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Standard Model

QUARKS

@ Quantum Field Theory: Electromagnetic

+ Weak + Strong Forces GB
e Symmetry group: ﬁcs)
SUB)c® SU(2)L® U(l)y .
@ Self-consistent. Free of anomalies. S

Consistent perturbative scheme for
systems at very high energies (LHC at 13
TeV)

@ Higgs: last piece of the theory discovered
in 2012, My = 125 GeV.

LEPTONS
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Importance of the Higgs

@ SM — Quantum Field Theory as basis for Electromagnetism
@ Same approach for Weak interactions — W and Z had to be massless!

@ Brout-Englert-Higgs mechanism — Spontaneous Symmetry Breaking — W and Z
acquire mass through the Higgs field.

@ Fermions can also acquire mass the same way!

Why measure the Higgs properties with high precision?

@ The Higgs boson as a light scalar leads to a Hierarchy problem — Sensitive to larger
scales!

@ Electroweak Phase transition

@ Higgs portal to Dark Matter?
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Search for the Higgs at Colliders

2009—present

1989-2000 2001-2011 Large Hadron
1 = N . N Collider
arge Electron Tevatron CERN
i Fermilab
PosntECégN(LEP) @ pp collider
L . @ pp collider @ /5=13-13.6 TeV
@ e collider — > @ 5-1096 TeV —> =il
) = 189-209 GeV W
\/s = 189- 8 @ L, —10f! \/s =7-8 TeV (Run 1)
—il
@ iy ~ 600 pb @ 30 ex%ess at 115-140 @ L > 400 [
o my > 114.4 GeV/c2 L GeV/c J (Run2+Run3)
L J @ Discovery: my = 125
GeV/c?
L )

@ LEP established the lower mass bound for the Higgs boson
@ Tevatron observed a 30 excess hinting at the Higgs
o LHC confirmed the discovery at my = 125 GeV/c? (2012)
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Future Higgs Factories

A new generation of eTe™ colliders is planned to act as "Higgs Factories” for high-precision
measurements.

Table: Comparison of future et e~ Higgs factories.

Feature FCC-ee CEPC ILC CLIC
Type Circular Circular Linear Linear
Circumference/Length 100 km 100 km 20 km 48 km
Center of Mass Energy Range 88-365 GeV  90-240 GeV  250-500 GeV 380 GeV-3 TeV
Key Technology Crab-waist  Double RF  SCRF Cavities Two-beam Accel.
Higgs/Year (@240 GeV) 1.2 Million 1.0 Million 140k N/A
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HL-LHC Prospects

I N

Start of operations: June 2030

Phase 1: /s = 14 TeV, Ljx = 3ab?
Potential upgrade: /s — 27 TeV (HE-LHC), Liny = 15 ab™!

Enhanced Higgs Physics Program:
@ Search for rare decays: H — pu =, H— cc, H— Z~
@ Di-Higgs production: ~100,000 events expected

@ Constrain Higgs trilinear coupling AxxH

The HL-LHC will transform Higgs physics from discovery era to precision measurements,
opening new windows to rare processes and fundamental Higgs properties.
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Linear vs Circular Colliders

Linear Colliders Circular Colliders
(ILC, CLIC) (HL-LHC, FCC)

Advantages
= Higher center of mass energy = Higher luminosity achieved
capability
= Avoids synchrotron radiation = Beam re-use enables high
losses statistics

» Ideal for heavy particle = Excellent for precision mea-
searches and high-energy pro- surements and rare decay stud-

cesses ies
Limitations
= Limited luminosity = Energy limited by syn-

chrotron losses

» Single-pass beam operation = Large physical footprint re-
quired

= Lower event statistics = Higher infrastructure costs
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Circular Electron-Positron Collider (CEPC) =

Internacional Linear Collider
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Luminosity [10* s'cm?2]
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FCC Proposal

The Future Circular Collider surges as a response to the 2013 European Strategy for Particle

Physics Update (ESPPU), where an “ambitious post-LHC accelerator project at CERN" was
requested.
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LHC

Service Gavern and Shalft s
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L Accelerator Tunnel Widening s
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ransfer Tunnel s

Large Experimental Junction Cavern Sm—

L
Booster RF System Beam Absorber

‘Small Experimental Small Experimental
Area Area

Momentum
H Collimation
Collider RF System
G

[Nottoscale]
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FCC opportunities*

@ Map Higgs and EW gauge boson properties with unprecedented precision, probing
interactions linked to the early universe (10712 — 1071 s after the Big Bang).

