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ü Neutrinos are massive and mixing.

ü The seesaw mechanism theory provides an explana9on for the small mass of neutrinos. 

ü Type-I seesaw is the simplest, adding 3 heavy RH Majorana neutrinos N1, N2, N3.             

Ni can couple to SM neutrinos via coupling strength 𝑉!"
ü Neutrino-less double-beta decay: a lepton number viola9on of |∆L| = 2 along with the 

process of genera9ng Majorana neutrino.

Other analysis:
ü With the Drell-Yan process 𝑞#𝑞 → 𝑊∗ → 𝑁ℓ. 

ü JHEP10 (2019) 265 (ATLAS) (36.1 Y-1, 5,50 GeV, |𝑉!"|$> 1.4 * 10−5) 

ü JHEP01 (2019) 122 (CMS)  (35.9 Y-1, 20,1600 GeV, |𝑉!"|$> 2.3 * 10−5) 

ü LHC is a top factory and this analysis searches for heavy neutral leptons in the 𝑡 ̅𝑡

process. 

Search for HN•Tongbin Zhao•CLHCP

Motivation

https://link.springer.com/content/pdf/10.1007/JHEP10(2019)265.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2019)265.pdf


Motivation
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This analysis:
ü N1 only couples to electrons, while N2 only couples to muons
ü The first 9me to use the top quark decay to measure the heavy-light neutrino mixing parameters

𝑣%&' =
𝑉(") 0 0
0 𝑉*"$ 0
0 0 0

Phys. Rev. D 101, 071701(R) (2020) by Ning Liu et al 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.079901


Signal process
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Signal process -> 6̄ : 
One top with SM decay and the other top with BSM decay
ü Only consider 2LSS final state: On-shell W from SM top and off-shell 𝑊∗ both 

decay hadronically
ü 10 signal mass points for HNL: 15, 25, 35, 40, 45, 50, 55, 60, 70 and 75 GeV

Signal modelling:
ü BSM signal process with HeavyN UFO Model
ü Athena 21.6.48 setup and AtlFast2 simula9on
ü MadGraph5_aMC@NLO 2.7.3 generator
ü PDF: NNPDF3.0NLO
ü Parton shower and hadroniza9on: Pythia 8.244

Search for HN•Tongbin Zhao•CLHCP

https://indico.cern.ch/event/970267/contributions/4106024/attachments/2153801/3632307/HNL_ttX_1Dec2020.pdf


Backgrounds considered in this analysis
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Other backgrounds:
ü V+jets production (Sh2.2.1 - 84 samples)
ü Drell-Yan production (Sh2.2.1 - 18 samples)
ü VV/VVV production (Sh2.2.2 - 23 samples)
ü Single-t production (Powheg@Py8 - 6 samples)
ü tWZ, tZq, 3tops, 4tops, 𝐭 ̅𝐭WW production (5 samples)
ü VH, tHW, tHq, 𝐭 ̅𝐭XX production (8 samples)

Dominant backgrounds:
ü 𝒕𝒕̅ (PhPy8 - 1 nonallhad sample 410470)
ü 𝒕𝒕̅W (Sh2.2.10  - 1 QCD sample 700168 + 1 EW sample 700205)
ü 𝒕𝒕̅Z (aMc@Py8 - 3 sample 504330, 504334, 504343)
ü 𝒕𝒕̅𝜸 (MadGraph@Py8 - 1 sample 410389)
ü 𝒕𝒕̅𝑯 (PhPy8 - 2 samples 346344,346345 )
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Object selection and event selection
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l Object selection
Apply single lepton trigger
Electrons :

Muons :

