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Search for Additional Higgs Bosons

e Search for an extended Higgs sector with 2 additional Higgs bosons: X, Y

* Possible explanation of matter-antimatter asymmetry

* Target signal: X 2 YH = 4b, with m, = 125 GeV

* One challenge: which b jet comes from which Higgs boson? - Machine Learning!
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Analysis Phase Space: Resolved Topology

DESY.

AR(b,b) > 0.8 2 resolved topology
AR(b,b) depends on 2 unknowns: my and my

Resolved topology covers a large phase space region
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Efficiency = fraction of events where
AR,(b,b) > 0.8 and AR, (b,b) > 0.8

Oza Passot

0.0

efficiency



What is a pairing?

3 possible pairings:

b
b Y H / * Incorrect = b;bs and b,b,

24 = - T T 7= * Incorrect =2 b,b, and b,b
— ] v

 Correct 2 b,b, and bsb,

Correct: pairing with di-jet matched to b quarks from the same particle (H or Y)

Incorrect: other pairings
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B-jet pairings

H,: heavier reconstructed Higgs

my = 400 GeV H,: lighter reconstructed Higgs
my = 200 GeV
SIGNAL SIGNAL
0.8 1 1 Correct 1.0+ [ Correct
[ Incorrect 1 Incorrect
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AR (b1,b2) : H; AR (b1b2) : Hz

Correct: pairing with di-jet matched to b quarks from the same particle (H or Y)

Incorrect: other pairings
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BDT Score & Overtraining Test

* Input features

Category

Variables

Higgs 1 (H1)
Higgs 2 (H2)

ARbl by A%l ba? Aﬁbblbz P
ARbl bg ’ Anbl bg ) Aqbbl b2 bl p

bi1ba,Hq biba,H1

T ratio aK‘D.3,proda 0.3,sum>

bibo,Ha  b1bo,Ha

T ratio ?K'O.B,prod? 0.3,sum>

Higgs pair (H1H2) ARz, iy, AN, 1,y AP,y , Dot

Mass parameters

mx,my

b1b2,H)

bi1ba,Ho

01,

O,

* Boosted Decision Tree (BDT) powerful to separate

correct/incorrect pairings

* Train and test in agreement = no overtraining

DESY.
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Signal = correct pairings
Background = incorrect pairings

BDT Score Distribution
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True Positive Rate

Mass parametrization = including m, and m, as input features in BDT training

Power of BDT

Without mass parametrization With mass parametrization

ROC Curves for Multiple (MX, MY) Signal Points ROC Curves for Multiple (MX, MY) Signal Points
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False Positive Rate

- Using mass parametrization improves the performance
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Derivation of p*/min(m,,my)

1.0

0.9 -

Rest frame of X: Py =pg =p° 0.8 -
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30.6-

- O = Gy =) (0 = Gy ) g0

b = 5,

2mX
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AR(b,b) ~ 2_m = : b , myg = 125 GeV 0.0 -
Dbr mln(mYa mH)
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Efficiency = fraction of events
where ARy(b,b) > 0.8 and AR,
(b,b) > 0.8
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BDT Training Categorization

_ Resolvc_ed (zoomed in)
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First Training Region

DESY.

True Positive Rate

ROC Curves for Multiple (MX, MY) Signal Points
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== MX=300 GeV, MY=90 GeV (AUC=0.766) * MX=500 GeV, MY=300 GeV (AUC=0.879) = MX=1200 GeV, MY=1000 GeV (AUC=0.994)
l‘ 4 7~ MX=300 GeV, MY=95 GeV (AUC=0.792) MX=600 GeV, MY=400 GeV (AUC=0.940) MX=1400 GeV, MY=1200 GeV (AUC=0.997)
’,’ *=+ MX=300 GeV, MY=100 GeV (AUC=0.765) = MX=650 GeV, MY=400 GeV (AUC=0.874) == MX=1600 GeV, MY=1400 GeV (AUC=0.994)
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MX=400 GeV, MY=150 GeV (AUC=0.810)
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False Positive Rate

