy; 0.29
TT — ttZh Wi Wi Z, 4.29
(h—W-WT)
I/Vlj: ‘/Vli WhadVVhad ZbE 3.33
Wi Wis Wi Whaa Zy;, 2.13
VVl:t VVl¢VV1:tVVH: ZbE 0.17
TT - ttZ7Z 1.03 W= Wix 21 Zy; 0.98

T=T,T?orT3

Signal processes for C9 in 2SSL search at LO, Vs = 14 TeV




RESULTS

Nb of t ing the cuts in 2SSL+3L h ch I
Most important backgrounds wrt 2SSL, 3L or 2SSL+3L Of EVENTS passing the cuts in >earch channets

Number of events - 2SSL+3L (£ =4 ab™ ")
Backgrounds | o [fb] decay mode o x BR [fb] Process No  [Ne=3[N,>3, N, >3, N, >3,
= : O s HE = 1.6 TeV | H > 1.6 TeV | H' > 1.6 TeV
W™ + jets | 574.5 Wiz Wi Whaq 18.14 e ! ( K > 1[)(() Gev | #r > 1.-',:1 GeV
_ Wiz Wi Wiz 5.81 o | XX 5 aAWW 492 49 32 28 24
ttZ + jets | 743.1 Wi+ Whad Z; 12.73 5 1T 5 tThh 58 19 10 8 7
W= Wi 2 2.04 |8 11 5 tiZh 52 23 18 14 11
— — E [ | rprg v—_. 7 - ( Lrd » _
tth 479.9 (h W W+) B 117 > A7 60 9 { 6 4
Wit Whaa Wit Whad 4.42 P g | XX > WIWoiih | 66 32 24 20 17
Wi Wix Wit Whaa 2.82 T W ,l W tth 2[") 2; 2[1 lf‘ 1;’
2 rroswitw iz | . 5 5 -
gf/ig/fha%fl Z‘;I;d 8;;1 S| XX >Wiw iz | 16 7 5 4 4
EWiIFEr Wi Wi : -
— ttW+ 23739 | 735 35 24 16
VA 1 Z 4. = -
t _sz 317 Wit 2y 6 = A 17506 | 545 20 12 8
Wi+ Wi Wi Whag 0.32 k= tttt 859 367 14 10 7
Wi Wis Wi Wi 0.03 & HWTW - 794 36 1 1 1
=T tZ bjj 1744 | 39 1 1 0
ttW™W 9.88 | Wit WhaaWi+ Whaa 0.42 :
Wy Wix Wi Whaa 0.27 S/B 0.1 1.7 2.1 2.6
Wi Wiz Wi Wi 0.03 S/VB 4.0 14.5 14.9 15.0

NB: In the case of 3-body decays the cross sections are around four times bigger than expected: direct consequence
of the off-shell contributions
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Concluding remarks and perspectives (for pheno part)

Probing the top Higgs sector with CHM

* Focus on tth & tthh production processes in the
context of CHM

* Probed by precision measurements of couplings +
resonance searches

t
_~-h
vv/m‘«—\’, d _-h g _—h
9.99000 }+—<T f/ Y h 9 ~h
~h
t

Yukawa vertex Trilinear Self Coupling “Double Higgs” Yukawa vertex

Non Resonant (NR) production can dominate if resonances are heavy

Pheno study with simu (including DELPHES) within the overall

MCHM5&14 param scale => stress important features of tth/tthh

Study of couplings & link to EFT (not discussed here)

On the importance of the 3-body decay of VLQ’s

Vector-like top partners: ubiquitous in models attempting to address
the naturalness puzzle of SM

With MCHM; as a concrete example of such an extension, we showed:
* VLQ’s can have sizeable 3-body decays, and

* taking these decays into account can improve significantly the exclusion limits
obtained by previous analyses.

NOTE: Even if done within MCHMS5, the features are generic in any
model containing a vector-like doublet.

Most experimental studies consider a SM-like doublet (top and bottom
partner), with a two-body saturated width.

However, on the contrary, a doublet naturally leads to near degenerate
states and sizeable three-body decays.

