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Introduction: 2HDM

e A simple doublet with nonzero vev is introduced to construct the SSB and let
the gauge bosons to be massive, and we are lucky that we found the scalar- ¢ =
Higgs boson in 2012.
e SM is complete after Higgs boson discovery, but not the physics — we need
more than the SM
o Neutrino mass
o ug-2
o Dark matter/energy

e A straightforward expansion of SM is adding one more Higgs doublet ¢\
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% Introduction: 2HDM type-III

e Typical Feynman diagram we are investigating is on the right t

e It’s clear there is tree-level FCNC in the diagram, but we know
tree-level FCNC is well constrained nowadays. pt,q

e Type-I/Il 2HDM don’t allow tree-level FCNC by introducing a Z2 >\ p d
symmetry between two doublets. However References (PLB 798 o

(2019) 134953, PLB 786 (2018) 212) claim that such tree-level FCNC can
exist without Z2 symmetry due to the Runl Higgs alignment.

t> ch(125) is searched right after the higgs(125) discovery, limits @95% CL from
ATLAS,

.
/

B(t — ch) < 1.1 x 1073, (ATLAS 36 fb~*, 2019)

e From formula above, it’s possjble that t->ch is difficult to search is not due to the small
coupling rho_ij but the small alignment cy
e For A/H, the coupling is not hidden behind the ¢y, so we move to the A/H search
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= Introduction: 2HDM type-III

e Typical Feynm |mA"nH|= 50 GeV t
e It’s clear there 0.6

well constrain
e Type-I/II 2HD 0.5F ATLAS 4t
symmetry betv
(2019) 134953, PL
exist without 7 QB 0.3

to]
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t> ch(125) is seard 0.0
CL is from ATLA 200 300 400 500 600
mpygy (GCV)
e From formula.” 5y mass (< ~700 GeV) extra higgs bosons may exist. }small coupling
rho_ij but the b corgrrrreree <

. . . /
e For H, the coupling is not hidden behind the cy, so we move to the A/H search
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Analysis strategy

e Two couplings are considered ¢
o otc (let otu=0) Diq
o otu (let otc=0) 4

e For each coupling, consider with and q’ ptq/,//H/A
without interference between CP-odd (;/ q

A and CP-even H

Signal Extraction with BDT

/ different A \

mass : : -

ttu Same sign dilepton condition
Probe ttc/u via H-A Train BDT in suppresses most of SM bkg
Deepdet CvL, interference each s.ett?ng
CvB + other to maximize D ) L d
sensitive . discriminant ominant backgrounds
variables different A power 1. Nonprompt lepton

ttc mass 2. ttX process

H-A 3. Charge misID event

\ interference /
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CMS . .
e Objects selection

Leptons 9i
e Three types of leptons in analysis: ng@
o Tight > Prompt lepton ¢ b \
o Fakeable - nonprompt background %Qﬂ. | 4 §b W MET
estimation L U, mk\c P
. c T
o Loose » Additional lepton veto /{ \ %
e Mva ID: W*% -
o Good separation between prompt O

lepton and fake lepton to efficiently
suppress the nonprompt bkg

o Jet
Tight/Fakeable Muon (Ele): o [n| <24
e Pt>20GeV o pT >30 GeV
® |eta| <2.4(2.5) o AR(,l)>0.4

o Jet energy correction

Loose Muon (Ele): applied
e Pt>10 GeV o MET
® |eta| <2.4(2.5) 5 Pt 30 GeV
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CMS .
Z Event selection

e DY region is used to check the validity of
the analysis framework, and some of the
SFs are derived in the DY region.

|
X
wh @
e The ttbar region is used to check the ! \

modeling of top quark events. %Q%‘ _ { C \\\9 W& MET
e Signal region: 2 same-sign leptons, at LA M N

least three jets (two bjets and one cjet) / \ o

and MET. In this analysis we will use W*i\ \°\\

flavor discriminatorshape of jets for o

final signal extraction, i.e., no “tagger” ¢

is used.
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CMS . .
e Backgrounds estimation

e The most dominant bkg is the contribution of nonprompt
lepton which originates from heavy-flavor hadron decays,
misidentified hadrons, decay products of muons from
light-mesons, or photon conversions in jets. ‘Tight-to-loose ratio’
method is used to estimate the fake contribution, which calculate

the probability of nonprompt lepton pass the signal lepton
selection in a QCD-enriched region.