@ Improve knowledge of Standard Model phenomena (EW, QCD, flavour, Higgs, top)
through high-precision measurements.

@ Boost sensitivity to rare low-energy processes, including light, weakly coupled particles
(e.g., neutrinos, axion-like particles), and decisively test dark matter candidates.

@ Extend direct discovery reach for by at least an order of magnitude at high
energies.

*See more information at the Future Circular Collider Feasibility Study Report: Volume 1, Physics, Ex-
periments, Detectors. DOI: 10.17181/CERN.9DKX.TDH9.
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FCC-ee and FCC-hh

FCC-ee ~ 3 million Higgs
/s = 88 — 365 GeV Probe Higgs mass, width, and couplings

FCC-hh ~ 20 billion Higgs
up to /s = 100 TeV Probe Higgs self-coupling, top Yukawa,

and other rare and invisible modes
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FCC-ee baseline

Luminosity [10%* cm2s]

10°

10%

10

luminosity
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The FCC-ee baseline design luminosity, summed over 4 IPs, displayed as a function of the

center-of-mass energy, from the Z pole to the tt threshold and beyond (from FCC Feasibility Study

Report).
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FCC-ee baseline integrated luminosity

«— Quasi-total order flexibility —
T 1 1 i 1 T T T
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H s
g - / -
0 % :

l
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Years

The FCC-ee baseline model of operation, and integrated luminosity as a function of time (from FCC
Feasibility Study Report).
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Higgs production from eTe™ colliders at /s = 240 GeV

In ete™ collisions at y/s = 240 GeV, Higgs are mainly produced through two modes:
"Higgsstrahlung” and WW fusion process (VBF):

et Z

Higgs production modes for eTe™ colliders at /s = 240 GeV *.

At the FCC-ee: significantly larger number of ZH events with a much smaller background will
be observed compared with previous observations by ATLAS and CMS.

*Eysermans, J., & Selvaggi, M. (2025). DOI: 10.17181/9gzts-hsm97
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Higgsstrahlung

Higgs model-independent studies can be carried out in Higgsstrahlung events:
center-of-mass is known, information on the recoiling Higgs is accessible by the associated Z
boson *.

T T

€ g [T T ]
I3 Hveve S ol |
T @ S 250— —e'e 5 HZ -
o o g ¢ WW S H !
® He'e a F ]
© / 8 20— — Total_ —
° ol E| F B
tiH H 150 — ]
1 r ~— ]
100 [~ m|
107 ' ZHH 50|~ .
102 UL v - I R
0 1000 2000 3000 5 (Go)

15 (Ge!
(s [GeV] !

At /s = 240 GeV, the ZH rate is enhanced, sensitive to the eeZ and the ZZH vertices, along with the
couplings to the Higgs. Images from: Sally Dawson, ZH at one loop in SMEFT

*Eysermans, J., Bernardi, G., Ang, L. (2025). DOI: 10.17181/jfb44-s0d81
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https://indico.cern.ch/event/1439509/contributions/6286659/attachments/2995228/5276887/fccee_dawson.pdf

Higgs couplings

From the Higgsstrahlung and WW fusion processses we can extract the different couplings of
various Higgs decay modes (H — X X) using the following relations*:

o _ 8lizz&F
ozH X Br(H = XX) w (1)
H

- g2 g2
O Hyeve X Br(H—) XX) o< w
H

By analyzing the H — ZZ decay, we can extract the gyzz coupling from the first equation,
which can then be used to obtain all other Higgs couplings for other decay channels.

*Eysermans, J., Bernardi, G., Ang, L. (2025). DOI: 10.17181/jfb44-s0d81
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Other opportunities

Apart from determining the Higgs couplings with great precission, studying the ZH process
will allow to

o Constraint the Higgs total width, by measuring the H — ZZ* decay and the relation:

o(ete™ — ZH,H — ZZ)?
o(ete- - ZH

@ Probe the Higgs self-coupling through NLO deviations*:

FHo<

ZH Higgsstrahlung VBF processes

Both CC/NC diagrams

et Z et VA et e ot
i
w Y -
A i
. ~é. ,
_ . _

e h e ~h e

*Eysermans, J., Selvaggi, M. (2025) DOI:10.17181/9gzts-hsm97

H. Hernandez Arellano - 3er Taller en ACFP 2025 - November 19, 2025

19/64



Z(l) and H - WW

o Leptonic decays of the Z boson
— greater precision and efficient
selection of the ZH events,
independently of the Higgs decay
mode?.

