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The Standard Model 
(SM)

ʳ Matter particles (fermions).

ð Leptons and quarks.

ʳ Interactions (bosons).

ð ὡȾὤ, photons ‎, gluons (Ὣ)

ʳ Higgs mechanism:

ð To generate masses of these particles.

ʳ Demonstrated huge successes in 
describing experimental measurements. 

ð W/Z mass.
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Neutrino Oscillations

ʳ In the SM, neutrinos are massless.

ʳ Neutrino oscillations observed.

ð Flavor eigen states mass eigen states.

ð Neutrinos are massive.

ʳ How to give neutrinos masses?

ð No charge, and very light.

ð Yukawa form: right-handed neutrino.

ð Majorana fermion.
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Extensions of the Standard Model
Doublet Triplet Higgs Model (DTHM) 

Phys.Rev.D84 (2011) 095005

ɆAdd SU(2)LÔÒÉÐÌÅÔ ЎȢ
ɆNeutrino masses:

Ɇά ‘ͯἾȾὓ . ὓ : mass of ɝ).

ɆSeesaw mechanism.

Electro-Weak Symmetry Breaking

ɆHappens at Ἶ , Ἶ .

Ɇv: v.e.vof Higgs field.
Ɇ7 scalar bosons: H±±, H±, A0, H0, and 

the SM h(125).
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ά

ὓ

Param. In the Higgs Potential 

ɆOriginal: ‗ȟ‗ ,ὓ ȟὓ ȟ‘Ȣ

ɆInstead: details
Ɇά ȟÓÉÎ‌ȟἾȟἾ

ɆÓÉÎ‌: mixing between H0, h.

https://inspirehep.net/literature/899081


Previous Analysis

ʳ Leptonic: Eur.Phys.J.C78 (2018) 3, 199

ð LRS Model: Ὄ is similar as Ὄ in DTHM.

ð vt = 0.001 GeV.

ð Excluded at ά < 770 GeV

ð Only ὴὴO Ὄ Ὄ Ȣ

ʳ Bosonic: Eur.Phys.J.C79 (2019) 1,58

ð vt = 0.1 GeV.

ð With ¼  dataset.

ð Excluded at ά < 220 GeV.

ð Only ὴὴO Ὄ Ὄ .
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https://inspirehep.net/literature/1632760
https://inspirehep.net/literature/1685418


Data Samples

Present Analysis

Full Run-2 dataset (139 fbϺρ)

Previous Analysis

Smaller dataset (36.1 fbϺρ) ά < 220 GeV excluded. 
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Signal Production 
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Pair-production

Associate-production

ɆME LO + PDF LO with MG5_AMC. 
Ɇk-factor = 1.25 is applied for NLO.
Ɇά = 200, 300, 400, 500, 600 GeV.

Production 
Information:

ɆPair. prod: ά ά (> 100 GeV).

ɆAsso. prod: ά ͯά (< 5 GeV diff.).

Production 
modes:

ɆςЉ : Two same-charge leptons.
ɆσЉ: Three leptons.
ɆτЉ: Four leptons.

Three 
channels:



Signal Topology

ʳὌ ᴼὡ ὡ ᴼЉ’Љ’

ʳ The other W bosons decay to:

ð Jets: ςЉ .

ð Lepton + ’+ jets : σЉ.

ð Leptons + ’: τЉ.

ð Special cases for associate-
production: back up.

ʳ Main background:

ð Prompt Leptons (Diboson).

ð Electron charge flip (ὤ+jets).

ð Non-prompt leptons (ὸὸ).
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Event Selection

August 30, 2021 9

Trigger

ɆSingle lepton triggers.

Leptons

Ɇ2Љ , 3Љ, 4Љ.

Ὁ , to suppress ὤ+jets(‎)

Ɇ> 70 GeV (2Љ ), > 30 GeV (3Љ, 4Љ).

Z-veto

Ɇά ά > 10 GeV (2Љ , charge 
flip).

Ɇά ά > 10 GeV, ά > 15 GeV 
(3Љ, 4Љ).

Ɇά > 100 GeV (4Љ, ὤὤ).

Jets

Ɇὔ π(ὸὸ).

Ɇὔ >=3 (2Љ ), >=2 (3Љ), =0 (4Љ).