Thus, simplified models built on this assumption do not capture model
independent physics, but instead impose constraints on their possible
UV completions, needed to suppress the three-body channel.

Furthermore, the narrow spectrum leads to large contributions to the
production cross section in the three-body decay channels, coming from
one of the states being slightly off- shell.

The effect can make the cross-section as large as 4 times the naive
estimate from cross-section times branching ratio for narrow states

This makes it difficult to search for one of these states in isolation, hence
an inclusive search can be more profitable.



From theory to experiment:
Search for and study of the ttHH production process
at LHC and beyond
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Collaboration
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Abstract

CMS-PAS-FTR-21-010

Search for the nonresonant tt HH production in the semileptonic decay of the top pair and the Higgs pair decay into b quarks at the HL-LHC
CMS Collaboration O Sokmen(PhD), O. Sahin, S. Sekmen, ASN

CMS Collaboration Contribution of C. Bautista, R. d’Elia, L. de Lima for study of sensitivity to MCHM scenarios,

, , cds.cern.ch
Particle Physics - Experiment

CERN LHC ; CMS

This work describes a prospective search for the production of a top quark-antiquark pair associated to a pair of Higgs bosons with the upgraded CMS
detector at the High-Luminosity LHC using proton-proton collisions at \/E = 14 TeV. The analysis is performed on dedicated samples simulated with
the upgraded Phase-2 conditions. The candidate ttHH events are selected with criteria targeting the lepton plus jets decay channels of the tt system
and the decay of the double Higgs bosons into two bottom quark-antiquark pairs. In order to increase the sensitivity of the search, selected events are
input to a multi-classifier deep neural network. The resulting discriminants are split into several b jet multiplicity categories with different expected
signal and background rates. A simultaneous maximum likelihood fit is performed to evaluate the expected sensitivity reach. The analysis is expected
to exclude ttHH production down to 3.14 times the SM cross section with 3000 fb~! of data. The sensitivity for Minimal Composite Higgs Model
scenarios is also presented.



http://cds.cern.ch/record/2804085?ln=en

Search for tt(SL)HH(4b) non resonant production at HL-LHC

It is a dedicated analysis performed at |4 TeV with 3000 fb-'with DELPHES based simulation
and searching for the tt(SL)HH4b signature.
A dedicated BSM study is included in this study: |t time!

4 v’ Starts from the pioneering ttHH analysis framework performed
h b with 2017 CMS data (L.F. Do Prado’s PhD thesis, unpublished),
¢ TS W ek v" Follows the progress of the ongoing analysis with the full
NG Run 2 data, actively ongoing at CMS; several of the new
,’3 developments are introduced within the Delphes
Wq HL-LHC framework to perform this search .
guvossy S W _
h b 9
< | Br(Tot) =11.4%



Analysis strategy: outline

* Object and event selections applied on simulated signhal & background samples.

* Events passing the selection are used for training DNNs for signal extraction.
Background yields are predicted directly from simulated MC samples.

* The resulting final DNN discriminants are used for

* obtaining upper limits on the expected signal strength, taking into account various
systematic uncertainties reflecting the Phase-2 conditions.

* The same analysis methodology is used for the SM ttHH and MCHM ttHH cases.



Analysis strategy: object and event selection

1) Selection applied to simulated objects:

Object ID pr (GeV) | |n Isolation
Electrons (select) medium > 30 <3 ([T =03
Electrons (veto) medium 15-30 =3 (I ;<03

Muons (select) medium >30 | <28 |IPF<03
Muons (veto) medium 1530 <28 | ;<03
Jets loose > 30 <3 -
b jets (medium) medium > 30 <3 -
b jets (loose) loose and not medium > 30 <3 -

2) Event baseline selection:

Baseline selection

number of jets
number of medium b jets
number of selected e or
number of veto e or u

Emiss (GeV)

>4
>3
=1
=0
> 20

b jet multiplicity channels

= 3b =4b | > 5b
0 loose b | > 1 loose b
number of medium b jets =3 =3 =4 | >5
TOP-LHC-France ptififSe10of loose b jets =0 > 1 - —




