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Introduction

* A Higgs boson with mass at 125 GeV/c? has e o07 gg;;; >2
been diSCOVGFEd in 2012 >|, 1:_0'!\:'8 N -1v3?-f53-_-1|(1?;T-f\,/,_:
* Yukawa couplings of the Higgs bosontot & b, L
. . gl f
and T & u are consistent with SM B
. - i Vector bosons
* |sthe 125 GeV Higgs boson the only one? .
:‘ ’ mze:::r?d—ge:eration fermions
* Two-Higgs-doublet model (2HDM) o T
— CP-even neutral scalar bosons h and H with m,, >m, m { """""""""""""""" g fieomear Oﬂf
— One CP-odd pseudoscalar boson A - S
— Two charged Higgs bosons H* scalar boson G.C. Branco, Phys. Rep. 516 1 (2012) 1
arXiv:1106.0034



2HDM

 These additional Higgs bosons at mass scales <1 TeV may still exist with
additional Yukawa couplings hidden by fermion mass-mixing hierarchy

* Because of alighment they may have a negligible impact on the 125 GeV

SM-like Higgs boson

e Alignment suppresses Flavor Changing Neutral Higgs (FCNH) interaction of
h bosont — ch/uh, t = ut/et, but allows them for the H and A bosons

W.S. Hou,
arXiv:2012.05735
arXiv:1706 .07694

Phys. Lett. B 296 (1992) 179



New Yukawa couplings

 The scenario can be studied in the generalized 2HDM (g2HDM)

* With new Yukawa couplings such as p;y, Pty Ptc, Pee that may assume
significantly large values

— May also explain the electroweak baryogenesis, and therefore the disappearance
of antimatter soon after the Big Bang

— The new top Yukawa coupling p;. with a similar strength to p;, may be compatible
with the observed data depending on the HT mass, which may also explain a
possible muon g-2 anomaly

T.D. Lee, Phys. Rev. D 8 (1973) 1226 K. Fuyuto, arXiv:1910.12404
G.C. Branco, arXiv:1106.0034 ATLAS, arXiv:2307.14759
K. Fuyuto, arXiv:1705.05034 D.P. Aguillard, arXiv:2308.06230
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Search for extra Yukawa couplings

e Such Higgs bosons (H or A) are within the reach of the LHC and may be
searched for in different channels

* Here we focus on search for the existence of these couplings, p,, and p,,
through pp - tH/A - ttq (q = u,c) o./p, t

— Py (let p=0) lﬁtq\
— Py (Iet ptczo) \ ,\'l;
q Ptq’,” H/A

* For each coupling, consider with and w/o interference between A and H
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Data analysis

Letter

Search for new Higgs bosons via same-sign top quark pair production in
association with a jet in proton-proton collisions at \/_ =13TeV

PP collision at Vs=13 TeV The CMS Collaboration*

Run 2 data collected by CMS (2016- 2018, 138 fb1)

Signal and backgrounds simulated with MadGraph5 aMC@NLO 2.6.5
Parton showering, fragmentation, and hadronization with PYTHIA v8.240

Mass in 200 ~ 1000 GeV assumed for A (H), and a mass too high to be of
reach is assumed for H (A)

Similar work has also been studied in ATLAS

Search for heavy Higgs bosons with flavour-violating couplings in multi-lepton plus b-jets final states in pp collisions at 13 TeV with the

ATLAS detector
ATLAS Collaboration ATLAS, JHEP 12 (2023) 081
arXiv:2307.14759 6



Analysis strategy

* The final-state sighature for the signal ttqg
— Two same-sign (SS) leptons with at least three jets

— Two jest identified as b jets and one compatible with originating from u or c

— Missing transverse momentum (MET) by v, N
* Main background . “ . Q\
— Electrons from photon conversions %%. < \\\) Yo MET
— Jets misidentified as leptons %// c N \\\\C‘f&
c t

— Hadrons misidentified as leptons

t b
W
— Non-prompt leptons from leptonic decays of heavy quarks /i



e Signal region definition

— Only two “Tight” leptons with SS, veto events

if a third “Loose” lepton

— Leading lepton pT > 30 GeV

— Sub-leading lepton pT > 20 GeV

— AR(l4,1;)>0.3

— m(ly, I,) > 20 GeV

— Veto events with m([,,[_) €(60,120) GeV
in ee channel

— MET > 30 GeV

— At least three tight jet (no tagger here)

Event selection

Table 1

Input variables of the BDT. Jets and leptons are ordered by p;.

Input variables of the BDT

CvsL(j,) a=1,23
CvsB(j,) a=12,3

ARGz Jp) 1<a<b<3
M(jq»Jp) 1<a<bh<3
ARG, 1p) a=1,2,3;b=1,2
m(jg.1y) a=1,23;b=1,2
pr(€,) a=1,2
m(\,t,j,) a=1,2,3
m(¢,,¢,)

HT

p?ISS

Charm- vs light-quark jet identification variable
Charm- vs bottom-quark jet identification variable
Angular separation between jets

Invariant mass of jet pairs
Angular separation between jet and lepton
Invariant mass of jet-lepton pairs

Transverse momentum of leptons
Invariant mass of the two leptons plus the highest p; jet
Invariant mass of the two leptons
Scalar p; sum of the jets

Missing transverse momentum

Signal Extraction with BDT

-

, ttu
Probe ttc/u via
DeepJet CvL,
CvB + other
sensitive
variables
ttc

L

different A
mass

H-A
interference

different A
mass

H-A
interference

Train BDT in
each setting
to maximize
discriminant
power

~

Same sign dilepton condition
suppresses most of SM bkg

Dominant backgrounds
1. Nonprompt lepton

2. ttX process

3. Charge misID event

v




Distinguish Jets

s CMS 138 fb™ (13 TeV)
i) 61 D Nonprompt [4270] |:|ttW [816] |:|ttH [621]
‘% [ €5 [474] []others [405] []vv [398] |
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CvsL (leading jet)