Ɇ2Љ
ɆὩὩȟὩ‘ȟ‘‘

Ɇ4Љ

Ɇ3Љȡ
ɆHas SFOC pairs? (Same flavor opposite charge)
ɆYes: SFOC12 / No: SFOC0



Background Categories

Prompt Background

ɆὡȾὤ-> Љ+ X.

ɆMC simulation.
Ɇὡὤnormalization
ɆControl region.
ɆNorm Factor

ɆNF = 

Electron charge-flip 

ɆMis-identify the 
electron charge. 

ɆData-based 
likelihood method. 
(2Љsc).

Non-prompt leptons 

ɆHadrons -> leptons

ɆData-based fake 
factor method. 
(2Љsc, 3Љ).

ɆSemi-data-based 
fake scale factor 
method. (4Љ).
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BACKGROUND SUMMARY

Generally good agreement.



Signal Optimization

Cut Optimization Provided by TMVA.

ɆRectangular cuts optimization (cut -flow).

ɆMaximizes the background rejection (1/ὩὪὪ ) at 
given signal efficiency.
ɆSimulate Anneal algorithm.

Additional selection.

ɆUse signal significance (Cowan).
ɆAll cuts are rounded.
ɆStability checks were performed.
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100 cut sets will be proposed.

Optimization were done per mass point, per 
sub-channel. 
(500 GeV results will be applied to 600 GeV 
signal.)



Signal Regions (ά = 300 GeV) 
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Ὁ cuts relaxedὉ distribution .

Vertical red dashed line indicates the Ὁ cut.



Signal Regions 

ʳ No significant excess 
in any of the signal 
regions.

ʳ Data is used to 
constrain the signal 
model.
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Systematic Uncertainties

Theoretical. (Background Norm.)

ɆPDF, QCD scale and showering for signal. (~11% for signal)

ɆPDF, QCD scale for background. (Ḑ1.8% to 50% for processes)

Ɇὡὤdata-driven in ὔ >1 regions. (9.0% for ὡὤ)

Experimental. (For all MC processes.)

ɆLuminosity (1.7%)

ɆElectron/muon (~5%)

Ɇpile-up modelling (~2%)

ɆJet energy, Ὁ (~10%)

Charge-flip. 

Ɇ20ɀ30% for charge flip component.

Non-prompt leptons. 

Ɇ25ɀ90% for non-prompt lepton component. 
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Charge-flip Unct. are small.

Non-prompt leptons statistical Unct. and
background normalization Unct. are large.



Limits On Cross-sections

ʳ Profiling likelihood ratio test.
ð Each channel as an individual bin of a 

histogram. 

ð Parameter of interest (POI) is the signal 
strength (µ). 

ð Systematics uncertainties were treated as 
ÎÕÉÓÁÎÃÅ ÐÁÒÁÍÅÔÅÒÓ ɉʃɊȢ

ʳ Cross-section times branching fraction.

ʳ For the pair-production:
ð ά < 350 GeV is excluded.

ʳ For the associate-production:
ð ά < 230 GeV is excluded.
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Summary

ʳ Run-2 139 fbϺρ version of the analysis is finalized.

ʳ The pair-production scenario:

ð Excluded for ά < 350 GeV with 95% CL.

ð Increase from the previous analysis by approximately 130 GeV.

ʳ The associate-production scenario:

ð Excluded for ά <230 GeV with 95% CL.

ð Theά exclusion applies also to ά .

ð The associated production of Ὄ and Ὄ bosons is explored.
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Back Up
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Limits on signal 
strength (‘)
ʳ Separated channels.

ʳ Observed (Expected).

ʳ Improvement:
ð Pure statistical ~ 2

ð Analytical ~2 -3

ʳ Improved object selections.

ʳ Finer background 
estimation.

ʳ More stable and 
harmonized signal regions.

ʳ Constraint of ὡὤ.
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Neutrino Experiments
ʳ Atmospheric: 

ð Super-KamiokandeObservatory

ʳ Accelerator:
ð K2Kand MINOS

ð T2K

ʳ Solar:
ð Super Kamioka

ð Sudbury Neutrino Observatories

ʳ Reactor:
ð Double Chooz

ð DayaBay

ð RENO
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Large Hadron 
Collider (LHC)

Proton-Proton collision

Ɇ ί= 13 TeV.

ɆLumi. = 2*1034 cmϺςs Ϻρ 

Four main experiments

ɆATLAS, CMS. 