Simulated samples: most are especially produced for this study

Cross sections at 14 TeV (fb) Event yields
Simulated samples +QCD Scale (%) after baseline
+(PDF+a,) (%) selection (3000 fb)
SM : ttHH, HH — bbbb 0.948117% 4+ 3.1% (NLO) [2] 308
tt + jets 98450012321% + 4% (NNLO+NNLL) [29] 21707536
tt + 4b 37013097 & 3.5% (LO) [19, 30] 88977
ttH, H — bb 6121597 + 3.5% (NLO) [2] 133960
ttZ 1018+7£%, +3.5% (NLO) [2] 73999
ttZZ, ZZ — bbbb 2.59783% 4+ 1.8% (NLO) [31] 727
ttZH, ZH — bbbb 1.541322% + 2.8% (LO) [2, 30] 537
MCHM;;: ttHH, HH — bbbb 1471370 4+ 3.1% (LO) [3] 377
MCHM, ,: ttHH, HH — bbbb 2.1513 %% +3.1% (LO) [3] 491

Special thanks to Carlos Bautista (IFT-UNESP, ICTP-SAIFR,BR) for his collaboration in generating the MCHM
samples, preparing the MCHM gridpacks and verifying the generated and simulated MCHM data with dedicated
DELPHES samples he produced.  7or-tHC-france Asn16052022 16/05/2023 48



Benchmark points as show cases for MCHM study for Snowmass 2022

— MCHM5;: f, |M,|, |My|, sign(M;), y;, and yp.
— MCHM, ,: f, | M|, |My|, | My|, sign(M,), sign(My), y; and yp.

* MCHM;(C2) benchmark point: main parameters

space values:
f =1593 GeV;
M,=-1809 GeV; M, = 1479 GeV;
y. = 1.38; yz= 0.58
L(ttH)=0.94;
LU(ttHH)=1.47 NR-ttHH/ttHH= 0.59

3 heavy charge 2/3 top-partner resonances->tH decay:

T1: mass 1.5 TeV, Br(tH)=45.4%; I'(T!)=5,5 GeV
T2: mass 2.0 TeV, Br(tH)=21.8%; (T?)=13.6 GeV
T3: mass 3.9 TeV, Br(tH)=6.2%; '(T3)=163.2 GeV

e MCHM,,(D7) benchmark point: main parameters space

values :
f =
M,

863 GeV,

=-801 GeV; M,=-1907 GeV; Mgy= 1500 GeV

vi= 1.23; ye= 1.67
L(ttH)=0.93;
W(ttHH)=2.15  NR-ttHH/ttHH= 0.37

6 heavy charge 2/3 top-partner resonances->tH decay:

T
T2
T3:
T4
T>:
T®:

mass 1.4 TeV, Br(tH)=28.3%,; (T )=64.2 GeV
mass 1.5 TeV, Br(tH)~0%; '(T%)=17.0 GeV
mass 1.5 TeV, Br(tH)=27.5%; (T3)=7.8 GeV
mass 1.5 TeV, Br(tH)=67.9%; (T*)=43.2 GeV
mass 2.0 TeV, Br(tH)=8.2%; (T>)=10.7 GeV
mass 2.2 TeV, Br(tH)=40.0%; I(T®)=10.8 GeV



Background events:

1)TPI|e top pair+jets backgrounds: some special aspects for this DELPHES based study/CMS data
analysis

* The top pair production in association with 2b jets constitutes a large irreducible background in
the ttH where Higgs decays into a b-quark pair [arXiv:1610.07922].

* |t has been the object of a detailed NLO+PS QCD study [arXiv:1912.00068].

e Similarly, the top pair production in association with 4 b jets is an important background for
ttHgMb)d Unlike tt+2b, there is no such NLO QCD study and only a LO generated sample is
produced.

e Estimation of the QCD scale uncertainty on tt+4b sample is done in the consideration of tt +2b

studies showing that the NLO QCD effects reduce scale uncertainties from the 70-80% level to 20-
30% at LO.

* Hence, tt+4b QCD scale uncertainty is treated with two scenarios; 70% and 30%.

* The tt + 2b process also contributes to the background.Though dedicated samples for this process
do not exist here, the background is partially taken into account through the tt+jets samples.

