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Heavy Neutral Leptons
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Neutrinos are massive objects with very small masses, as o
shown by baseline neutrino oscillation experiments
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Low-scale inverse seesaw mechnism allows us to search
for heavy right handed neutrinos with Yukawa couplings
O(10°) in a mass range between 10 - 100 GeV

Image: Symmetry magazine

In our analysis, we search for the electron final state with _ i,
two jets, in the (pseudo-) Dirac HNL model between 10 - 80 0 mp 0 m, O 0
GeV with mixing angles between 104 < |Ugy|? < 107° M= mp py mg \/ 0 my O
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw?language_content_entity=und

HNL Phenomology at the FCCee cHE

 The FCC-ee will produce some 10'?Z bosons in the Z-channel run (~3 years of
data taking), giving a pileup free high luminosity environment to search for
HNLs, and improve upon limits such as those set by LEP
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Analysis methods

 We consider three SM background processes which dominate the interaction, Z 2 bb, cc or Z =2 4 body
final state.

I Process o(pb) Monte-Carlo events Production £ (fb™')
€\ ; e Z-bb  6.65x10° 4.39 x 108 6.60 x 10"
Z 7 — cc 5.22 x 10° 4.98 x 108 1.15 x 102
7 Z — 4body 1.40 x 1072 1.00 x 10° 7.14 x 103
o
T Events at £ =
O Process o (pb) Monte-Carlo events . 1
10 fb 150 ab
Z 2> bb production feynman diagram
Z — bb 6.65 x 10°  4.39 x108 6.65 x 107 9.98 x 101
vr - 7 — cc 522 x 10> 4.98 x108 5.22 x 107 7.82 x 101
7 — 4body 1.40 x 1072 1.00 x 10° 1.40 x 102 2.10 x 106
20 GeV, [U?| =10"% 3.77x 1073 1.00 x 10° 3.80 x 101 5.66 x 10°
Z 50 GeV, |U?| =100 227 x10™® 1.00 x 10° 2.30 x 101 3.40 x 10°
1 70 GeV, |U?| =10"% 9.06 x 10™* 1.00 x 10° 9.00 x 10°  1.36 x 10°
p Quite limited by statitsics, only have around 10 fb-" of lumi with
. which to model the 150 ab-' FCC lumi, so we only scale to the
Example of 4 body final state background full lumi in the final result, and elsewhere work at 10 fb-!
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Cut and Count summary

* Cut and count study was replicated to match the cuts made in D. Moulin
thesis (2023), as a benchmark for optimisation
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Z-significance at 10fb~?!

Cuts chosen:

Variable Selection
Missing energy > 12GeV
Leading electron energy > 35GeV
3D di-jet Angle < 24rad
Di-jet — Electron AR <3
Normalising factor:
N = Ltarget X o Xf
Nsample
Significance:

B n(b+o?) b2 o%(n —b)
W [
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https://dpnc.unige.ch/MASTERS/MASTER_MOULIN_Dimitris.pdf
https://dpnc.unige.ch/MASTERS/MASTER_MOULIN_Dimitris.pdf

Optimisation strategy

Boosted Decision Trees (BDTs) and Deep Neural
Networks (DNNs) are the natural extension of the cut
and count study, we can make a single optimised cut on
the BDT/DNN output rather than having to make
sequential cuts on specific variables, giving more
flexibility and utilising any correlation between
discriminating variables

A ML model can be trained for each individual mass
point, meaning we need not focus on some benchmark
mass points to find global cuts - this limits our capacity
to fully exploit features like prompt and LLPs which a ML
can naturally find!

For the BDTs, XGBoost is used in conjunction with TMVA

x,y

MRS il i S

Tree 1 Tree 2

Tree n

Forthe DNN models, Keras in Tensorflow is used

In both cases, we use the following features to train:

Object Variables

Leading electron  E, ¢, dy, 04y, AR.j;
Neutrino Emiss, 0

Di-jet system ARjj, ¢

2
Vertex and tracks 7iracks, Mprimary tracks, Xertex

\ ?:szlfk(x) / HNLs at the FCC-ee 6
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“Sl'mple ” Sing[e decision tree from Electron dijet AR <2.92658114 no, missing T ——

10 GeV |U|?= 104 mass point -

leaf=-0.155886486

Dijet @ <0.812473178 10, INShing Electron dijet AR <0.19060415 1o, missing
yes leaf=-0.369119614
10, MISSIing os yes leaf=0.368370354
Dijet ¥ <2.76899219 Number of tracks <13
O, missmg