- Performance gets better with categorization
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Performance Comparison: Efficiency of Finding True Pairing

BDT condition:
pairing with the highest BDT score

Minimum/Higgs mass condition:

pairing with a di-jet system mass
closest to 125 GeV

Efficiency = fraction of true pairings
that satisfy the condition
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Performance Comparison: Mistag Rate

BDT condition:
pairing with the highest BDT score

Minimum/Higgs mass condition:

pairing with a di-jet system mass
closest to 125 GeV

Mistag rate = fraction of wrong
pairings that satisfy the condition

DESY.
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-> BDT performs better than Higgs mass condition!
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Reconstructed Higgs Boson Mass Distributions

my = 300, my = 70
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Mass of H1 [GeV]

- BDT gives the right Higgs masses
- Higgs mass condition has an artificial peak around 125 GeV, due to wrong di-jet pairing
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H,: heavier reconstructed Higgs
H,: lighter reconstructed Higgs

my = 300, my = 70
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Mass of H, [GeV]
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Reconstructed Higgs Boson Mass Distributions

mx =800, my =600

H,: heavier reconstructed Higgs
H,: lighter reconstructed Higgs

myx =800, my=600
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- BDT gives the right Higgs masses

Mass of H; [GeV]

- Higgs mass condition has an artificial peak around 125 GeV, due to wrong di-jet pairing
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Summary & Outlook

Finding correct b jet pairing
in X 2 YH = 4b signature

—

Focus on resolved topology

~

BDT is a powerful tool to identify
which b jet comes from which Higgs boson !

—

Next steps: investigate impact of the method on data
and signal sensitivity

DESY. 07.11.2025 Oza Passot 16
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Definition of Jet

Angular distance depends on pseudorapidity n and azimuthal angle ¢

AR = \/(An)* + (A¢)?

* Use anti-k, algorithm to reconstruct jets
e Each algorithm has radius parameter R which determines how big jet cone isin (n, $)

» =>All particles within circle of radius 0.4 in (n, ¢) space are grouped into the same jet

DESY. 07.11.2025 Oza Passot
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Fraction of boosted and semi-boosted events

DESY.

my [GeV]

Boosted Fraction
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600 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
500 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.05
300 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.11 0.24 0.35
200 - 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.20 0.36 0.47
150 10.00 0.00 0.00 0.00 0.00 0.00 0.04 0.14 - 0.4
125 J0.00 0.00 0.00 0.00 0.01 0.03 0.13 0.24
100 J0.00 0.00 0.00 0.01 0.04 0.09 0.21 0.33
o5 40.00 0.00 0.00 0.01 0.04 0.10 0.23 034
90 J0.00 0.00 0.00 0.02 0.05 0.1 0.25 036 - 0.2
80 J0.00 0.00 0.01 0.03 0,07 0.14 0.27 0.38 0.47
70 J0.00 0.00 0.01 0.04 0.09 0.16 0.30 0.41 .....
60 J0.00 0.01 0.01 0.05 0.10 0.17 0.32 0.43
LI LI L L L L L 0-0
300 400 500 600 650 700 800 900 1000 1200 1400 1600 1800 2000
my [GeV]
Efficiency = fraction of events where ARy(b,b) < 0.8 and
ARy (b,b) <0.8
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Semi-boosted Fraction
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Performance [1.5, 2]

BDT Score Distribution
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True Positive Rate

ROC Curves for Multiple (MX, MY) Signal Points
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MX=400 GeV, MY=100 GeV (AUC=0.995)

p——y———r

= MX=500 GeV, MY=125 GeV (AUC=0.999)
~= MX=500 GeV, MY=150 GeV (AUC=0.998)
* MX=500 GeV, MY=200 GeV (AUC=0.941)
MX=600 GeV, MY=300 GeV (AUC=0.843)

= MX=650 GeV, MY=300 GeV (AUC=0.938)

MX=700 GeV, MY=400 GeV (AUC=0.875)
== MX=B800 GeV, MY=500 GeV (AUC=0.921)