2) The other Physics backgrounds: Note that as for the full Run 2 data ttHH analysis:
e ttHbb, ttZbb
e ttZH4b and ttZZ4b

are included as additional Physics backgrounds.



Definition

and choice of the DNN input variables

Group Variables * Important to note the restricted number of
Object multiplicities N N variables characterizing an event with DELPHES as
Object 4-momenta, pr jetl, 2, 3,4, 5, 6 SOENEE] I C RS
|7;r| jetl, 2’ 3’ 4’ 5’ 6 4wz > “Only” 57 such variables as inputs to DNN for SM case
SR > and 57+2 such variables as inputs to DNN for BSM case
pr bjetl, 2, 3,4, 5, 6
In| bjetl, 2, 3, 4, 5, 6 0 i
Hadronic transverse momenta | Hp, Hb iy = (M35, — M) i (M54 — Mort)
Mass averages mo o () T3 ja T jaja?
2 2
Angular separation variables | An: Y, An 7, Anpe® o _ (my, —mgz)*  (my,;, —mz)
77 bb bb X —
ARG, AR?, AR, ARG - i s
2] ’ 22
Optimized x? values I e, —x2 _ (mjyjp — mz) . (mj,5, — mp)?
Invariant masses Mh1, Mh2, M1, M2, Meh 2, M il 0.721j2 012'33'4

Reconstructed Higgs momenta

PT(h1)s Pr(h2) (only for MCHM DNNs)

Event shape variables

aplanarity, sphericity, C value, D value

Invariant mass and x? calculated for HH, ZH and ZZ

b-tag value

btagValue jetl, 2, 3, 4, 5, 6

diboson case, by:

TOP-LHC-France ASN16052023

» Scanning over all b-jets combination to find the
minimum %2, and
» Using the b-jets corresponding this minimum %2

to compute the invariant mass.
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CMS Phase-2 Simulation Preliminary 3000 fb" (14 TeV)
T — T — T T

CMS Phase-2 Simulation Preliminary 3000 fb' (14 TeV) » 5 CMS Phase-2 Simu_!a_tion Preliminary 3000 fb' (14 TeV) » o
T i T _ 1 0 T _ I_ R _
It Itz T it (R4 Em It Itz
0 ttH B ttab 0>J 0 tH I ti4b 0>3 108 0 ttH I ti4b
ptizH pgtizz w ptizH ptizz T ptizH ptizz
- fiHH - fiHH 10 - fiHH
Variable
5
10° 10
o o o 4
Distributions
10° 10
After
10
3
Baseline |
g 182 sig, bkg normalized to 1 ) —g— E g" 1(0)2 E sig, bkg normalized to 1 E 9 1 g sig, bkg normalized to 17 me===mem_,_ ]
Selection £% __— S - R B —
(%n 1F —_— E UQ)') 1k — 1 C%» 0.5F  mewme™" E
—1 | ] —1 ) . . ] £ == . . . . E
1075 4 6 8 10 107 500 1000 % 100 200 300 400 500
Nojer H: [GeV] m, , [GeV]

Kinematic variables with particularly high discriminative power for the SM ttHH signal and all SM backgrounds.

o EMS Phase:2 Simylatiop Preliminary 3000 7 (14 TeV) o  CMS Phase Smulation Preliminary 3000 1" (14 Tev) o CMS Phase:2 Simuation Preliminary 3000 1" (14 Tev)
[=gp g T Bt § tiz = gt g tiz
o tH g tib 0 10 OfiH [ ti4b 0 10 OfH [ t4b
M 47 0tizZH  ptizz T pfizH ptizz W o DtzH [ tzz
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ai . -:;— — 5? 0.5E .= '“H——-ﬁ__~_*h~; wn -q; . . .
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Discriminating between ttHH, ttHZ and ttZH: difficult

See: Shape comparison with kinematic variables with high discriminating power
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IMPACT of BSM on kinematic variables: effect of resonances

" CMS Phase-2 Simulation Prelimina 3000 fb™! (14 TeV, o 160 CMS Phase-2 Simulation Preliminary 32'@ fb' (14 Te ® CMS Phase-2 Simulation Preliminar 3000 fb! (14 Te'
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! NEW ! Event Categorization Flowchart: works in two steps