10, missing

Missing energy <29.6551933

leaf=-0.170015708

Missing energy <44.1195221 leaf=-0.434006423

10, missing

leaf=0.463829637

Data Preparation: Model training: Model predictions:

E>15GeV

\ FCCee Simulation (DELPHES)
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Process Training Events Testing Events Tr a"j”n_g /testing split Example raw BDT 106 ] e
statistics classification scores for 70
Total Background 5,655,708 11,311,415 GeV |UJ]2= 106 mass point 108
20 GeV, |U?| =107 26,254 26,254 ;“;w
50 GeV, |U?| =105 29,991 29,991 %
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o
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70 GeV, |U?| = 10~ 32,194 32,193 ' |

[
|
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Predicted Score
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BDT Result

 Background
106 .
FCCee Simulation (DELPHES)
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For the 50 GeV mass point at |U|]?=10%at 10 fb" - BDT cut of 0.999 gives 13.5 N 0.90 0.92 ot 0.96 0.98 1.00
. response
signal events and 1.12 background events
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D N N kf l Hyperparameter Range Step
W O r O W Units in Input Layer 32 to 512 32
Number of Hidden Layers 1 to 5 1 Hyperparameter random search
Learning Rate 1x107°to 1 x 1072 Log scale . ’
Dropout Rate 0.2 Fixed metrics such as the Adam
Activation Function ReLU Fixed Opt[m iZ er
Output Activation Function Sigmoid Fixed
Optimizer Adam Fixed
Loss Function Binary Crossentropy Fixed
Metrics Accuracy, Precision, Recall, AUC Fixed
: i Model predictions:
Data Preparation: Model training: P
E>20 GeV
—_— _—
WHES)
Example raw DNN classification w—signal
s | s Background
scores for 70 GeV |U|2= 106 mass °
Process Training Events Testing Events .
pOInt 105 5
Total Background 2,792,099 2,792,099 P
20 GeV, |U?| = 10-¢ 19,601 19,600 &
50 GeV, |U?| = 1076 21,471 21,471 0]
70 GeV, |U?| = 107° 23,951 23,951
102 4

Training / testing split statistics
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DNN Result T 1 ==
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Forthe 50 GeV mass point at |U|? = 10¢ at 10 fb" - DNN cut of 0.986 gives N _ | _ | | |
13.5 signal events and 1.12 background events NEE I M2 OhE 090 DOk 300

DNN response
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LLP study with BDTs

FCCee Simulation (DELPHES)
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* Attempted to separate the signal using filter
involving the impact parameter significance

* Prompt decays are targetting using o4 < 5 (cyan)

10° and LLPs are targeted for a;, > 5 (blue)
Jo-1 * We find very little improvement (if any) likely
|
= because the BDT already uses dy as a the most
"_a" important variable for the LLPs
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Comparing the strategies

FCCee Simulation (DELPHES)
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BDT models so far elicit almost 2 orders of

magnitude more delimitation in the couplings
compared to the cut and count at the biggest
difference, DNN gives ~ 1 order of magnitude.

Study not yet robust enough to truly claim that
the BDT is “better” but instead we can say that it

does require much less optimisation to yield
great results

More work on hyperparameter optimisation,
feature engineering etc being done on for the
DNN until the submission of my thesis - so still
some time to improve this result!
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Conclusion: our study in context
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FCCee Simulation (DELPHES)

CMS prompt 3l
—— arXiv:2403.00100
Vs =13 TeV, 138 fb’

FCCee expected
arXiv:2203.05502
Vs =91 GeV, 150 ab'

Cut and Count
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/__/ This work
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arXiv:2307.01190
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HNLs at the FCC-ee

Scaling to 150 ab™, with no estimation on statistical or
systematic uncertainties; hence, we can only interpret
the plot on the left in terms of how it compares to the
cut and count, and we see that it indeed delimits a
much broader region of the phase space.

We begin to crest upon the projected FCC-ee limit,
despite working with only ~50% of the branching ratio —
though, as said - this should be interpreted only as a
guide for improvement strategies since we do not have
the associated uncertainties

Nevertheless, ML seems to be capable of hugely
improving our limits, possibly across all final states!

Increasing MC statistics in signal region crucial for
robust studies
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Log Normalised Entries

FCCee Simulation (DELPHES)
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Log Normalised Entries
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DNN vs BDT feature importance
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