—_

LHC HIGGS XS WG 2011

-
=]

@ Our study will focus on the
H — WTW~ decay, particularly
the hadronic channel
(rW,hadrons/rW ~ 67%)-

“Eysermans, J., Bernardi, G., Ang, L.
(2025). DOI: 10.17181/jfb44-s0d81

Higgs BR + Total Uncert

e
<
o

10°—500 720 140 160 180 . 200
M, [GeV]
From: Handbook of LHC Higgs Cross Sections, DOI:

10.5170/CERN-2012-002

H. Hernandez Arellano - 3er Taller en ACFP 2025 - November 19, 2025 20/64



Recoil Mass Method

With a focus on the leptonic decays of the Z, the mass recoiling against the Z-lepton pair can
be written as

mgecoil = (\/g - Eff)z - P[?g =S5— 2EM\/§+ mgﬁ' (2)

Important points:

@ The center-of-mass is chosen to maximize ZH production (/s = 240 GeV), 15 GeV below
the o7y maximum.

@ The choice of Z(¢¢) channel allows for model-independent determination of the g7z, but
it is statistically expensive.

@ In absence of Beam Energy Spread (BES) and Initial State Radiation (ISR), /s is well
known and the me;; coincides with the Higgs mass.
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Recoil Mass Method

@ Main backgrounds: WW, ZZ and Z~.

@ Myecoi distribution shows two prominent peaks: one at myz from the ZZ process and one
around 125 GeV, from the ZH process.

FCC-ee Simulation (Delphes)
T T T T

Vs = 240 Gev e

L=5ab? - W

ee’ 5 ZH - p'u + X Other Backgrounds

10000

events / 0.50 GeV

8000

6000

4000

R R R R
Lo b baaa b by

2000

A 140
Meecon [Ge

S sl

Myecoil after basic selection of two muons with invariant mass close to mz and total transverse
momentum between 15 and 70 GeV*.

*Eur.Phys.J.Plus 137 (2022) 1, 23
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Monte Carlo samples

@ Innovative Detector for an
Electron-positron Accelerator, is a concept
detector designed specifically for FCC-ee.

@ Detector simulation and reconstruction
performed using DELPHES.

@ Monte Carlo event samples generated with
either WHIZARD or PYTHIAS8
(winter2023 campaign).

@ /s =240 GeV, and luminosity set at 10.8
ab™1, with a BES of 0.185%.

Preshower

DCH Rout =200 cm

DCHRin = 35cm

IDetector height 1100 cm

CalRin = 250 cm

Cal Rout = 450 cm

Yoke 100 cm

Magnet z = + 300 cm

IDEA detector layout 2.

“Eur. Phys. J. Special Topics 228, 261-623 (2019)
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https://fcc-physics-events.web.cern.ch/fcc-ee/delphes/winter2023/idea/

Main backgrounds

e >N\ A e —> A SVAVASE fan
C+ ——N\N- 7 @+ — A 2aVaVas I/V+
ete™ — ZZ.
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Other backgrounds

IT: et ,u+, T

ey —e Z({T0 ) and ety — et Z(0107).

vy — LT
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Final State of the Studied Process

We study the process

ete” = ZH - Z({T 0 ) HWTW™) —
Z(tH7)W(qq)W(qq).

For the final state we look for events with:

@ Two opposite-charged electrons/muons.
@ At least one isolated, with p>20 GeV.
© Four jets.

ete™ — Z(IMIT)H(W+ W)
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Signal and Background Samples