ɆALICE, LHCb.

ɆSearch for new physics.

ɆPrecise measurement. 
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ATLAS Detector
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Atlas Detector: 
Objects
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Leptons

ɆElectrons and muons.

ɆDifferent criteria for analysis.

Jets

ɆInitiated by quarks and gluons.

Ὁ

ɆMissing Transverse Energy. 

ɆTransverse momentum imbalance. 



ὡὤNorm. Results

NF = 0.83 ± 0.07 (stat. + syst.)

Measurement

ὡὤControl Region

Z-selection

Normalized WZ in ὔ > 1

Application

3Љselection

Z-veto

Good estimation
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Systematic uncertainties include: 

ɆFit statistics uncertainty: 8.4%.

ɆShape uncertainty from the QCD scale variations: 5%.



Details event selection
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Electron Charge-flip

Ɇὔ ὔ ᶻ
Љ Љ

Љ Љ , ὔ ὔ ὔ

Use opposite charged events with flip rates (‭)

ɆData-driven likelihood method.

Ɇflip rates (‭) results: 0.002%~3.14%

Flip rates measured from ὤᴼὩὩevents. 

ɆKinematics differences among processes.
ɆBackground contamination.

~30% Statistical and systematics uncertainties.
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Ɇ(ὴȟ–) bin index.X-axis

Ɇ[20, 60, 90, 130, inf) [GeV] ὴ bins

Ɇ[0.0, 0.6, 1.1, 1.37, 1.52, 1.7, 2.3, 2.47]–bins



Lepton Definition 
Baseline

ɆMinimum requirement.

ɆFor Ὁ calculation.

Candidate

ɆNo isolation requirement.
ɆFor background estimation.

Candidate*

ɆWith loose isolation requirement.
ɆFor low statistics channel (τЉ).

Signal

ɆMost strong, with a GBDT isolation tool.
ɆFor main analysis, to remove no prompt Љ.
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Details.

Can also be ὡᴼЉὺ.



Non-prompt leptons (ςЉ and σЉ) 
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A: Fake enriched region.

ɆTwo signal leptons: ὔЉЉ.
Ɇ╝: ὔ

Ɇὔ ὔ ὔ .

ɆRare signal(Ὄ ) MC.

B: Event selection region.

ɆTwo signal leptons: ὔЉЉ.
ɆB = —z D.

ɆMore signal(Ὄ ) MC.

C: Fake enriched region. 

ɆSignal + CanNotSig: ὔЉЉ.
ɆCanNotSig(Љ): Pass signal fail candidate.

D: Event selection region.

ɆSignal + CanNotSig: ὔЉЉ.

╝═

╝╒
ᴼFake Factor (Ᵽ) ᴼ

╝║

╝╓

ςЉ :Ὁ 70 GeV
3Љ: ὔ > 1

ςЉ :Ὁ 70 GeV
3Љ: ὔ = 0
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ὡὤ
NORMALIZATION

NF = 

S
e

le
c
ti
o

n
s Trigger Single lepton trigger

Leptons ЉᶸЉЉ

Z-selection □╞╒ □╩ < 10 GeV

Jets ὔ ςȟὔ π



ʳ ὴ bins: [20, 40, 60, inf) [GeV]

ʳ — ὔЉЉ/ ὔЉЉȢ

ð Љ: lower ὴȟassumed to be non-prompt.

ʳ Uncertainties from ὔ Ⱦὔ will be 
extrapolated.  

ʳ Method syst:

ð MC-based uncertainty formisclassification(6~82%).

ð For basic assumption (19% for Ὡȟ7% for ‘). 

ʳ Test between low Ὁ and high Ὁ
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Non-prompt leptons in 2Љ



Non-prompt leptons in 3Љ

ʳ Same charged pairs (ЉЉ) are used.

ʳ For σЉchannel, the Љ only needs to pass candidate. 

ʳ — ὔЉЉЉ/ ὔЉЉЉ

ʳ Method syst:
ð MC-based uncertainty for prompt OC Љassumption 

(20%).

ð MC-based uncertainty for basic assumption (15%)

ʳ Test between ὔ = 1 and ὔ > 1.

ʳ SFOC0 and SFOC12 are merged in measurement.  
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Non-prompt leptons in 4Љ
ʳ Not enough statistics.

ʳ MC yields corrected with scale factors (SFs).