Jets :
ü 𝑝! > 20 GeV 
ü |η| < 4.5
B-tagging:
ü CDI: 2020-21-13TeV-MC16-CDI-2021-04-16 v1.root.
ü BTaggingWP: DL1r 85% WPs efficiency 

l Pre-selection on analysis level:
ü Exactly a pair of same-sign electrons or muons and 

the leading lepton with 𝑝! > 27 GeV 

ü At least 2 b-tagged jets with 𝑝! > 25 GeV

ü At least 4 non-b-tagged jets

ü Central jets   ( |η| < 2.5, JVT flag): 𝑝! > 20 

GeV

ü Forward jets ( 4.5 >|η| > 2.5, fJVT flag): 𝑝! > 

35 GeV

ü mℓℓ > 12 GeV

Search for HN•Tongbin Zhao•CLHCP



Event reconstruction
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Event selecDon

Exactly 2 same-sign same-flavor leptons

>= 2 b-jets   +
>= 4 non b-tagged jets

Top with 
BSM decay

W with
BSM decay

Top with
SM
decay

W with
SM
decay

1 bjet
2 leptons
2 jets

2 leptons
2 jets

1 bjet
2 jets

2 jets

ü Reconstruct 𝜒$ of mTopSM ,mTopBSM , 
mWBSM and mWSM , then minimize
the sum of four 𝜒$ to determine 
the best combination.

ü These useful kinematic variables 
are generated and used as the 
input in MVA.

ü 𝒒𝒊 → 𝒋𝒊
ü 𝑡):Top with SM decay:

𝑴𝒃𝟏𝒋𝟏𝒋𝟐
ü 𝑊): W with SM decay:

𝑴𝒋𝟏𝒋𝟐
ü 𝑡$: Top with BSM decay:

𝑴𝒃𝟐𝒍𝟏𝒍𝟐𝒋𝟑𝒋𝟒
ü 𝑊$: W with BSM decay 

𝑴𝒍𝟏𝒍𝟐𝒋𝟑𝒋𝟒

1

1

1

1

2
2

2

1

2

2

3
3

4

𝜒$ = Σ&/
𝑚& −𝑀 $

𝜎$ (𝑖 = 𝑡), 𝑡$,𝑊),𝑊$)
ü 𝑀0 = 172.69 GeV
ü 𝑀1 = 80.377 GeV
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Treatment of the non-prompt leptons
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Template fit method is used for the non-prompt sources of leptons
ü Assume the shape of the backgrounds in control regions is the same as in signal regions
ü Fit rates of background templates to data in selected control regions

For the fake leptons from heavy flavor decays:
ü Tight isolation (PLIVTight) is performed to reduce the contribution from the fake leptons

For the electron from the charge misidentification:
ü ECIDS algorithm is used to suppress the Q-flip effects

For the electron coming from the conversion of the photons:
ü Electron Ambiguity Tools are used to suppress the photon conversion contribution 

Search for HN•Tongbin Zhao•CLHCP



Construc?on of the templates
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Split according to the categories provided by the IFF truth classifier
Temples for 𝑡 ̅𝑡 samples: 
ü Prompt 
ü Known-Unknown
ü Tau-decay e/𝜇 / e from 𝜇
ü B(C) hardon decay e/𝜇
ü LF-decay e/𝜇
ü Charge-flip e
ü Photon conversion e
For 𝑡 ̅𝑡𝛾 samples:
ü Contribute to the final states via photon conversion and left floating together with the 

Photon conversion e from 𝑡 ̅𝑡
ü Perform the overlap removal with the inclusive 𝑡 ̅𝑡 sample
For 𝑡 ̅𝑡W/Z samples:
ü They contribute to the final states via prompt leptons classes.
ü Dedicated measurements of the cross sec]ons of 𝑡 ̅𝑡Z is deviated from the predic]ons
ü Template 4: Control region for 𝑡 ̅𝑡W is defined and its normalization is left free-

floating  in the fit.