MX=900 GeV, MY=600 GeV (AUC=0.930)
== Random
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Performance [2, 2.5]

BDT Score Distribution
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ROC Curves for Multiple (MX, MY) Signal Points
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MX=500 GeV, MY=95 GeV (AUC=0.999)
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MX=650 GeV, MY=125 GeV (AUC=1.000)
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Performance [2.5, 3]

ROC Curves for Multiple (MX, MY) Signal Points

1.0 — er——— mmases mm eme e e eee e
— P
BDT Score Distribution 7
10° 4 - - 7
_ 1 Signal (train) L
=2 Signal (test) o~
. ;
[ Background (train) L
—— 14
CZ2 Background (test) 0.8 o
/’,
-
.
L
10714 -
"
-
-
-
L
| 0.6 -
[= o .
9] = -
> o -
w o e
> ,/
2 5 -
= 2 3 e
e .
=10 B R
g g
0.4 4 : R
i -
-
; g
-
-
| -
’/
! -
1073 e
p
0.2 4 l '/’
f o
’/
l
= MX=400 GeV, MY=60 GeV (AUC=1.000) MX=700 GeV, MY=150 GeV (AUC=0.998)  —— MX=1400 GeV, MY=1000 GeV (AUC=0.980}
l e MX=500 GeV, MY=80 GeV (AUC=0.999) * MX=800 GeV, MY=200 GeV (AUC=1,000} MX=1600 GeV, MY=1200 GeV (AUC=0.989)
0.0 0'2 0'4 OIB 0l8 1.0 | e MX=500 GeV, MY=00 GeV (AUC=1.000) = MX=800 GeV, MY=300 GeV (AUC=0.994)  — MX=1800 GeV, MY=1400 GeV (AUC=0.994)
: : : : : : s -+ MX=600 GeV, MY=95 GeV (AUC=1.000} MX=900 GeV, MY=400 GeV (AUC=0.987) © MX=2000 GeV, MY=1600 GeV (AUC=0.996)
BDT Score 0.0 L —— MX=600 GeV, MY=100 GeV (AUC=1.000) — MX=1000 GeV, MY=500 GeV (AUC=0.974) —- Random
MX=700 GeV, MY=125 GeV (AUC=1.000) MX=1200 GeV, MY=800 GeV (AUC=0.959)
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
DESY. 07.11.2025 Oza Passot 22




Performance [3, inf]

MX=600 GeV, MY=70 GeV (AUC=0.999) MX=1200 GeV, MY=80 GeV (AUC=1.000) == MX=1800 GeV, MY=100 GeV (AUC=0.998)