Process Simulation Label o[fb] | Events Generated
Signal:

ete™ — Z(up)H, H— WW | wzp6_ee_mumuH_HWW_ecm240 1.456 400,000
ete™ — Z(ee)H, H - WW | wzp6_ee_eeH_HWW_ecm240 1.541 400,000
Background:

ete” = 727 p8_ee_ZZ_ ecm240 1358.99 11,300,000
ete™ = WW p8_ee_ WW_ecm?240 16438.5 74,728,800
ete™ — Z(up)y wzp6_ee_mumu_ecm?240 5288 10,700,000
ete™ — ee wzpb_ee_ee_Mee_30_150_ecm240 8305 85,400,000
ete” = Z(pup)H, H — ZZ | wzpb_ee_mumuH_HZZ_ecm?240 0.1786 400,000
ete” — Z(ee)H, H — ZZ wzpb_ee_eeH_HZZ_ecm?240 0.1891 400,000
ete™ — Z(qq)H, H - ZZ wzpb_ee_qqH_HZZ_ecm?240 1.409 1,200,000
ete™ — Z(bb)H, H — ZZ wzpb_ee_bbH_HZZ_ecm240 0.7915 1,000,000
ete™ = Z(cc)H, H — ZZ wzpb_ee_ccH_HZZ_ ecm240 0.6164 1,200,000
ete™ — Z(ss)H, H — Z2Z wzp6_ee_ssH_HZZ_ecm?240 0.7912 600,000
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FUTURE .
O circutar - FCC Physics Events

& Contact

5 winter2023 ~ & Detector ~
Search Query (Additional filters from navigation applied automatically)

® 3

\‘:\ Select All 28 Actions @ All Metadata < Display Tags (3) Sort by: .

Showing 1-25 of 892 Page size: [l

p8_ee_Zbb_ecm91_EvtGen_Bc2MuNu

Detector: IDEA | File type: edm4hep-root | N-events: 10000000 | | Cross-section: 0.011680811114880002 | | Matching-eff: 1.0 Updated: 13 Nov 2025,

p8_ee_Zbb_ecm91_EvtGen_Bu2MuNu

Detector:IDEA  File type: edmdhep-root | N-events: 10000000 | Cross-section: 0.011680911114880002 | | Matching-eff: 1.0 Updated: 13 Nov 2025,

wzp6_se_aqqZ_ecmi60
Detector: IDEA  File type: edmdhep-root | N-events: 36768760 | Cross-section: 0.9243 = | Matching-eff: 1.0 Updated: 13 Nov 2025,

wzp6_ee_aqqZ_ecm365 H. Hernandez Arellano - 3er Taller en ACFP 2025 - November 19, 2025 28/64



FCC Physics Events Samples

p8_ee_ZZ_ecm240
Detector: IDEA_worse_singlehitReso_100pe_heavierVTXLOW_100pc | | File type: p : [

Metadata (18 fields)

@ comment

inclusive decays

Cross-section

Created: 3 Sept 2025, 02:21 GMT-6

& (@ Kfactor

1359 1
N-files-good & B size
500 464.42 GiB
@ sim-type =)
delphes
@ Keyshep-stack
Y P 0:

@ Path

& @9 Description

27 ecm=240GeV

& @ Matching-eff & @ N-events
1 49773829

& @ sum-of-weights & @ Gen-type
49773829 p8

-12-23/x86_64-centos?-geell 2.0-opt/lI3gi/setup.sh

1135899 ing-eff: 10

S b830hf83-d077-54c0-9aba-5f4082d6c3b1

N-files-bad

0

& @ Produced-with

event-producer

023/IDEA_worse_si _100pc_heavierVTXLOW_100pc/p8_ee_ZZ_ecm240/
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B status

done

@ N-files—eos

500

B Rec-type
delphes.

Updated: 13 Nov 2025, 15:05 GMT-6
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FCC Framework

C QO B hep-fcc.github.io/F

QFcc

FCC Software FUTURE

CIRCUL

Physics software for the Future Circular Collider. CO L LI D

About FCC Softw

FCC Software provides a set of software packages, tools, and standards to help Meetlngs
different FCC physics efforts work together. The software ecosystem of the FCC Tod
fully employs Key4hep stack and is one of its main stakeholders. oday

. 2025 Nov 13, 16:C
Signpost Weekly che
High Level
for FCC
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The FCC Software ecosystem spans many sites, repositories and packages. The list
of links below tries to offer a starting point.



FCC Framework
1.1.4.2. Using a virtual machine through VirtualBox

The CernVM project provides a convenient tool to start VMSs, cernvm-launch, and a public
repository of contexts to be used with cernvm-1aunch to configure the VM at your needs. The tool

cernvm-launch is available for Linux, Mac and Windows. A context dedicated to the FCC tutorials is
available in the repository. The cernvm-launch works with VirtualBox, virtualization manager
available for free for all platforms.