𝑡 ̅𝑡 0ther

Template 1: HF decay contribution of e/𝜇

Template 3: Photon conversion of 𝑒

Template 2: Qflip of 𝑒

One prompt  lepton + the other IFF lepton for SS leptons
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SR/CRs definition
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• If both leptons pass the "Ambiguity cut”, it indicates that they both veto the photon conversion candidates.
• Passing the "ECIDS cut" implies that one of the leptons has a misidentified charge, while the reverted situation 

indicates that none of the leptons have the ECIDS tag.
• The 𝑡 ̅𝑡W CRs are merged to improve the statistics and keep the consistency of ee/𝜇𝜇 channels
• Perform the multi-variate analysis on two signal regions
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Region composition

ü In each control region, the backgrounds under study are dominant
ü The merged 𝑡 ̅𝑡 W CR are included on the separated 𝑒𝑒/𝜇𝜇 channel
ü “V EW” contains VV/VVV and V+jets samples and “Top other” contains other minor backgrounds

ATLAS Simulation Internal
 = 13 TeVs

ttZ ttW
Htt  dec eltt

µ dec tt  Q-fliptt
-convγ tt V EW

Top other

SR,el ttW CR CRHF,el

CRPC,el CRCF,el

ATLAS Simulation Internal
 = 13 TeVs

ttZ ttW
Htt  dec eltt

µ dec tt  Q-fliptt
-convγ tt V EW

Top other

SR,mu ttW CR CRHF,mu
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Performed Boost decision tree(Gradient) for separaOon 

of signal and backgrounds using the mva-trainer

package based on scikit-learn

ü Signal: 10 mass points are divided into high and low 

mass training sets

High mass set:  HNL[45, 50, 55, 60, 70, 75] GeV

Low  mass set:  HNL[15, 25, 35, 40] GeV

(for the sake of improving signal staOsOcs)

ü Background: all backgrounds considered

ü Perform Cross-ValidaOon Check: 2-fold

ü NegaOve weights treatment: use absolute value of 

weights 

ü Importance ranking of the best ranked variables

Search for HN•Tongbin Zhao•CLHCP

Mul?-variate analysis (BDT)

https://mva-trainer-docs-site.docs.cern.ch/
https://scikit-learn.org/stable/
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ü Signal: 10 mass points are divided into high and 

low mass training sets

High mass set:  HNL[45, 50, 55, 60, 70, 75] GeV

Low  mass set:  HNL[15, 25, 35, 40] GeV

ü In each set, the combined signal events are 

trained together with all the background events. 

ü The assessed BDT outputs are subsequently 

injected into their respective signal mass points, 

which is regarded as the kinematic variable in 

the signal region for the fitting process.

Search for HN•Tongbin Zhao•CLHCP

Multi-variate analysis (BDT)

ü Correla9on matrix  of the ini9al 17 variables
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Optimization on the MVA
OpRmizaRon principle: 
ü Decorrela9on of all variables
ü Decorrelated and reduced low importance 

variables by gain in AUC values
ü Only use most significant variables as input 

and four variables were ler without 
significant loss of signal efficiency 
(𝑝0
2(3$, 𝑀𝐸𝑇, 𝑚22 , 𝑀45%1)

BDT config:
ü nEstimators=50
ü Loss = deviance
ü LearningRate=0.1
ü MaxDepth=2
ü ValidationSize=0.1
ü Patience=1000
ü MinDelta=0.0001

Search for HN•Tongbin Zhao•CLHCP

ü Correla9on matrix and importance 
ranking of the final input variables
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MVA performance
Optimization principle: 
ü Decorrelation of all variables

ü Decorrelated variables ordered by 

gain in significance

ü Only use most significant variables 

as input

ü Four variables were left without 

significant loss of signal efficiency

ü Good agreement between training 

and testing for different mass sets 

and different folds

Search for HN•Tongbin Zhao•CLHCP
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Systematics uncertainties
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ü Lepton SFs: 

Electron (Reconstruc9on, iden9fica9on, isola9on, trigger)

Muon (Reconstruc9on, iden9fica9on, isola9on, trigger, Track To Vertex Associa9on) 

ü Lepton tree systema4cs:

