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Theoretical Setup

■ The Neutrino Oscillation indicates tiny but nonzero neutrino mass,
which looks unnatural.

■ One way to explain this is to introduce right-handed Majorana
mass term in the neutrino sector:

Lν ∋ 1

2
iR̄i/∂Ri − yijR̄iΦ̃Lj −

1

2
(MN )ijR̄iR

C
j + h.c., (1)

■ After spontaneous electroweak symmetry breaking, the Dirac mass
matrix (MD)ij for neutrinos arises from the Yukawa couplings.
The neutrino mass terms can then be expressed as[

0 MT
D

MD MN

]
, (2)

in the basis of the neutrino flavor eigenstates {νL, R}.
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Theoretical Setup

■ [
0 MT

D

MD MN

]
, (3)

In the limit of MN ≫ MD, the masses can be roughly written as

M ≈ MN , m ≈
M2

D

MN
, (4)

■ The interactions of neutrinos will be

L ∋
∑
ℓ,i,j

− g√
2
(U∗

ℓiν̄i + V ∗
ℓjN̄j) /W

+
PLℓ+ h.c.

− g

2 cos θW
(U∗

ℓiν̄i + V ∗
ℓjN̄j)/ZPL(Uℓiνi + VℓjNj),

(5)

where νi are the light neutrino with mass m while Nj are the
heavy neutrino with mass M .
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Vector Boson Fusion

■ We mainly focus on the heavy neutrino search with processes:
pp → µνµjj:
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Cross Sections
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Topology of VBF
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t = (pi − pf )
2 = m2

i +m2
f − pi · pf ≈ −E2(1− cos θ) (6)

■ Due to the t-channel characteristic (M ∝ 1/t), two jets in the final
states will be forward/backward jets, while the two leptons will
have large transverse momentum.
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Model Training

■ We aimed to use the gradient Boosted Decision Trees (BDTs) to
improve the selection criterion efficiency.

■ We used MadGraph to generate 2M events for the signal and
background at parton level, respectively. Then, we used
Madanalysis5 to extract and feature information and passed it to
the BDT model training.

■ M events were used to train the model, 0.5M events were used to
test and tune the hyperparameters via Optuna to reach the best
model, and the remaining 0.5M events were used to validate the
models.

■ We scanned the heavy neutrino mass within the range
250GeV − 20TeV.
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BDTs Output

■ Below is the BDT score of the model for heavy neutrino mass
mN = 250, 2000, 10000GeV

0.0 0.2 0.4 0.6 0.8 1.0
BDT Output

10 3

10 2

10 1

100

101

Ev
en

ts
 [a

.u
.]

Events [a.u.] vs. BDT Score (250 GeV)

Signal
Background

0.0 0.2 0.4 0.6 0.8 1.0
BDT Output

10 3

10 2

10 1

100

101

Ev
en

ts
 [a

.u
.]

Events [a.u.] vs. BDT Score (2000 GeV)

Signal
Background

0.0 0.2 0.4 0.6 0.8 1.0
BDT Output

10 4

10 3

10 2

10 1

100

101

Ev
en

ts
 [a

.u
.]

Events [a.u.] vs. BDT Score (10000 GeV)

Signal
Background

Machine Learning May 20, 2025 7 / 12



Feature Importance

■ The relative feature importance is shown below for heavy neutrino
mass mN = 250, 2000, 10000GeV.
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Features of VBF
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VBF vs. BKG
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Expected Limit

■ We also used the Combine tool to calculate the expected limit with
the corresponding uncertainty bands (±1, 2σ)
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Conclusion

■ VBF process can be a complementary approach for searching for
heavy neutrinos @LHC for the large heavy neutrino mass

■ Machine Learning technology like BDTs can help identify the
features of the signal and background, and significantly improve
the search potential

■ However, when considering neutrinos, we should sum over all the
flavors of neutrinos (lepton universality violation), and the

sensitive parameter is actually σ ∝
(
|VeN |2 + |VµN |2 + |VτN |2

)2
, so

we are also trying to include the tauon decays.
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