If you have a CERN account, this is a convenient way to enable access to the EOS storage system.
To create and use a CernVM virtual machine for the FCC tutorials please follow the following steps:

+ Make sure VirtualBox is installed (details installing instructions from the product web page).
* Download the cernvm-1launch binary for your platform either from the dedicated download

page or from the following links:

o Linux
o Mac
o Win
Make sure is visible in your $PATH.

* Get the fcc-tutorial.context (use wget or curl)
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Z(I"17)H event selection: kinematic cuts

© 2 op. ch. muons, p > 20 GeV, at least one isolated
@ Veto on {'s with 5 < p < 20 GeV

@ my € [86,96] GeV, py € [30,57] GeV

Q | cosOmiss| < 0.98

FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)

FCCAnalyses: FCC-ee Simulation (Delphes)

P = R R R R R R R A R @ 10T T T T B O s R R RN RN RAAA R AAM AL
S g ww S ww
& s = 240.0 GeV . @ /s = 240.0 GeV . & s = 240.0 GeV L
L=108ab* E ;“‘“’: - L=108ab" E i‘““’: - L=108ab* E i‘““’t‘ -
e'e’ — Z(u H)HW(aQW(Ga) g oo™ e'e — Z(u'I)HW(GQW(ga)) gg o™ e'e — Z(u IHW(AQW(G0) g o™
[ z(0)H(z2) I z(o0)Hi(z2) Before cos( ) cut I z(ob)(z2)
B z(coHzz) (cc)H(Z2Z) B z(co)H(z2)
2Z(ss)H(ZZ) (ss)H(ZZ)
Z(up)H(WW) T ZluHWw)
84 8 88 90 02 94 96 98 100 60 65 70 01 02 03 04 05 06 07 08 09 1
p(up”) (GeV) 0(0,55)

m() Gev)
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Jet Clustering and Di-Jet Pair Selection

FCCAnalyses: FCC-ee Simulation (Delphes)

% 108 T T { L { L { L { L { Ti { L {

. . 0] ww

@ Restrict 'Fhe W —> fv decays by cuting S 10k (5 = 240.0 Gev —
events with missing energy Episs > 10 g [ L=108ap? Eiiw)’:‘(m

¢ 10 *e” o Z(u E)HW(qq)W He
GeV. 2 o'’ ~ Z(u WHW(Ga)W(qa) g 2o
. . . B z(ob)H(z2Z)
o Create a collection of particles removing 10° B Zcone)
Il z(ss)H(z2)

both muons and electrons with p > 20
GeV.

@ Exclusive N = 4 “Durham” algorithm is
used for jet clustering, which is a
sequential spherical k; clustering method?.

— Z(jap) HG,

S. Catani et al Physics Letters B, 269(3):432-438,
1991

80 100 120 140
Emiss (GEV)
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Jet Clustering and Di-Jet Pair Selection

FCCAnalyses: FCC-ee Simulation (Delphes)

We choose the best dijet pair to reconstruct o 10°
1) WW
the two W bosons by maximizing? : 5 E I ww E
o [ Vs =240.0 GeV 522 ]
L — -1 Z(puy 4

.. M2 2 L= l08ab
P, = wow ) (L €%~ Z(' IHW(aa)W(ga) g et
2 _ MR 2 2 F Bl zovHEz?) ]
(mﬂ MW) + M T C Bl zcorzD) ]
- Bl z(ss)H(z2)
.. o - " — ZuHWW)
@ jj[0]: Maximizing pair ("on-shell”). 107 "

@ jj[1]: The remaining pair (“off-shell”).

IR
|

Same procedure but with Mz and Iz instead:
use the resulting dijet-pair invariant mass
(mﬁ[O]) to further reduce the ZZ background.