ʳ ὔ= ‗ ὔ ‗ ὔ
ð HF: Heavy flavor non-prompt. 

ð LF: Light Flavor.

ʳ Two factors, two regions.

ð ὸὸenriched by HF.

ð ὤ+jets enriched by LF. (Found negligible for ‘.)

ʳ Component ratios depend on selections.

ʳ Uncertainties include:
ð Jet and ὴ selection impact.

ð Statistics and Prompt MC subtraction.
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ὔ ὔ ὔ

ὔ ‗ ὔ ‗ ὔ

ὔ ‗ ὔ ‗ ὔ

Trigger, ЉᶸЉЉ , 1 or 2  jets

ὸὸenriched

NO SFOC 

ὤ+jets enriched

ά ά < 10 GeV

To suppress ὡὤ

Ὁ , ά < 50 GeV



B
a

ck
g

ro
u

n
d

s

Prompt Leptons ίὧὡὡȟὡὤȟὸὸὠ

Electron Charge Flip έὧὡὡȟὤ+jets(‎), ὸὸ

Non-prompt leptons ὠ+jets(‎), ὸὸ

S
e

le
ct

io
n

Trigger Single lepton trigger

Leptons 2 same charge leptons

Ὁ > 70 GeV ὤ+jets(‎)

Z-veto ά ά > 10 GeV Charge Flip

Jets ὔ σȟὔ π ὸὸȟὸὸὠ

Sub channels ὩὩȟὩ‘ȟ‘‘
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Signal Topology
ςЉ



F
e

a
tu

re
s

Ὄ ᴼὡ ὡ

Љ’ȾJets ɮplane distance: S 

Љ’ɮplane distance: ɝ‰ЉЉȟὉ

ЉЉradius distance: ɝὙЉЉ

Neutrinos Ὁ

Ὄ mass

Mass of 4 jets: ὓ

Mass of ЉЉ:ὓЉЉ
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Signal Topology
ςЉ

R.M.S: Root Mean Square

ɝὙ ɝ‰ ɝ–



Signal Topology
σЉ
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B
a

ck
g

ro
u
n

d
s

Prompt Leptons ὡὤȟὤὤȟὸὸὠ

Non-prompt leptons ὠ+jets(‎), ὸὸ

S
e
le

ct
io

n
s:

Trigger Single lepton trigger

Leptons ЉᶸЉЉ

ЉЉ: Same charged.

Љ: the opposite 
charged.

Ὁ > 30 GeV

Z-veto 

ά ά > 10 GeV

ά > 15 GeV Low mass Z

Jets ὔ ςȟὔ π

Sub channels Has SFOC pairs?

No SFOC0

Yes SFOC12
ɆSame flavor 
opposite charge. SFOC



Signal Topology
σЉ
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F
e

a
tu

re
s Ὄ ᴼὡ ὡ

Same charged ЉЉ : ɝὙЉЉ

The opposite Љand jet: ɝὙЉ

Neutrinos Ὁ

Ὄ mass

Mass of 3Љ:ὓ Љ

Leading jet momentum: ὴ
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Signal Topology
τЉ

B
a

c
kg

ro
u
n

d
s

Prompt Leptons ὤὤȟὸὸὠ

Non-prompt leptons ὠ+jets(‎), ὸὸ

S
e

le
ct

io
n

s

Trigger
Single lepton trigger

Leptons
|ɫcharge| τ

Pair prod.: 0

Asso prod.: 0/2

Ὁ

> 30 GeV

Z-veto 

ά ά > 10 GeV

ά > 15 GeV

ά > 100 GeV To suppress ὤὤ

Jets ὔ π
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Signal Topology
τЉ

F
e

a
tu

re
s Ὄ ᴼὡ ὡ Same charged ЉЉ: ɝὙЉЉȟɝὙЉЉ

Neutrinos Ὁ

Ὄ mass

Mass of 4Љ:ὓ Љ

Leading Љmomentum: ὴ



LHC RUN-3
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DTHM Masses
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Parameters represented by experimental 
measurable
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Constraints
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potential stability constraints

Masses were chosen to satisfy not-EWscaleconstraint. 



The Atlas experiment parameters
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Detectors
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Object
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Lepton definitions details.

August 30, 2021 46



All prompt situation
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No Prompt Prompt

PromptPrompt



DEV: Object Selection Improvement
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Trigger
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