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Measurement of the Higgs self-coupling A3 using
the Matrix Element Method at Next-to Leading-Order
(NLO)
in the gg > HH — bbyy channel
for the ATLAS experiment at the LHC.

< 1 > Motivation >
< 2 > The Matrix Element Method >
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.1 : The Higgs Sector: Spontaneous Symmetry Breaking (SSB)

Assumption on the form of the potential of
the Higgs field ¢ :

V(¢?) = u’¢* + 1¢*

(with u?> < 0 and 1 > 0)

(=)

Rewrite the potential in term of the
Higgs boson H:

MH@H@
4!

Motivation

H
m% Aay = 6/ =22
H

=
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".‘—- R —

Measure A3y

= o)
0\< ABH ° L Objective:

For now, we only have theoretical prediction on the value of

3% (=~ 190 GeV).
We would like to measure it experimentally, to test the theory.




.2 : The LHC: pPlan

EYETS 13.6 TeV LS3 13.6 - 14 TeV
13 TeV ————— CTVETOY
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Measure A3y
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=
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.2 : The LHC: The High-Luminosity LHC

(29

LS3 13.6 - 14 TeV

energy

HL-LHC
installation

es mmun@

ATLAS - CMS

5t075
HL upgrade ¥ nominal Lumi

integrated [EALMRH
luminosity EELIIE

Objective:

Measure A3y

MadMax framework

Motivation

A3H

—1
s = 0417 at 68% CL (3ab™)
3H

@
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4 : The HL-LHC: My Qualification project (QP)

Duration: 1 year, from November 2022 - November 2023

On the integration of the ACTS (A Common Tracking Software) Kalman Filter (KF) into
the ATLAS software Athena, to enable precision tracking at the HL-LHC.

ACTS is an experiment-independent C++ software toolkit
designed to support high-performance for track reconstruction.
The integration of ACTS into Athena is part of broader effort to transition ATLAS tracking
software ahead of HL-LHC.

((( Qualification Project < = >

2

6/09/25 TDLI Seminar - Tartarin 6



.3 : The HL-LHC: My Qualification project (QP)

1. Start from PRD (PrepRawData) stored tracks.

2. Fit the track from the PRD.
3. Got into calibration as PRD in the form of a sourceLink.
4. Tranform into RO T (RIO On Track) during calibration with fit-updated parameters.

ACTS
0 ® .

o R

26/09/25 TDLI Seminar - Tartarin 7




.3 : The HL-LHC: My Qualification project (QP)

Number of Entries

26/09/25

HII[IIIIIIIIIIIIIIIIIIIIllllllll

— ACTS

— Athena

o IIIIIIIIIIIIIIIIIII|IIII|IIII|III

8
(recoda - truthdn) / o(d

0

—

(=}

refit over athen

38 YT e et TV
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d, is a tracking

parameter
(~distance of the
track to the primary
vertex point)

working
interface with
ACTS




.3 : The HL-LHC: My Qualification project (QP)

0

width of pull for d

l[lllllllllllllllll |

—
e

—
—
—
—
—e

—
—
—
—

working
' ' . interface with
refit over athena : ACTS

N/
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)

4 : Inside the ATLAS detector: General informations

<
: ez
- Objective:
C>U Measure A3y
=
O
What we Ca measure: ~ 1 trillion (101%) collisions per second at LHC
« Angles: azimutal  , polar ¢ (Run2).
v « Energies: E, Difficulty to isolate/measure/reconstruct
v « Transverse momentum: p; trajectories and quantities precisely

26/09/25 TDLI Seminar - Tartarin 10



v:)

Motivation

4 : Inside the ATLAS detector: The bbyy final state

Objective:

Measure A3y

trigger & reconstruction
efficiency.
diphoton invariant mass
resolution (1-2 GeV).

0.39%

3.1% 1.1% 0.33% 0.069%
0.26% 0.10% 0.028% 0.012% 0.0005%

Table of possible Di-Higgs decays combinations, and
the associated relative percentage.

very low branching ratio for Higgs
decay (0.23%).

C

2
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v:)

Motivation

4 : Inside the ATLAS detector: The bbyy final state

Objective:

Measure A3y

branching ratio (58%).

0.39%

3.1% 0.33% 0.069%
0.26% @ 0.10% 0.028% 0.012% 0.0005%

Table of possible Di-Higgs decays combinations, and
the associated relative percentage.

huge QCD background (risk of
confusion with surrounding generic jets);
+ b-tagging limitations (risk of mistag);
+ poorer energy resolution for jets.