10

Y|
|

“Piotr Niezurawski et al JHEP11(2002)034 10

IOglO(PW)
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Di-jet pair invariant mass

FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)
D 0 e = > 10 pTr T g
8 E ww E 8 E I ww 3
o F Vs =240.0 GeV .z ] N [ Vs =240.0 GeV I 2z ]
E a*ta" o B +a” W
g [ ee — Z(WnHWEaW(ea) gl & a0 €€~ Z(H IHWEDW(Ee) g i
10°E Il z(o)Hzz) | C B z(bb)Hzz) ]
E Il zcoH@z2) 3 [ Il z(coHzn)
E B z(ss)H(z2) E L B zss)Hz2) A
10°E — Z(HWW) 4 102E — Z(HWHWW) 4
107 E ]
10 = ]
90 100 10 20 30 40 50 60 70 80 90 100
mm’o] (GeV) mm] (GeV)
"On-shell” W di-jet pair invariant mass. "Off-shell” W di-jet pair invariant mass.
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Final Selection Cuts

Cut 1: Events with only two opposite
charge i's.

Cut 2: Veto on p's and €’s with
momentum within [5, 20] GeV.

Cut 3: 86 < m, < 89 GeV.

Cut 4: 30 < pyu < 57 GeV.

Cut 5: | cos O pmiss| < 0.98.

Cut 6: Missing energy Epniss < 10 GeV.
Cut 7: njer = 4.

Cut 8: 125 < E".Z < 145 GeV, where

visible
Ene.Z is the visible energy of the particles

excluding the two Z muons.

Cut 9: 120 < my; < 130 GeV, where my;
is the four-jet invariant mass.

Cut 10: mjg; > 15 GeV and

ARjji1) > 0.4, where mjq) is the invariant
mass of the off-shell-W jet pair, and
ARjjjy) is the corresponding AR.

Cut 11: logioPw > —5.2, where Py is
the quantity described previously.

Cut.12: {nj[o < 89 GeV, where qu] is
the invariant mass of the on-shell dijet
pair selected to align to the mass of the Z
boson.
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Events

FCCAnalyses: FCC-ee Simulation (Delphes)
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Final Results: Recoil mass after selections

FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)
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Likelihood Fit to m,..,;; Results

@ We employ the RooFit-based CMS Combine tool to perform a binned likelihood fit to
extract the uncertainty of the ZH production.

@ The fit is performed on the Recoil Mass distribution.

@ All backgrounds are subjected to a 1% log-normal uncertainty, except for the ZZ
background, which was set at 3%.

Channel Stat-only | 1% norm all BKG | 1% norm, 3% HZZ
jn 2.1072 2.1377 2.1512
ee 2.2548 2.2895 2.3020
Combination 1.5395 1.5811 1.5990

Final uncertainty results for the Z(£0)H(WyqW,q) production at /s = 240 GeV.

Results in Technical Note (DOI:10.17181 /x48j4-3kg84) part of the Future Circular
Collider Feasibility Study Report, to be presented to the European Strategy for Particle
Physics (ESPP).
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Parallel Work: Vector Boson Fusion (VBF)

VBF is a remarkably clean channel for producing the Higgs boson at e*e™ colliders. (Felipe Martinez's

MasterT hesis)
ete” > v.TU.H

Key Kinematic Signatures:?

@ Undetected Neutrinos: Lead to significant missing
transverse energy (ET). This is our primary tag.

@ Forward-going Leptons: The initial ete™ scatter at a

small angle.

@ Central Higgs Production: The Higgs boson is
produced with moderate transverse momentum.

@ Decay Products: In our case, two b-jets from H — bb.

?[8] Howard Baer et al. The International Linear Collider Tech-
— nical Design Report Volume 2: Physics. 2013.
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VBF: Separating Signal from Background

The primary difficulty in observing the VBF process is the extraction of its faint signal from a
much larger background of other physical processes.

e Signal: ete™ — v.U.H,H — bb
e Major Backgrounds: ZH, ZZ, WW, and tt production, which can mimic the final state.

Simple cuts on single variables are not enough. We need a more powerful tool.

Multivariate Analysis (MVA) uses machine learning to find complex correlations between
multiple variables, creating a single, powerful discriminant to separate signal and
background events.
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Why Boosted Decision Trees (BDT) and XGBoost?

We focus on two state-of-the-art algorithms: BDTs and their advanced implementation,
XGBoost.

Boosted Decision Tree (BDT) Festre 35 9703
@ A single decision tree is a simple flowchart.
o A BDT is an ensemble of many "weak" trees.

o It learns sequentially: each new tree is trained to
correct the mistakes of the previous ones.

@ The final result is a powerful, robust classifier.