MX=600 GeV, MY=80 GeV (AUC=1.000) MX=1200 GeV, MY=90 GeV (AUC=1.000) — MX=1800 GeV, MY=125 GeV (AUC=1.000)
MX=600 GeV, MY=80 GeV (AUC=0.999) MX=1200 GeV, MY=95 GeV (AUC=1.000) 4+ MX=1800 GeV, MY=150 GeV (AUC=0.999)
—— MX=650 GeV, MY=60 GeV (AUC=1.000) MX=1200 GeV, MY=100 GeV (AUC=0.999) = MX=1800 GeV, MY=200 GeV (AUC=0.998)
BDT Score Distribution — - MX=650 GeV, MY=70 GeV (AUC=1.000) MX=1200 GeV, MY=125 GeV (AUC=0.999) == MX=1800 GeV, MY=300 GeV (AUC=1.000)
— MX=650 GeV, MY=80 GeV (AUC=0.999) MX=1200 GeV, MY=150 GeV (AUC=0.999)  — MX=1800 GeV, MY=400 GeV (AUC=0.999)
10° - - [ Signal (train) - MX=650 GeV, MY=90 GeV (AUC=0.999) MX=1200 GeV, MY=200 GeV (AUC=0.999)  --- MX=1800 GeV, MY=500 GeV (AUC=0.999)
- . — MX=650 GeV, MY=95 GeV (AUC=1.000) MX=1200 GeV, MY=300 GeV (AUC=0.999)  —— MX=1800 GeV, MY=600 GeV (AUC=0.997)
L2 Signal (test) ~ - MX=650 GeV, MY=100 GeV (AUC=1.000) MX=1200 GeV, MY=400 GeV (AUC=0.997) == MX=1800 GeV, MY=800 GeV (AUC=0.996)
[ Background (train) MX=700 GeV, MY=60 GeV (AUC=0.999) MX=1200 GeV, MY=500 GeV (AUC=0.997) = MX=1800 GeV, MY=1000 GeV (AUC=0.993)
=2 Background (test) MX=700 GeV, MY=70 GeV (AUC=1.000) MX=1200 GeV, MY=600 GeV (AUC=0.990) -+ MX=1800 GeV, MY=1200 GeV (AUC=0.978)
MX=700 GeV, MY=80 GeV (AUC=1.000) — MX=1400 GeV, MY=60 GeV (AUC=1.000) MX=2000 GeV, MY=60 GeV (AUC=0.979)  _
MX=700 GeV, MY=90 GeV (AUC=0.999) —- MX=1400 GeV, MY=70 GeV (AUC=0.999) MX=2000 GeV, MY=70 GeV (AUC=1.000)
L0 MX=700 GeV, MY=085 GeV (AUC=0.999) — MX=1400 GeV, MY=80 GeV (AUC=0.996) MX=2000 GeV, MY=80 GeV (AUC=1.000)
10-1 4 MX=700 GeV, MY=100 GeV (AUC=1.000)  *** MX=1400 GeV, MY=90 GeV (AUC=0.999) MX=2000 GeV, MY=90 GeV (AUC=0.996)
MX=800 GeV, MY=70 GeV (AUC=0.999) — MX=1400 GeV, MY=95 GeV (AUC=0.999) MX=2000 GeV, MY=95 GeV (AUC=0.997)
MX=800 GeV, MY=80 GeV (AUC=0.999) — - MX=1400 GeV, MY=100 GeV (AUC=0.999) MX=2000 GeV, MY=100 GeV (AUC=0.998)
- MX=800 GeV, MY=90 GeV (AUC=1.000) — MX=1400 GeV, MY=125 GeV (AUC=0.999) MX=2000 GeV, MY=125 GeV (AUC=0.999)
b} 0.8 4 MX=800 GeV, MY=85 GeV (AUC=1.000) -+ MX=1400 GeV, MY=150 GeV (AUC=0.998) MX=2000 GeV, MY=150 GeV (AUC=1.000)
S MX=800 GeV, MY=100 GeV (AUC=1.000) = MX=1400 GeV, MY=200 GeV (AUC=1.000) MX=2000 GeV, MY=200 GeV (AUC=0.998)
O MX=800 GeV, MY=125 GeV (AUC=0.999) == MX=1400 GeV, MY=300 GeV (AUC=0.999) MX=2000 GeV, MY=300 GeV (AUC=1.000)
- * MX=800 GeV, MY=150 GeV (AUC=1.000) == MX=1400 GeV, MY=400 GeV (AUC=0.999) MX=2000 GeV, MY=400 GeV (AUC=0.999)
Z 1024 1 MX=900 GeV, MY=60 GeV (AUC=0.997) “+- MX=1400 GeV, MY=500 GeV (AUC=0.998) MX=2000 GeV, MY=500 GeV (AUC=0.999)
=y 3 MX=900 GeV, MY=70 GeV (AUC=0.998) — MX=1400 GeV, MY=600 GeV (AUC=0.996) MX=2000 GeV, MY=600 GeV (AUC=0.998)
o £ 0.6 ¥ MX=900 GeV, MY=80 GeV (AUC=0.998) —- MX=1400 GeV, MY=800 GeV (AUC=0.984) MX=2000 GeV, MY=800 GeV (AUC=0.996)