C

2
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4 : Inside the ATLAS detector: The bbyy final state

Objective:

Measure A3y

Motivation

0.33% 0.069%

0.10% 0.028% 0.012% 0.0005% G

Table of possible Di-Higgs decays combinations, and
the associated relative percentage.

C
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)

4 : Inside the ATLAS detector: collision

>1

0
- €,
@)
— Objective:
g Measure A3y
s
>

=
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vi)

Motivation

4 :Inside the ATLAS detector: understanding collisions

Signal gluon fusion ggF
Feynman diagram

@

2

6/09/25 TDLI Seminar - Tartarin

Objective:

Measure A3y
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4 : Inside the ATLAS detector: Sighal cross-section o

vy

Cross Section (as a function of k) The signal cross section has very strong

Kappa_min (data) = 2.500 _ o.0uo0zsa3xr2 + -0.000ta0s2x+ 00002 [l A€PENdence on k;. It is used in many analysis
Kappa_min (fit) = 2.443 . .
methods (like « Event counting methods »).

-1.2< AObS/Asﬁ 7.2 [ATLAS ‘24]

—T14 < Aops/ A 7.0 [CMS ‘24]

Motivation

-1.7 <Agps/Asm< 6.6 [ATLAS HH — bbyy ‘25]

Boosted Decision Trees BDTs

=

26/09/25 TDLI Seminar - Tartarin 16



O CQ 0
Signal ggF (| 0.05% LO
Process : ! BR
o [pb] | Decay mode Value
= signal ggF (k) = 1.00) 0.01983 =
Y ABH ) H T 0.349 H — bb 0.5796 .
t hi i oy QCD  bbyy 0.05969449 H = oy 2 o
t H Single-Higgs 0.1038 t=We 0.983
)
)
> Background ttH Y
)
O
> ; t ;
1.6% ¢ O
. H Y
H 4 T F%M/M.y
= - = > - = =
1
t
97.88% A 0.47%
Background QCD [ # ; b Background singleHiggs




How can we overcome these challenges in order to

measure A3y ?




.1 : The Matrix Element Framework

By definition: [The MEM] statistically optimal multivariate method that maximizes both the
experimental and theoretical information available to an analysis, with minimal cuts on the data.

It computes a Likelihood L(h,x)),
to observe an event x under the hypothesis h

dop(pp = x5 h, W)
o (pp - F)

['Srocess (h|xl) —

1
och(pp — F

LP . (h|x") =

process

) fy doy(pp = y; D)W (y, x°)
L;Fo)rocess(hlxi) —

n
(2m)* IMp(a,a, — y; h|? .
obs E fa1(q1) fa1(q2) — W(yx')s| a; +a; — E Yi |dqq dCI2d4ny
op”*(pp — F) 41,02 q192S
y a,,ar

J=1

5
O
£
)
()
=
i)
C
Q
&
k7
L
X
o
)
(q0)
>
()
-
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(<The Matrix Element I\/Iethod< N >

.1 : The Matrix Element Framework

Observed events x* Transfer
Matrix element Mp function W
P I —
Lprocess(h|x ) —

IMp(aia; -y; h|2 ; -

> far(@)fur (a2 =L W (yx)8 | @y +a, - ) vy | day dapd*y

q192S =

Parton density
functions f __ :the experimental inputs

: the theoretical inputs

Total cross section
obs

for process P gp

Given a fixed reconstructed event x!, we integrate over all the possible configurations of events y that
could be measured as x*' by the detector.

=» |dea: To search|for h that maximizes L

=>» hypothesis h can be: A3y value

26/09/25 TDLI Seminar - Tartarin 20



.2 : The Matrix Element Framework: pre-selection

Kinematic and angular selection criteria

« Photon kinematic cuts
— pped > 35 GeV, pp > 25 GeV
— |ny] < 1.37 or 1.52 < |n,| < 2.37
— 120 GeV < m,y < 130 GeV
— pr? > 0.35my,, pF* > 0.25m.,

+ b-jet kinematic cuts
— ph > 25 GeV
— |m| < 2.5

e Angular separations
— AR(v,v) > 0.2

— AR(y,b) > 0.2

— AR(b,b) > 04

— AR(rad,vy) > 0.2

26/09/25 TDLI Seminar - Tartarin
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Important distinction:

Observed events x!