e charge flipped correction in di-ele channel: the probability of
charge misidentification, apply on all the MC bkgs events with
opposite charged electrons

e The contributions of all the other bkgs are estimated using
simulation
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CMS . . .
e Comparison between Data and prediction

_ ACCMS ~ 138f(13TeV) _, (PCMS_ ~ 138f7(13TeV)
Qo Nonprompt [4270] ttwW [816] ttH [621] o " Nonprompt [4270] ttW [81 6] ttH [621]
% :-tt [474] Others [405] VV [398] *% It [474) Others [405] VV [398] |
T VBS [217] ¢ Data [6942] J Stat.unc. | ) 3 I VBS [217] ¢ Data[6942] [/ Stat.unc. |
4 |- g2HDM Signal ol I g2HDM Signal
—ptu=1.0 | ! —ptu=1.0 !
,,,,, ___ptc=1.0 (x5) | o ---ptc=1.0 (x5) |m| y
m, = 350 GeV i m, = 350 GeV i
2 Interference . Interference s
m, - m, =50 GeV 1 m,-m,=50Gev. E
§<1102' '..:.&.,.',:,'v_%192 ................... e
% 1~//‘///////)///////,?////////////7//(///%/ ////4///////{///4 % )| P //i////%/ %/ G/ /?// Z W/////V///”/W//////://ﬁ
308- v v 18o0stt
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CvsL (leading jet) CvsB (leading jet)

Reasonable agreements on the flavor information of jet between data and
prediction after bkg estimation and also recommended flavor score correction
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Signal extraction: BDT

e Inputs:

O

flavCvsB and flavCvsL of three jets

o pt of two leptons
o HT, MET
o mll, mllj1, mllj2, mll;3
o dleta_R among three jets
CMS 138 fb™ (13 TeV)
B N LA B B NN 2 NI S R IR
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Different BDTs are trained for

different signals at different
mass

CMS 138 b (13 TeV)
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Result
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Figure 6: Observed 95% CL upper limit on the signal strength as a function of m, and py,
(left) and py, (right) for g22HDM without the A-H interference, for the combination of the e“e®,
u*u*, and e*u* categories. The color axis represents the observed upper limit on the signal
strength. Expected (dashed lines) and observed (solid lines) exclusion contours are also shown.

Table 3: Observed (expected) lower limits on m, at 95% CL. For the scenario without interfer- TS

ence, the limits on my; and m 4 are the same.

Observed (expected) mass limit [GeV]

without with

with

interference interference interference

M O My mp
Ptu
04  920(920) 1000 (1000)
1.0 1000 (1000) 1000 (1000)

P tc
04  no limit 340 (370)

1.0 770(680) 810 (670)

my
950 (950)
950 (950)

290 (320)
760 (620)
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Figure 7: Observed 95% CL upper limit on the signal strength as a function of m, and p,, (left)
and p;. (right) for g2HDM signal model with the A-H interference, for the combination of the
ete®, uTu*, and e*u* categories. The color axis represents the observed upper limit on the
signal strength. Expected (dashed lines) and observed (solid lines) exclusion contours are also
shown.

P! XiPi=1 _

{s=13 TeV, 139 fb”! g

my, = 900 GeV 3

ATLAS results, 5
turn on all
couplings.

2307.14759 4~
ol Zipi=1 il b1

Figure 10: Observed significance for a heavy scalar with a mass of 900 GeV as a function of the three couplings
normalised to the sum of the couplings. This normalisation eliminates one degree of freedom related to the total
normalisation of the signal, which is not relevant for the computation of the significance. A residual dependency on
the actual value of the coupling remains as the normalization of the sstt process scales as the fourth power of the
couplings, while the rest of the processes scale as a function of the couplings squared. The star indicates the coupling
configuration leading to the highest observed significance of 2.8 standard deviations.
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https://arxiv.org/pdf/2307.14759.pdf

Summary

A search for extra Higgs bosons in ttq (q=u,c) bar final states is
performed. No significant excess above the background
prediction is observed

Exclude almost all the phase space for ptu = 0.4 and a
significant portion for ptc ~ 1.0 (with the interference case
having stronger limits)

The results represent the first search based on g2HDM
(type-III) considering ptu and ptc extra Yukawa couplings
independently, and also first to consider mA-mH interference
at the LHC

Paper submitted to PLB

Thanke!
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Additional slides
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CMS .
e Event selection: DY

DY region is used to check the validity of the analysis framework, and some
of the SFs are derived in the DY region.