2nd step: all observables + DNN binary discriminant

1st step: Binary DNN to extract ttHH /ttHZ and ttZZ

implemented with subset of the

Event

features 7 binary
as | DNN

input nodes

[ sMuHH |

ttZH

ttZZ

OR

[ MCHM eHH |

ttZH

ttZZ

Event
features
as
input
nodes

N jets, b jets

-

pr of 6 leading jet

pt of 6 leading b jet

N of 6 first jet

N of 6 first b-jet

~

AR“.avg , AR“.min

-

ARpp2ve , ARppmin

X2for HH, ZZ,HZ

SM or MCHM
ttHH

Schema of the binary and the multi-classifier DNN network :

Same event categorization strategy applied to both the SM ttHH and MCHM ttHH cases.
N.B. This 2-stages categorization is a new input in our overall ttHH strategy, as developed so far in the tt(SL)HH4b data analysis.

We might extend it to the CMS data case to strengthen the discrimination of ttHH wrt ttZH & ttZZ (“newcomers” in this analysis).
TOP-LHC-France ASN16052023
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ONN-based event categorization

* The DNN consists of fully connected neural network nodes

for the consecutive layers.

* To prevent a bias (over-training), independent validation

and training samples are identified.

* Hyperparameters are optimized on the validation samples,

evaluated by same DNN in 3 different number of b jet categories;

nbjet =3, 4, >=5

| Hyperparameter | Optimized value
hidden layers 5
nodes per hidden layers | 256, 128, 64, 32, 16
dropout 0.1
batch size 1024
loss function Categorical Crossentropy
Optimizer LAMB [33]

learning rate

Cosine decay

activation function LeakyReLU [34]
last activation Softmax
validation split 0.25

Confusion matrix,
ROC-AUC=0.77
Eff(ttHH)=71.4%

TOP-LHC-France ASN16052023

Label
tt4b

ttz ttbar

ttHtobb

ttZH ttzz

ttHH

— 0.0411954

- 0.17506

— 0.327427

- 0.279923

0.554566

0.651031

0.713728

0.00155069

0.00816331

0.00823758

0.0227615

0.0436904

0.0332459

0.0153101

IR I
ttZH

9.01312e-05

0.000376011

0.00033816

0.00118882

0.00199925

0.000917869

0.000222225

ol
tzz

0.0150693

0.0277229

0.0249968

0.12645

0.0476889

0.0310287

0.0167721

‘b’
Prediction

16/05/2023

0.0686387

0.116142

0.19384

0.120709

0.118756

0.105805

0.108118

[
ttHtobb

0.0570943

0.170038

0.0704252

0.0653271

0.0582183

0.0508761

0.0385736

0.816362

0.502499

0.374735

0.383641

0.175081

0.127095

0.107276

o b
ttbar

56
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Events

ONN Results: Final discriminants for the SM ttHH training

CMS Phase-2 Simulation Preliminary

3000 fb-1 (14TeV)
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ONN Results: Final discriminants for the MCHM training
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Systematic uncertainties

« Recommended systematics for HL-LHC are applied:

https://twiki.cern.ch/twiki/bin/viewauth/CMS/YR2018Systematics Three scenarios for systematic uncertainties
are considered

* “YR18” systematics scenario:This scenario represents the realistic systematic uncertainties assumed for
the Phase-2 era. A scale uncertainty of 30% is considered for the tt + 4b background.

* “YR18 conservative” systematics scenario: Same as above, but a scale uncertainty of 70% is considered for
the tt + 4b background.

 Statistics-only scenario:We only consider statistical uncertainties.

Uncertainty source Uncertainty Impact on Impact on
(%) signal yield (%) | BG yield (%)
Jet energy scale 0.4-3 —0.5/ + 0.42 —24/+2.3
Jet energy resolution 0.4-3 0.02/ + 0.6 0.2/ + 2.2
b tagging 1 -1.3/+1.13 | —0.14/+0.16
Lepton identification 0.5 0.5 0.5
Luminosity 1 1 1

Plus Theory uncertainties on cross-section, given in the table of simulated samples



Results: Limits- Combine Tool for SM t1(SL)HH4b

* Alog likelihood scan is performed with the
shapes of each discriminants.