Electron (energy resolu9on, energy scale), 

Muon (momentum resolu9on, momentum scale, Sagita Bias)

ü Jet JES (CategoryReduc9on scheme - 30 NPs),

ü Jet JER (Full SmearingModel - 13 NPs)

ü B-tagging scale factor efficiency (pseudo-con9nuous B-tag 45NPs, C-tag 20 NPs, L-tag 20 NPs)

ü MET resolu4on, scale (SorTrk _ResoPerp/ResoPara and SorTrk_scale)

ü Others: Pile-up reweigh9ng, JVT, fJVT

Pruning of shape uncertainty: 1% 

Pruning of overall uncertainty: 1%   

Search for HN•Tongbin Zhao•CLHCP



Other uncertainties
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Modelling uncertain4es:
𝐭 ̅𝐭 & 𝐭 ̅𝐭H (PhPy8) 
ü Alt: Herwig 7
ü Alt: Pythia8 pthard =1 
ü Alt: hdamp=3 (only for t ̅t )
ü PDF set, scale varia9ons 𝜇6/𝜇7,  ISR/FSR 𝛼5
𝒕𝒕̅W (Sh2.2.10)
ü Alt: aMc@Pythia with FxFx
ü Alt: Powheg@Pythia 8 Vs Powheg@Herwig 7
ü PDF set, scale varia9ons 𝜇6/𝜇7
𝐭 ̅𝐭Z (aMc@Py8)
ü Alt:aMc@Herwig7
ü Alt:aMc@Py8 (A14Var3)
ü Scale varia9ons 𝜇6/𝜇7
Signal(aMc@Py8)
ü PDF set and Scale varia9ons 𝜇6/𝜇7

PDF uncertain4es using the PDF4LHC15 prescrip4on

Search for HN•Tongbin Zhao•CLHCP

Luminosity: 140 fb-1 , 0.83% uncertainties

Processes with tree-floating normalization factors:
ü HF-fake 𝑒
ü HF-fake 𝜇
ü Charge flip 𝑒
ü Photon conversion 𝑒
ü Merged 𝑡 ̅𝑡W on ee/𝜇𝜇 channel

Cross section uncertainties:
𝐭 ̅𝐭Z: 12%
𝐭 ̅𝐭H: 10%
V EW: 30% (V EW contains 50% V+jets and 50% VV/VVV events)
𝐭 ̅𝐭_other: 50% (unknown IFF class from 𝐭 ̅𝐭 sample)
otherTop:	50%
-> 4tops (dominant one), singleTop, tWZ, tZq, 3tops, 𝑡 ̅𝑡WW, 
t(𝑡 ̅𝑡)XX and other IFF classes from 𝑡 ̅𝑡𝛾
ü Following the recommendations  from the PMG

https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/PmgSystematicUncertaintyRecipes
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Sta-s-cal treatment
𝑒𝑒/𝜇𝜇 channel fi)ed separately: 

1SR + 4CRs (charge flip, heavy flavor, 𝛾 conversion and 𝒕𝒕̅W ) for 𝑒𝑒 channel
1SR + 2CRs (heavy flavor and 𝒕𝒕̅W) for 𝜇𝜇 channel

22
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ü SFs of the 𝑒𝑒 channel

ü SFs of the 𝜇𝜇 channel

Pre-fit plots of the CR-only fit

Search for HN•Tongbin Zhao•CLHCP
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Asimov fit results

