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Why Go Beyond the Standard Model?

The SM is remarkably successful — yet fundamentally incomplete

Neutrino Masses

SM predicts massless neutrinos — yet oscillation 
experiments confirm they have mass

Dark Matter
~27% of the Universe's energy is dark matter. 

SM has no viable candidate

Higgs mass is unnaturally light. 
Fine-tuning is required

Naturalness Problem Baryon Asymmetry
The matter–antimatter imbalance in 

the Universe is unexplained by the SM

Flavor Hierarchy

No explanation for the vast mass differences 
across quark and lepton generations
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Heavy Charged Gauge Bosons: W′

Two major UV-complete frameworks predict W′ bosons with very different chiral coupling structures

 gauge symmetrySU(2)L × SU(2)R × U(1)B−L

• Explains parity violation as spontaneous symmetry breaking 
• Right-handed fermions form  doublets 
• Introduces right-handed  boson 
•  couples to right-handed neutrinos  
• Coupling is V+A (right-chiral) 
• Also predicts heavy  and  naturally

SU(2)R
W′￼

W′￼ NR

Z′￼ NR

Left-Right Symmetric Model 
(LRSM)

Randall-Sundrum (RS) 
Extra Dimensions

Warped extra dimension with UV & TeV branes

• SM fields localized on TeV brane 
• Bulk fields produce Kaluza-Klein (KK) modes 
•  KK excitations gives rise to  
• Massless neutrinos propagate in bulk 
• KK mixing generates small neutrino masses 
• Coupling is V−A (left-chiral)

W W′￼

Key Question: If  is discovered, how do we determine whether it couples left- or right-chirally to heavy neutrino ?W′￼
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Generic Model-Independent Lagrangian

ℒnew = g′￼ℓLW′￼μN̄LγμℓL + g′￼ℓRW′￼μN̄RγμℓR + gℓLWN̄LγμℓL + gℓRWN̄RγμℓR + g′￼qW′￼(d̄RγμuR + d̄LγμuL) + h . c .

Coupling Description
     ↔ left-handed lepton + Left-handed N
     ↔ left-handed lepton + Right-handed N
     boson ↔ left-handed lepton + Left-handed N
     boson ↔ left-handed lepton + Right-handed N
     ↔ quark pair

g′￼ℓL
g′￼ℓR
gℓL
gℓR

W

W′￼

W′￼

W
W′￼g′￼q

LH Scenario
 

V−A coupling → left-chiral heavy neutrino
g′￼ℓL, gℓL ≠ 0 and g′￼ℓR, gℓR = 0

RH Scenario
 

V+A coupling → right-chiral heavy neutrino
g′￼ℓR, gℓR ≠ 0 and g′￼ℓL, gℓL = 0

Feynman diagram of signal

g′￼ℓL(R)

gℓL(R)

g′￼q
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Benchmark Points

Six benchmark points spanning  = 3–6 TeV and  = 200–400 GeV are chosen and validated against experimental boundsMW′￼ MN

Benchmark points of signal process

Current Limits

CMS excludes W′ below 4.7 TeV (e-
channel) and 5.0 TeV (μ-channel) for SSM 
and LRSM model

Branching Ratios

: ~75%, : ~25% 
: 100% (30% each e, μ)

W′￼→ jj W′￼→ Nℓ
N → Wℓ

Recast Validation

All 6 BPs verified against CMS  search 
using MadAnalysis5 — all within allowed 
region

ℓℓjj
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Signal Topology

🔑  Key Insight: Fat jets from SM processes are purely hadronic — our signal fat jet contains an embedded lepton!

Simulation Pipeline

MadGraph

Hard scattering 

events at 14 TeVs =

High  isolated leptonpT

3-pronged fatjet with 
leptonic subset inside

Pythia8

Parton shower & 
hadronization

Delphes

Detector simulation 
+ pileup 

Jet clustering using anti-kT R=0.8

A multi-step pipeline to isolate the embedded lepton and reconstruct three subjets inside the fat jet

Identify Isolated Lepton

Iterate over the two highest-
 jets. If highest-  lepton 

has  > 150 GeV and carries 
> 85% of jet  → classify as 
isolated lepton jet.

pT pT
pT

pT

Identify Fatjet

The remaining large-radius jet  
is tagged as the heavy 
neutrino fat jet. It contains 
both hadronic and leptonic 
subcomponents.