» Upper limits for 3 different cases are
obtained:

o ttHH: 3.14 , 54" times the SM
cross section,

ttHH + ttZH + ttzZ

ftHH + tizH |

CMS Phase-2 Simulation Preliminary 3000 fb (14 TeV)
RSN BT BN B BN SN, AR S SERELIELS NSRS JUSL IS JUUR s ML D ML

B il YR18 g
[ le] YR18 conservative |

:_ Ii—:—j—ll le] Stat. only _:

e

T
T
l

« ttHH and t1ZH : 1.31 5,993 time o
the SM cross section, okl |
o ttHH, t1ZH & t1Z2Z: 0.84-, 5,934
times the SM cross section
YR18 | YRI18 conservative | Stat. Only
ttHH 314 =t 32 ;o 2.16 05
ttHH + ttZH 131 o2 138 12 085 05
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Results: Limits- Combine Tool for 2 considered MCHM cases

* A log likelihood scan is performed with the shapes of each discriminant.

* 95% CL upper limits for the 2 considered
MCHM ttHH benchmark points are:

o u(HHH_MCHMSE) = 1,72 55078

o W(HHH_MCHM,P7) = 1,084 357043

YR18 | YRI1S8 conservative | Stat. Only
GHHS: 1T 196 1.42708,
tHHA . 108 02 11005, 0.93705¢
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Concluding remarks & perspectives on the experimental side

v Motivated by the theoretical interest and the phenomenology studies, experimental
searches on the tthh non-resonant production at LHC with the current Run 2 data have
been launched and results with full Run 2 data expected by end of 2023.

v’ Also starting to address the Run 3 data analyses that will double the statistics.

v’ In parallel perspectives study with HL-LHC have been performed with a as realistic as
possible framework.

v’ The 4 top results show: 10 fb-cross section barrier can be overcome => Next step are the fb
cross-section processes; especially the tthh multifacted process both in SM and BSM:

v The search for VLQ’s as well in the resonant production of tthh are as well extremely
promising in these scenarios and quite complementary.

v/ CHM offers an excellent playground to explore BSM with features that are rather generic.
=> STAY TUNED!!
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Vector Boson Fusion (VBF) production mechanism

\
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mean for probigg the T weson Frappo
VVHH (V=Z*,W_) CZV | PDF4LHC15
Higgs self-coupling! ~1.723 b
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SIGNATURES, BR’s & Nb of evts for 2 Run 2

Top quark has a very short life-time ~ 102> sec = decay
before hadronisation

« InSM |V, |~1 = Br(t->Wb) ~ 100%

10~

* Dileptons:

Branching ratio

-eu T —oe(u:~6.5%,lowbackground

Top Pair Branching Fractions

- 1t > had+e (n) : ~ 3.6%, reasonable bckg YY

» Leptons + jets, "alljets" 46%

—. .\

1 | | 1
100 120 140 160 180 20C

10-3

- e MuT—e(u) + jets ~ 35%, reasonable bckg

Higgs mass (GeV)

- 1 —>had + jets ~ 9.5%, high background THets 15%

« All jets ~ 46%, high bckg
i’ 10/2/
Tty 2.23/0
¥e ,\o]%l

L+jets 15%

Mgt
“diletfms" e "lepton+jets” 3%
Br[tt(SL)HH(4b)]= 0,35x0,572=> 137,1fb1=> 11.4% =>12.1 evts e
Br(tt(DL)HH(4b)) =0.10x0,572 => 3.2% =>3.4 evts 1%
Br(tt(had)HH(4b))= 0,46x0,577 => 15.0% => 15,9 evts
Br[tt(SL)H(2b)H(2y)]=0.35x0.57x0.0023 =>0,046% => 0.05 evt
Br[tt(SL)H(2b)H(WW)]=0.35x0.57x0.21 => multileptons signature
Br[tt(SL)H(2b)H(tT)]=0.35x0.5 > 1.6 evt, interesting add. 2t
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Three body decays in MCHM.
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CMS Search (hep-ex: 2209.07327)
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