?[42] Jerome H. Friedman. Greedy function approximation...
Annals of Statistics, 2001.
[61] Byron P. Roe, et al. Boosted Decision Trees as an Alternative...
NIM A, 2005.
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A Simple View of Boosted Decision Trees (BDT)

How a Child Learns to ldentify a "Dog”
Lesson 1: A Simple Rule

@ You give the child a simple rule: "If it has four
legs, it's a dog.”

@ Result: The child correctly identifies most
dogs, but makes mistakes: they also call cats,
lions, and cows "dogs".

Lesson 2: Focus on the Mistakes

@ You take only the pictures the child got
wrong (the cats, lions, cows).

@ You give a new rule for that pile: "From this
group, if it meows, it's NOT a dog.”

@ Result: The child now correctly separates the
cats. This is the "boosting” step: we
improve the model by focusing on its errors.

Lesson 3, 4... The Process Repeats

@ You take the remaining mistakes (lions, cows)
and give another rule: "From this pile, if it's
huge and has horns, it's NOT a dog.”

@ Each new lesson is a simple rule targeted at
fixing the previous errors.

Final Knowledge: The Ensemble

The child's final, accurate understanding of a "dog"
isn't one single rule, but the combination of all
the simple lessons.
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Simulated Samples and MVA Inputs

All samples are normalized to a target integrated luminosity of 3 ab™?!.

Simulated Processes at /s = 365 GeV Core Features for MVA Classification
Process Cross-Section (pb) @ mj;: invariant mass of the two leading jets.
Signal (veieH — bb) 0.02181 o E.iss: total missing energy.

Signal (v.7,H — bb) 0.00481 @ Pmiss. magnitude of missing momentum.
BG: 77 0.6428 @ 0S Omjss: direction of missing momentum.
BG: WW 10.7165

BG: tt 0.800

BG: ZH (vp) 0.00481

Key Strategy

The MVA combines these variables into a single score. We can then apply a cut on this score
to drastically improve the signal-to-background ratio.
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Before BDT Implementation

Sequential Selection Cuts:
@ Remove jets containing leptons (e or u).
@ Require exactly two jets in the event.

@ Apply an angular cut: cosn,iss < 0.98.

Key Results at L = 3 ab™! with \/s=365 GeV

e Final Event Counts: Signal (S) = 55,094.2 and Background (B) = 136,277.
© = 5/\/@% 125.9.

@ The projected luminosity to achieve a 5o discovery with this method is remarkably low,

@ This yields a powerful statistical significance

only ~ 4.7 fb~ 1.

@ Require both jets to pass a b-tagging
threshold.

@ Apply a di-jet mass window:
|mjj — my| > 30 GeV (sideband).

@ Require significant missing energy: MET
> 15 GeV.

This strong baseline demonstrates the excellent potential of the FCC-ee. The goal of the MVA
is to further improve upon this result by exploiting correlations the simple cuts cannot capture.

HHernandez Arellanc = 3er Taller en ACFP 2025 = November 19,2025 45764




Event Yields for L — 3 ab™! after Final Selection

The MVA cut significantly enhances the signal-to-background ratio.

No MVA score Cut MVA score > 0.5
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Felipe’'s Thesis Final Results

Projected Measurement for the VBF Signal Channel
Based on the statistical fit for the optimal selection (‘MVA > 0.5'), we project the
measurement of the VBF signal cross-section to be:

This corresponds to a remarkable relative precision of approximately
1.52%.

Context and Comparison: This projected precision of 1.52% is a robust estimate. An internal
FCC analysis using a different technique (Neural Networks) on an inclusive sample projects a higher

precision of £0.68%." Our work serves as a crucial, independent confirmation using a distinct MVA
methodology, establishing a solid baseline for this channel.

7[34] Andrea Del Vecchio, et al. Measurement of Higgs boson hadronic decays at FCC-ee, March 2025.
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Conclusions

@ We have evaluated the sensitivity of the measurement of the Higgs boson branching
ratio to the hadronic decay mode of the W™ W™ final state at the Future Circular
Collider.

@ The signal was extracted via a binned likelihood fit to the recoil mass distribution,
utilizing the Combine tool. The fit was applied across the full range of the recoil mass,
with a bin width of 1 GeV.

@ The uncertainties in the measured branching ratio for the H — W™ W™~ hadronic decay
mode were found to be 2.15 and 2.30 for the Z(uu) and Z(ee) channels, respectively,
with a combined uncertainty of 1.60.