Matrix element Mp

(LO or NLO)

4 2 n
(2m) IMp(aja; —y; hf

> far(@)far (@) =L W ()8 @y +a, - ) vy | day dapd*y

b
ap”*(pp = F) Jyq,.q, = q192S =

(The Matrix Element Method N

@® 26/09/25 TDLI Seminar - Tartarin 22




Important distinction:

Observed events x*

(LO or NLO)

Monte Carlo Events:
Can be generated at different orders (using
softwares like MadGraph or POWHEG-BOX-V2).

LO

NLO

@he Matrix Element Method N

26/09/25 TDLI Seminar - Tartarin

Matrix element Mp

(LO or NLO)
Matrix Element Method [MEM] analysis :
The order of the inside the

integral, using Feynman rules.

23



Important distinction:

(The Matrix Element Method N

26/09/25

k [link]
0 LO

: Analysis of LO events with LO MEM

: Analysis of NLO events with LO MEM

: Analysis of NLO events with NLO MEM

TDLI Seminar - Tartarin
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https://kth.diva-portal.org/smash/record.jsf?pid=diva2%3A1532033&dswid=8583
https://kth.diva-portal.org/smash/record.jsf?pid=diva2%3A1532033&dswid=8583
https://kth.diva-portal.org/smash/record.jsf?pid=diva2%3A1532033&dswid=8583

.3 : Legacy work for bbyy at Leading Order (LO)

(The Matrix Element Method< N >

26/09/25

A
DLO

MoMEMta: modular tool
Particles
4-vectors
Lua
configuration

file C++ code

Configuration
Function parses
' I Particles
Change of definition
variables
r — Computation
of the
Integration
algorithm

Likelihood

Picture taken from legacy article

TDLI Seminar - Tartarin
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Analysis tool: roc

Evaluating methods discrimination power: ROC or rejection curves

ROC “Receiver Operating
Characteristics”

Graphical representation that
illustrates performance of
methods discrimination efficiency
(signal VS background).

Given our conventions
(cf. following slides) the closer
the curve is to the bottom right
corner, the better its
efficiency for signal (&g;4) discrimination power!

1
N
5)
-2
]
W
| —
©
C
=
e
X
&)
@
o]
S
.2
(&)
C
ks
©
4=
(]

"
2
\/
O]
@)

i -
IS
>
=
()]

&
@
Ll
<
©
>
()]
\F
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Analysis tool: roc

Evaluating methods discrimination power: ROC or rejection curves

—

Graphical representation that
illustrates performance of
methods discrimination efficiency
(signal VS background).

Cut] (S [O, 00]

If data x! is signal: position of the
point on the X-axis

~
)
2
Q
W
—
©
c
=2
=
=
o
©
o]
-
O
(&)
cC
Q
2
=
o

1
efficiency for signal (&54)

@he Matrix Element Method N

26/09/25 TDLI Seminar - Tartarin 27



Analysis tool: roc

Evaluating methods discrimination power: ROC or rejection curves

—

Graphical representation that
illustrates performance of
methods discrimination efficiency
(signal VS background).

Cut] (S [O, 00]

If data x! is signal: position of the
point on the X-axis

~
)
2
Q
W
—
©
c
=2
=
=
o
©
o]
-
O
(&)
cC
Q
2
=
o

1
efficiency for signal (&54)

CThe Matrix Element Method N
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Analysis tool: roc

1 Ratio of evt with null weights (for both hyp):
Ratio_sig: 0.0066
Ratio_bckg: 0.0108

(The Matrix Element Method N

26/09/25

TDLI Seminar - Tartarin

to quantify
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.3 : Legacy work for bbyy at Leading Order (LO)

A
—— VT 10 Y ®

L
e
—
o
c
-
®)
| -
o
i
O
©
0

01 02 03 04 05 06 07 08 0.9 1
signal

ROC curve to reprod Legacy work at LO.
Datasets, MEM@LO, and ROC plotting macro have been built independently from Lega analysis%rom ground up.