DY region definition:

Only two “Tight” leptons, veto events if there is a third “Loose” lepton.
Leading lepton pT > 30 GeV

Subleading lepton pT > 20 GeV

m(11,12) €(60,120)

AR(11,12) > 0.3

No hadronically decayed tau
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CMS . . .
e Event selection: Top pair region

The ttbar region is used to check the modeling of top quark events,
especially leptonically decayed and semi-leptonically decayed ttbar process.

Top pair region definition:

Only two “Tight” leptons, veto events if there is a third “Loose” lepton.
Leading lepton pT > 30 GeV

Subleading lepton pT > 20 GeV

m(11,12) > 20 GeV

But veto m(11,12) €(60,120) in ee channel

AR(I1,12) > 0.3

No hadronically decayed tau

At least one tight jet

At least one b-tagged jet, which is “medium” WP of “DeepFlavour”

tagging method
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CMS . . .
e Event selection: signal region

The topology of signal event: 2 same-sign
leptons, at least three jets (two bjets and one
cjet) and MET. In this analysis we will use ;QQ%

shape kinematics of jets for final signal /A_\_\ ¢

extraction, i.e., no “tagger’ is used.

Signal region definition:

e Only two “Tight” leptons with same-sign charge, veto events if a presence of a third
“Loose” lepton.

Leading lepton pT > 30(GeV)

Subleading lepton pT > 20 GeV

AR(1,12) > 0.3

m(l11,12) > 20 (GeV)

(Veto events with m(l+,I-) €(60,120) GeV in ee channel)

MET > 30 GeV

At least three tight jet (no tagger here)
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CMS . .
e Backgrounds estimation

For both electron and muon, we define “fakeable ID” and “tight
ID”, the fakerate of lepton is calculated in a QCD-enriched region

defined as below:

e Event passes the prescaled single muon (electron) trigger path
with very loose lepton selections
e Exactly one muon (electron) that passes the tight selection or the

fakeable object selection

e No additional muons or electrons that pass the loose selection
e Only one jet with p.J > 30 GeV, || < 2.4, and AR(l,j) > 0.3
® p. ™ <30GeV, m_ <30 GeV
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% Extra yukawa coupling: Introduction

link

e In 2HDM, 5 Higgs boson, 2 CP-even, 1 CP-odd, 2 charged.
Without Z2 symmetry,

V(®, @) = 15, @ + 15,97 — (1},2'®' +hc) + T8 + 20"
772_5((I)T(I’,)2 T [776(1)2 W 777(1’,2] QTP + h°C°} '

Mass of two charge Higgs and CP-odd:

+ 13202 4 1, B2 +{

‘ ‘ 1 ‘
2 2 2
T H e ,U 29 _l_ 5 7 73 v

.- .. 1 ‘
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https://iopscience.iop.org/article/10.1209/0295-5075/123/11001/pdf

% Extra yukawa coupling: Introduction

With linear transformation to Higgs basis:
Hiy C3 Sa ¢
H'_g o —83 CB ‘I’,
V(®,9') — V(H,.Hy)

Under Higgs basis, mass matrix of two CP-even

" 9 9 i
M2 . 771?) Tlﬁv
even 2 2 212
|MgV™ My + Ns5V” H  (HY
—) = (T) | 40
l ! ' H 2
-, .
RTm2 p = | 1 g o_|o 5|
Y even ! O m i ) ) S » Cf,},.. ,.
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% Extra yukawa coupling: Introduction

Runl alignment: the 125 GeV boson resemble rather SM higgs -> very
small mixing angle between H1-H2, if let 125 GeV Higgs boson to be h,

then g
2

o o N6V
¥ = =B g
Mg — My

(if let 125 GeV Higgs boson to be H, then c, ~ 1)
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https://iopscience.iop.org/article/10.1209/0295-5075/123/11001/pdf

% Extra yukawa coupling: coupling

Yukawa coupling of 2HDM without Z2 symmetry:

Phys. Rev. D 72, 035004 (2005), Phys. Lett. B 751,135 (2015), Phys. Lett. B 725, 378 (2013)