Charm vs Light quark
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Background estimation and systematic uncertainties

o Se a r'C h p e rfo r m e d i n t h r‘e e SS d i I e pto n Uncertainty source Shape  Category Correlated across

etet pEu* etu* Years Categories
: + + ,.+,,+ ,+,,+ Experimenc
L] — — — — — — - .
Ca tego ries: e—e€ ) H H ) e H Luminosity — 1.2-2.5 1.2-2.5 1.2-2.5 v v
Pileup v <0.1-2.8 <0.1-1.8 <0.1-2.3 v v
Trigger efficiency v 0.4-2.6 0.2-1.1 0.3-1.2 — —
. L1 trigger inefficiency v 0.1-0.8 0.1-0.3 0.1-0.4 v v
° F k t p p | d t h f k b I Lepton identification v 0.1-1.7 <0.1-0.4 <0.1-0.6 — v
a e ra e S a I e O n e a e a e Lepton energy scale v — <0.1-0.2 <0.1-0.2 — v
Charge misid. v 1.2-13.1 — — — —
d f d Jet energy scale v <0.1-4.5 <0.1-1.7 <0.1-1.5 v v
eve nts CO n St r u Cte ro I I l a ta Jet energy resolution v <0.1-2.6 <0.1-1.8 <0.1-1.6 — v
Unclustered energy v <0.1-2.6 <0.1-0.5 <0.1-0.8 — v
Jet flavor identification v <0.1-12.1 <0.1-8.8 <0.1-11.6 v v
CMS _Preliminary 2017 41517 (13 Tev) CMS  Preliminary 2017 41516" (13 Tev) CMS Preliminary 2017 415" (13 TeV) Nonprompt lepton BG
§ [mmores  mmiws ol wea | Pl Banny vy | VR R W S statistical component v <0.1-27.2 1.9-16.2 3.0-13.2 — v
- op. z b eTop [2.7) 4 13 i6Top [1.3]
PUITER TEnavEREET ) | lefThiL-EmarEREas] ] IR EeaERoee Nonprompt lepton BG  — 27,1511,10  271511,10 27151110 —
i 1 i ] 20 — — Theoretical
=l chihanndl ] 0 P S e ] [ il | Sl:gnal QCD scales v 10.3-10.5 10.0-10.2 9.9-10.0 v v
F + Foos 1 N Signal PDF v 0.7 0.6-0.7 0.5-0.6 v v
I &\ ; o |- N ] Signal parton shower v 3.6-4.3 4.0-4.3 6.3-7.3 v v
F . ) tt — 6.1 6.1 6.1 v v
5 | \
L Vv — 4.5 4.5 4.5 v v
[ VBS — 10.4 10.4 10.4 v v
L ttH — 7.8 7.8 7.8 v v
g o ttw — 10.7 10.7 10.7 v v
8 [ : . ASRRRY WS
§ D:‘: dwm\éxi\\\\\{\\#\\i?\*\i}:\ 3 - \,]_\..m;.“l,“\,\\.\W‘Q\\.\\;{\\N\\\&:\\f\\\(‘fg Other backgrounds — 5.4 5.4 5.4 v v
8 L/ 20 40 5“1 80 il V?‘O 140 160 180 200 0, 20 0 80 80 100 120 140 160 180 200 220 g nzk - ‘ i 2l
o p,(Leading lepton) [GeV] p,(Leading lepton) [GeV] ° T A A B p:?l’.ead‘iﬁwg Ie;;t‘gn) lé:Vl
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Post-fit BDT for signal extraction

CMS 138 fb™' (13 TeV)
c L L L L L L LB L L BRI
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Upper limits on signal strength

CMS 138 fb™ (13 TeV)
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CMS 138 b (13 TeV) CMS 138 fb™ (13 TeV)
E g IIIIIIIIIIIIIIIIIIII\II\I\I\\I\'IIIIII
Q 4107 — o —_—
SE grou O grou Ot
108 Interference =01 Interference = 0.1
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10° T e
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4
10 68% expected 68% expected

95% expected 95% expected

300 400 500 600 700 800 900 1000
m, [GeV]

300 400 500 600 700 800 900 1000
m, [GeV]
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Table 3

Upper limits on signal strength (interference)

Observed (expected) lower limits on m, at 95% CL.
For the scenario without interference, the limits on
my and m, are the same.

Observed (expected) mass limit [GeV]

without with with
interference interference interference
My OF My My My
Pru
0.4 920 (920) 1000 (1000) 950 (950)
1.0 1000 (1000) 1000 (1000) 950 (950)
ptc
0.4 no limit 340 (370) 290 (320)
1.0 770 (680) 810 (670) 760 (620)
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Coupling strength vs m, exclusion upper limit

CMS 138 b (13 TeV) CMS 138 fb ™' (13 TeV)
-
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Py, €xcluded at different m, P.. excluded at different m,
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Summary

A search for extra Higgs bosons in ttg (q = u, c¢) final states is performed
with CMS Run2 data

No significant excess above the background prediction is observed

Exclude almost all the phase space for p;,, = 0.4 and a significant portion
for p;.~1.0 (with the interference case having stronger limits)

The results represent the first search based on g2HDM considering p;y,
and p;. extra Yukawa couplings independently, and also first to consider
m,—m, interference at the LHC.

Thank you!
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