ü The signal cross sec9on is normalized to 0.1 pb for visual purpose
ü No pull/constraint issues were observed
ü The dominant NPs come from the JES and NFs
ü The signal and tbar modelling uncertain9es are rankly high 

because of their high contribu9on of the event yields
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Asimov fit results (updated mm channel)
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ü The signal cross-sec9on is normalized to 0.1pb
ü No pull/constraint issues were observed
ü The dominant NPs come from the JES and NFs
ü The signal and tbar modelling uncertain9es are rankly high 

because of their high contribu9on of the event yields
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mN/GeV 15 25 35 40 45 50 55 60 70 75

ee channel. Upper limit on 𝜇 0.48 0.22 0.17 0.16 0.16 0.15 0.17 0.20 0.43 0.83

𝜇𝜇 channel Upper limit on 𝜇 0.22 0.12 0.09 0.08 0.08 0.08 0.08 0.10 0.20 0.38

Expected sensitivity comparison of separately ee/𝜇𝜇 channel 

ü The expected upper limit on mixing parameters among [15,75] GeV is |𝑉("|$ < 2 ∗ 10−4 and |𝑉*"|$ < 1 ∗ 10−4

Search for HN•Tongbin Zhao•CLHCP
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Upper limit on coupling parameter on 𝑒𝑒 channel Upper limit on coupling parameter on 𝜇𝜇 channel
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!→̄ HNL analysis
• The first search for HNL with the 𝑡 ̅𝑡 decay

ü Six control regions based on the selec9on and two signal regions described with the BDT are applied on our analysis

ü Successfully implement the rela9ve experimental and theore9cal uncertain9es in the fit.

ü Set the expected sensi9vity on coupling parameters of ee/𝜇𝜇 channel, which extends the ATLAS results beyond 50 

GeV

Outlook
ü The analysis is in good shape and ready for unblinding

Search for HN•Tongbin Zhao•CLHCP
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Comparison with the exis?ng experiments

ü Currently only 
[0,50] GeV results 
of ATLAS exist and
we extended the 
results sensi9vity
to 75 GeV.

Published 𝑒𝑒 result Published 𝜇𝜇 resultJHEP 10 (2019) 265 

Search for HN•Tongbin Zhao•CLHCP

https://link.springer.com/content/pdf/10.1007/JHEP10(2019)265.pdf
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Object selec?on / single lepton trigger informa?on

Search for HN•Tongbin Zhao•CLHCP



Reconstruc7on for the MVA input
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• 𝑝8
2(3)

• 𝑝8
2(3$

• 𝑀𝐸𝑇
• 𝐻8
• 𝜂2(3)
• 𝜂2(3$
• mℓℓ

• 𝑝8
9(0)

• 𝛥𝑅22 ,
• 𝑀45%8:(5;
• 𝑀45%1:(5;
• 𝑀45%"):(5;
• 𝑀45%"$:(5;
• 𝑀5%8:(5;
• 𝑀5%1:(5;
• 𝑁9(05
• 𝑁49(05

ü 𝐻8:	Scalar sum of all leptons and jets transverse momentum
ü 𝑀45%8:(5;: Invariant mass of BSM Top (3+4+5+6+7)
ü 𝑀45%1:(5;:Invariant mass of BSM W (4+5+6+7)
ü 𝑀45%"):(5;: candidate invariant mass HN with L1 (leading)+6+7
ü 𝑀45%"$:(5;: candidate invariant mass HN with L2 (sub-leading)+6+7

Search for HN•Tongbin Zhao•CLHCP
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Significance comparison 
channel HN75 HN60 HN55 HN50 HN45 HN40 HN35 HN25 HN15

• Book signal with 
their own weights

ee 3.3 9.7 10.9 11.7 11.8 12.1 11.3 8.8 5.5

6.8 16.6 19.1 20.0 18.8 19.2 18.1 14.0 9.7mm

• Book signal with 
HNL50

weights

ee 3.1(-6%) 9.6 11.0 11.7 11.9 11.9 11.0 7.8 4.6

mm 6.4 16.2 19.1 20.0 19.0 18.5 17.5 12.6 8.4

• Book signal with 
HNL25

weights

ee 11.9 11.4 8.8 5.6

mm 18.5 18.4 14.0 10.3(+6%)