Soft Drop Grooming

Apply Soft Drop ( , 
) to remove soft and 

wide-angle radiation from 
the fat jet, preserving its 
core substructure.

zcut = 0.1
β = 1.0

N-Subjettiness

Decompose the groomed 
fat jet into 3 subjets using 
N-subjettiness. Identify 
which subjet contains the 
embedded lepton.
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Key Discriminating Variables: LSF & LMD

These variables isolate lepton-containing fat jets from pure SM hadronic jets

Lepton Subjet Fraction 
(LSF)

Lepton Mass Drop 
(LMD)

Standard Model Backgrounds

QCD 
Multijets 

Semileptonic 
tt̄ V + jets VV + jets

LSF =
pℓ

T

pl subjet
T

• Measures fraction of lepton subjet  carried by the lepton 
• Signal: LSF → 1 (lepton dominates subjet ) 
• QCD background: LSF ≈ small (no real lepton) 
• Cut applied: LSF > 0.9

pT
pT

LMD =
m2

ℓ subjet−ℓ

m2
ℓ subjet

• Measures how much the lepton contributes to subjet mass 
• Signal: LMD → 0 (removing  collapses subjet mass) 
• Background: LMD ≈ large (no mass-dominant lepton) 
• Cut applied: LMD < 0.05

ℓ
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Discovery Potential at HL-LHC

LSF and LMD Distribution for BP1, BP2, BP3, BP4 and 
background

Signal significance    for different BPs and systematic uncertainty 

𝒮 = 2 [(S + B)ln (1 +
S

B + ϵ2B(S + B) ) −
1
ϵ2

ln (1 +
ϵ2S

1 + ϵ2B )]
 : number of signal events,  : number of background events,  
and  : overall background systematic uncertainty fraction.

S B
ϵ

Signal Significance

HT > 2000 GeV, piso ℓ
T > 500 GeV, and pfatjet

T > 750 GeVAdditional cuts: 

𝒮
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Polarization of the Heavy Neutrino N

Analogous to top quark polarization — angular distributions of N's decay products carry polarization information

1
Γ

dΓ
d cos θf

=
1
2

(1 + Af𝒫 cos θf )

 : angle between decay product  and spin direction of  in its rest frame,  : spin analyzing power, and  : polarizationθf f N Af 𝒫

angular distribution of the three  
decay products ( )

of 
f = ℓ, u, d

N

Spin analysing power of different decay products of    for two different mass
points.

⭐  Down quark has highest analyzing power (  = 1.0)Af

BUT — quarks form jets and cannot be flavor-tagged 
reliably inside a busy fat jet environment at the LHC.

✅  Lepton has  ≈ −0.51 to −0.85 — good and usable!Af

The lepton subjet is simpler to isolate and still provides 
robust discriminating power for LH vs RH hypotheses.

N
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Polarization-Sensitive Jet Substructure  
Variables

zθ =
|Eℓ

subj − Eh
subj |

| ⃗pN |

zℓ =
Eℓ

EN

Energy fraction of the lepton subjet  
relative to the total fat jet energy.

zk =
max(Ei, Ej)

EN

Energy fraction of the harder  
subjet from the pair with smallest  

 distance.kT

Energy difference between  
lepton and hadronic subjets,  
normalized by  momentum.N

Classification Pipeline

Input 
Variables

XGBoost  
BDT

LH vs RH 
training

BDT Score
Combined 
variables 

 used for CLs 
method

zℓ, zk, zθ

10
Distribution of polarisation sensitive variables for different BP 1 & 2 at parton & hadron level
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CLs Exclusion Results: LH vs RH

BDT score distribution for LH- and RH-signal BPs combined with SM 
background

Confidence level of rejecting     in favour of     for three polarisation sensitive variables and the 
combined BDT score
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CLLH|RH = −2 ln [
L ({B + SLH} |{B + SRH})
L ({B + SRH} |{B + SRH}) ]

The confidence level of excluding LH in favour of RH is given by,

 : histogram of the combined background  
plus the LH (RH) signal of the given variable

B + SLH(RH)

H1 H2
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Summary

Novel Signal Topology: Boosted heavy neutrino decays can produce a fat jet with an embedded lepton subjet

Jet substructure observables such as LSF and LMD are highly effective in suppressing SM backgrounds

Polarization-sensitive jet substructure variables  retain measurable chirality information even after detector effects.
zk, zℓ, zθ

Discovery Potential:  significance for  masses  TeV and  =  GeV at 14 TeV HL-LHC with 3ab⁻¹3σ − 6σ W′￼ 3 − 6 MN 200 − 400

Chirality Discrimination:  confidence of excluding LH vs RH hypothesis using BDT combining 1.6σ − 2.8σ zk, zℓ, and zθ

Jet substructure can probe not only the existence of new particles, but also the underlying chiral structure of BSM interactions

The framework is largely model-independent and can be extended to other boosted BSM signatures involving heavy neutrinos and heavy 
resonances.
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Thank you!  
Any Questions  or Comments ?
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