@ These results highlight the potential of the Future Circular Collider to provide a precise
determination of the Higgs branching ratio to a pair of W bosons, with minimal
uncertainty.
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Higgs Mass Measurement Studies
@ The precise measurement of my relies on the accurate lepton momentum resolution to
resolve the recoil mass distribution.
@ Maximum Likelihood Fit with the Combine tool.
o Fit to the signal distribution is done through two single-sided Crystal-Ball functions plus a

FCC-ee sinulation ZH, Vs =240 GeV, 5ab ' FCC-ee simuiation ZH, Vs =240 GeV, 5ab '
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Signal model fit, with a double CB (left) and two CB+Gaussian (right)*.

*https://doi.org/10.17181/jfb44-s0d81
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Higgs Mass Measurement Studies
o Fits to the signal for variations of +50 MeV around my = 125 GeV were performed,
finding that only the means (i and ) depend on my.
@ Background is modeled with a third-order Bernstein polynomial.
@ Combined result: my = 125 GeV =+ 3.07 MeV.
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CMS Combine Tool

The CMS Combine tool helps build likelihood models for binned and unbinned data, perform

statistical tests on the fit and provides tools for validation of the statistical analysis.
Likelihood for Binned Data:

»Cbin(CB) = POI'SS(nobs; nexp((B)) (4)
Eprimary = H Lpin (5)
bins

Likelihood for Unbinned Data:

Nobs
Lgata = POiss(nobs; nexp(¢)) H pdf()?;-; d)) (6)
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Missing momentum direction: 6,

Additional cut is applied to further reduce Z/~ events, which typically contain hard ISR photons
collinear to the beam and therefore left undetected, resulting in a peaking behavior of the direction of
the missing momentum vector towards the forward regions.
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Visible energy without the Z ¢/’s: E" 2
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4-jet invariant mass: my;
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"Off-shell” W-dijet mass: m!.
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”On-shell” Z-dijet mass: mZ[O]
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Multivariate Analysis and BDT training

The classification of signal events in the Z(¢¢)H, H — WW process at FCC-ee is performed
using a Multivariable Analysis (MVA) approach based on Boosted Decision Trees (BDT),
implemented via the XGBoost library.

Hyperparameters:

Features: . . . L
@ objective: binary:logistic
@ Four-jet invariant mass: jj_m_4jet, .
eval_metric: auc
On-shell-W dijet invariant mass: jj_m_ww_1,
eta: 0.1
Off-shell-W dijet invariant mass: jj_m_ww_2,
max_depth: 5
Probability of dijet pairings to correspond to the W boson: PW ,
subsample: 0.5
On-shell-Z dijet invariant mass: jj_m_zz_1,
colsample_bytree: 0.5
Off-shell-Z dijet invariant mass:jj_m_zz_2 .
n_estimators: 350
Z kinematics: momentum (zmumu, and A¢ (zmumu_deltaphi).
M ( ) ¢ ( - phi) learning_rate: 0.20

Visible energy (excluding Z muons): visible_energy.

On-shell-W and Off-shell-W dijet pairs separation: AR; (DeltaR_1),
AR, (DeltaR_2), respectively.

gamma: 3

min_child_weight: 10

early_stopping_rounds: 25
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BDT variable scores

Scores for each of the features chosen for the clasifier in the BDT training. A higher score
suggests that the variable is more valuable for classification purposes.

BDT variable scores
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ROC Curve

Receiver Operating Characteristic (ROC) curve. In our case, the value of the Area Under the
Curve (AUC) indicates that the ability of the model to distinguish between signal and
background is acceptable (above 0.9).
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BDT Score Distribution

Distribution of the scores produced by the BDT classifier for the signal (blue) and background

(red).

35

30

25

20

Number of Events (normalized)

BDT Score Distribution

- 3 Training Signal
[ Training Background
£IZ3 Testing Signal

23 Testing Background

L

0.0 0.2 0.4 0.6 0.8 1.0
BDT Score

H. Hernandez Arellano - 3er Taller en ACFP 2025 - November 19, 2025 64/64



	Circular Colliders
	FCC-ee: a Higgs factory
	Relevance of e+e-ZH
	Analysis of e+e- Z(ll)H, HW(qq)W(qq)
	Results
	Parallel work: Vector-Boson Fusion (VBF)
	Conclusions
	References