= = ¥ MX=900 GeV, MY=80 GeV (AUC=0.999) MX=1600 GeV, MY=60 GeV (AUC=1.000) MX=2000 GeV, MY=1000 GeV (AUC=0.994)
2 ] MX=900 GeV, MY=95 GeV (AUC=1.000) MX=1600 GeV, MY=70 GeV (AUC=0.998) MX=2000 GeV, MY=1200 GeV (AUC=0.990)
7 MX=900 GeV, MY=100 GeV (AUC=0.999) MX=1600 GeV, MY=80 GeV (AUC=0.999) MX=2000 GeV, MY=1400 GeV (AUC=0.980)
= MX=900 GeV, MY=125 GeV (AUC=1.000) MX=1600 GeV, MY=90 GeV (AUC=0.999) —— MX=2500 GeV, MY=60 GeV (AUC=1.000)
= 0.4 ; MX=900 GeV, MY=150 GeV (AUC=0.999) MX=1600 GeV, MY=95 GeV (AUC=1.000) — MX=2500 GeV, MY=95 GeV (AUC=0.998)
103 4 MX=900 GeV, MY=200 GeV (AUC=0.999) MX=1600 GeV, MY=100 GeV (AUC=1.000)  —— MX=2500 GeV, MY=125 GeV (AUC=1.000)
MX=900 GeV, MY=300 GeV (AUC=0.998) MX=1600 GeV, MY=125 GeV (AUC=0.999) = MX=2500 GeV, MY=200 GeV (AUC=0.999)
— MX=1000 GeV, MY=60 GeV (AUC=1.000) MX=1600 GeV, MY=150 GeV (AUC=1.000)  — MX=2500 GeV, MY=400 GeV (AUC=0.998)
=+ MX=1000 GeV, MY=70 GeV (AUC=1.000) MX=1600 GeV, MY=200 GeV (AUC=0.998)  —— MX=2500 GeV, MY=600 GeV (AUC=0.998)
1 — MX=1000 GeV, MY=80 GeV (AUC=1.000) MX=1600 GeV, MY=300 GeV (AUC=0.999) MX=4000 GeV, MY=95 GeV (AUC=1.000)
0.2 4 - MX=1000 GeV, MY=90 GeV (AUC=0.998) MX=1600 GeV, MY=400 GeV (AUC=0.999) MX=4000 GeV, MY=125 GeV (AUC=1.000)
— MX=1000 GeV, MY=95 GeV (AUC=0.999) MX=1600 GeV, MY=500 GeV (AUC=0.998) MX=4000 GeV, MY=200 GeV (AUC=1.000)
) =+ MX=1000 GeV, MY=100 GeV (AUC=0.999) MX=1600 G&V, MY=600 G&V (AUC=0,998) MX=4000 GeV, MY=400 GeV (AUC=1.000)
0.0 012 0:4 D.|6 0:8 10 .- MX=1000 GeV, MY=125 GeV (AUC=0.999) MX=1600 GeV, MY=800 GeV (AUC=0.996) MX=4000 GeV, MY=600 GeV (AUC=0.998)
[ _-77 ==+ MX=1000 GeV, MY=150 GeV (AUC=0.999) MX=1600 GeV, MY=1000 GeV (AUC=0.982) MX=4000 GeV, MY=1000 GeV (AUC=0.991)
BDT Score L~ — MX=1000 GeV, MY=200 GeV (AUC=1.000) — MX=1800 GeV, MY=60 GeV (AUC=1.000) ~~ Random
0.0 =+ MX=1000 GeV, MY=300 GeV (AUC=0.999) == MX=1800 GeV, MY=70 GeV (AUC=1.000)

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
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Efficiency Over p*/min(m,,my)
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Efficiency Over p*/min(m,,my)
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Mass parametrization = including m, and m, as input features in BDT training

Feature Correlation Matrix

Without mass parametrization With mass parametrization

Feature Correlation Matrix Feature Correlation Matrix
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Feature Importance

Without mass parametrization

Normalized Feature Importance (Top 10)
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Mass parametrization = including m, and m, as input features in BDT training

With mass parametrization

Normalized Feature Importance (Top 10)
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Over m,/m,
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