• Book signal with 
high mass set 
weights

ee 3.3 9.9 11.4 (-4.6%) 11.7 11.8

mm 6.7 16.9 19.4 20.5 19.4

• Book signal with 
low mass set 
weights

ee 11.5 11.1 9.2 5.3

mm 18.1 (-5.7%) 17.9 14.6 9.5

• The largest difference is about 6% (with HNL50) , 6% ( with HNL25), 4.6% (with high mass set) and 5.7% (with low 
mass set)  

ü Signal: 10 mass points are divided into high and low mass training sets

High mass set:  HNL[45, 50, 55, 60, 70, 75] GeV

Low  mass set:  HNL[15, 25, 35, 40] GeV
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MVA performance (high mass)

MVA performance:
ü Training results shows good 

separa9on between signal and 

backgrounds

ü No overfit issues observed when 

comparing the loss 

func9on(training and valida9on)

ü Good agreement between training 

and tes9ng dataset (only one fold

results showed)

2-fold AUC output Separation of the signal/backgrounds

Test/training BDT output Loss function
Search for HN•Tongbin Zhao•CLHCP
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IFF classification
0.Unknown

Leptons are entering the category Unknown (IFF class 0), if they cannot be a<ributed to any or the classes described bellow.
1.KnownUnknown:

The KnownUnknown category (IFF class 1) refers to leptons which can (in principle) be classified, but the tool fails with the classificaDon due to missing informaDon.
2.IsoElectron

An electron is classified as prompt (or isolated) electron (IFF class 2), if its truth-type (or the type of its EG mother-parDcle) is corresponding to an 
3.ChargeFlipIsoElectrons:
The disDncDon between electrons with correctly-assigned and mis-idenDfied charge (charge-flip), is not relevant for all analyses. 
4.PromptMuon:
An muon is classified as prompt (IFF class 4), if its truth-type is corresponding to an isolated muon (== 6), and it originates from a prompt source (e.g. W/Z, top, Higgs). 
5.PromptPhotonConversion:
Electrons originaDng from the conversion of prompt photons (IFF class 5) are idenDfied if the truth-type corresponds to a background electron (== 4) and it originates from a 

photon conversion or an electromagneDc 
6.ElectronFromMuon:

An electron is classified as a muon being reconstructed as electron (IFF class 6) if the truth-type of the electron corresponds to a non-isolated electron or photon (== 3/15) 
and its truth-origin is a muon. This category gathers also the electrons from muon bremstraulung.
7.TauDecay:

Non-isolated electrons and muons from hadronic tau-decays (IFF class 7), are idenDfied if the truth-type of the leptons corresponds to a non-isolated muon (== 7 for the 
muon case) or to a non-isolated electron/photon (== 3/15 for the electron case) and its truth-origin is a tau lepton.
8/9.HadronDecay:
Electrons and muons originaDng from heavy-flavor decays can come from two types: b-hadrons (IFF class 8) and c-hadrons (IFF class 9) which are disDnguished in the tool. It 

is checked if the truth-origin of an electron or muon corresponds to a bo<om-meson or baryon (b-type) or to a charm-meson/baryon (c-type). For electrons, the check is also 
done for the origin of the first EG mother-parDcle (with the origin required to be b/c-type for either the EG mother- or the final-state parDcle).
10.LightFlavourDecay:
Leptons produced by light-flavor jets (IFF class 10) are idenDfied by checking if the truth-type of the lepton corresponds to a hadron type (== 17). Also, if the truth-type 
corresponds to a background electron, muon or photon (== 4/8/16) and it originates from a light-meson, a strange-meson or light/strange-baryons, it is considered for the 
light-flavour category. 

Search for HN•Tongbin Zhao•CLHCP
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Formula for converting limit on σ to limit on |ViN |2

Search for HN•Tongbin Zhao•CLHCP

HNL mass
(GeV)

15 25 35 40 45 50 55 60 70 75

Factor 9.7*e-4 1.0e-3 1.2e-3 1.3e-3 1.5e-3 1.3e-3 1.3e-3 3.1e-3 9.0e-3 2.9e-2