Z Fil (= Moy +

f u,d,l
— U [(Vpd)in = UTV)Z]L] de+ = 177;,0inng+ 17 h.C., (5)

t> ch(125) is searched right after the higgs(125) discovery, currently best
limits @95% CL is from ATLAS,

B(t = ch) < 1.1 x 1073, (ATLAS 36 fb—*, 2019)

From formula.5, it’s possible that t->ch is difficult to search is not due to the
small coupling rho_ij but the small alignment c,

For H, the coupling is not hidden behind the C,, SO We move to the A/H search
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CMS .
Z Systematics
Category Correlated across
Uncertainty source Shape ete™ e e ety Years Categories
Experimental

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.} 0.3-1.2 - -

L1 trigger inefficiency v 0.1-0.8 0.1-0.3 0.1-0.4 v v
Lepton identification v 0.1-1.7 <0.1-0.4 <0.1-0.6 - v
Lepton energy scale v — <0,1~,2 <0.1-0.2 - v
Charge misid. v N2-13.1 > > - -

Jet energy scale v <0.14.5 <0.1-1.% <0.1-1.5 v v

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
Nonprompt lepton BG

statistical component v «<0.1-27.2 1.9-16.2 3.0-13.2 - v
Nonprompt lepton BG — 27,15,11,10 27,15,11,10 27,15,11,10 - v

Theoretical

Signal QCD scales v 10.3-10.5  10.0-10.2 9.9-10.0 v v
Signal PDF v 0.7 0.6-0.7 0.5-0.6 v v
Signal parton shower v 3.64.3 4.0-4.3 6.3-7.3 v v

tt —~ 6.1 6.1 6.1 v v
\"AY — 4.5 4.5 4.5 v v
VBS — 10.4 10.4 10.4 v v
ttH —~ 7.8 7.8 7.8 v v
ttW —~ 10.7 10.7 10.7 v v
Other backgrounds - 5.4 5.4 5.4 v v
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XSs

(Cateonrv (" arrelated acrrnaa
PID | Mass [GeV] | oy, | ptc | Pt | Oteq [PP] | 0 (Uttq) [pb] =

== ~ &~ 50 rho(rtu)=1.0
A 800 0100 ] 0.0 | 1.921e-04 | 3.121e-05 B >-e X~ rho(rta)—0.4
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interference between A and H. Slgnal samples are also generated for the case where both A
and H coexist and interfere assuming a mass difference m, — my = 50 GeV, following Ref. [36].
The amplitudes for the processes qg — tA — ttq and qg — tH — ttq cancel when A and H
are mass degenerate. The signal cross section is not significantly modified with respect to the
noninterference case when the mass differences are larger than ~100 GeV. Therefore, the inves-

2 |
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CMS
e Results

CMS 138 fb' (13 TeV) CMS 138 fb'' (13 TeV)
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Figure 4: Observed and expected 95% CL upper limits on the signal strength as functions of
m  for g2ZHDM using different coupling assumptions: p;, = 0.1, 0.4, 1.0 (left) and p,. = 0.1, 0.4,
1.0 (right) without interference, for the combination of the e*e®, u=u®*, and e*u™ categories.
The inner (green) band and the outer (yellow) band indicate the regions containing 68 and 95%,
respectively, of the distribution of limits expected under the background-only hypothesis.
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Results

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
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Figure 5: Observed and expected 95% CL upper limits on the signal strength as functions of n1

for g2 HDM using different coupling assumptions: p;, = 0.1, 0.4, 1.0 (left) and p;. = 0.1, 0.4, 1.0
(right) with A-H interference assuming m, — my = 50 GeV, for the combination of the e*e™,
u*u*, and e*u~ categories. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected under the

background-only hypothesis.
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Figure 14: Observed and expected exclusion limits at 95% confidence level on the heavy Higgs boson mass for the
g2HDM signal model for different couplings choices: (a) p,, = 0.4, p,. = 0.2, p,,, = 0.2, (b) p;, =0, p;. = 0.2,
P =02, () pyy = 1, pre =0, py =0, and (d) p,, = 0.6, p,. = 0, p;, = 1.1, the latter corresponding to the
couplings yielding the most significant excess. The yellow and green contours of the band around the expected limit
are the =10 and 20 variations including all uncertainties, respectively. The theoretical prediction for the signal
production cross section is also shown as a red line. The production cross section is the sum of the five production
modes considered in the search.
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