((The Matrix Element I\/Iethod< N >
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.3 : Legacy work for bbyy at Leading Order (LO)

((The Matrix Element I\/Iethod< N >

26/09/25

0.1

p— |

02 03 04 05 06 07 08 09 1
signal

s with

)EOC curve ition of n sets: NL enerated ,
and AE‘hTAS n-tuples (MC generated events by the ATLAS Collaboration)

TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO

()
Particles ’
4-vectors

AUTOMATED
Lua

configuration

file C++ code

Configuration

Function parses : :
Chqn%? of definition Element file
variables
Ny Com?u':ation f l

(0) t e e —--——---i

likelihood 5-9.'?.‘.'5?.’.;'_9_‘;‘_'!_5
2igorithm J L software for ME |
Likelihood | | = =====fsSooo--

Number of ME calls

Integration Status

26/09/25 TDLI Seminar - Tartarin

(The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO

- User Manual Setup
Configuration

Dataset ‘{ds executes AUTOMATED

(Particles 4-vector)

C++ code
Lua
configuration Configuration
file file
Choice over:

parses

Transfer .
~— Particles

—_— definition
variables Computation Why do we need that?

Matrix of the 7 > i
Element likelihood :_Q_Q_t_lf)l[l_a[gé_l_'_'_j

Theoretical computation

=
algorithm | outputs External i} | for NLO ME are extremely
software for ME | complicated.

Likelihood Not possible with

Time of computation MadGraph for now.

Number of ME calls

(The Matrix Element Method<vN >

Integration Status
26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

POWHEG-BOX-V2 framework
plays a crucial role in particle 7
physics analysis.

1. Cross-section calculation: fully
differential NLO (or more)
through numerical integration.
All the different subprocess
included in POWHEG-BOX-
V2 share the same structure.

A

of NLO events (with parton showering) N LO

2. Event generation: production

(The Matrix Element Method<vl\> >

26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

POWHEG-BOX-V2 framework
plays a crucial role in particle 7
physics analysis.

1. Cross-section calculation: fully
differential NLO (or more)
through numerical integration.
All the different subprocess
included in POWHEG-BOX-
V2 share the same structure.

A

of NLO events (with parton showering) N LO

2. Event generation: production

(The Matrix Element Method<vl\> >

26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

Understanding in great detail how the & Sl

POWHEG-BOX-V2 work: ~\ g r 0
Main “issues”: , c 7 S
« Extremely well optimized. F e e
« Extensive documentation (time oA

consuming).

* Alot of programing languages
used: python, C++, fortran (both .f
and .f90), and shell scripting.

* Need to understand how every Some parts are meant to fit the POWHEG
part work and how they are used main purposes.

by the others. If taken separetly, need modifications!

(The Matrix Element Method<vl\> >
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

Understanding in great detail how the @« e ==
POWHEG-BOX-V2 work: if . ~ ‘

Main “issues”:

« Extremely well optimized.

« Extensive documentation (time
consuming).

* Alot of programing languages
used: python, C++, fortran (both .f Y A
and .f90), and shell scripting. vadd

* Need to understand how every '

part work and how they are used
by the others.

(The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V?2

The POWHEG-BOX-V2 software

Testing the new implementation :

‘ Entries 10000
Detector level Mean  -0.006283
Std Dev 0.03497

Skewness -15.09

Kurtosis 376.9

[72]
(o3
|&]
j
(]
b
3
[&]
Q
o
—
o
—
Q
le]
£
=]
Z

First consider the LO contribution from
POWHEG-BOX-V2, and compare to
existing LO matrix elements from
MadGraph (MG5@MC)

 / Direct comparison of the difference of ME at

> » LO: POWHEG vs MadGraph
4 (normalized by the POWHEG value; with the

same value for ag).

((The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V?2

The POWHEG-BOX-V2 software

Main challenges presented here :

Detector level v 5152011

Std Dev 6.179e-08
. Skewness 2.87e+14
1. Used POWHEG-BOX-V2/slelalal subrepository, aross_4288es19
created by Pr.Heinrich (et al.).

The Matrix Elements stop at HH production.

0
©
[&]
[ =
o
b
=2
Q
[&]
o
-
s}
S
@
o
S
=]
=

Solution: We added the Higgs decays by hand, from
MadGraph
(to POWHEG-BOX-V2).

—00.5 -04 -03 -02 -0.1 0 0.1 0.2

Comparison of the differences in ME value
{ from MadGraph) with:
(99 — HH — bbyy) (full)
And new implementation:
2x(gg = HH) x (H - bb) x (H = yy)

((The Matrix Element I\/Iethod< N >
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(The Matrix Element I\/Iethod< N >

4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

Real particle

Main challenges presented here :

1. Used POWHEG-BOX-V2/slelalal subrepository,
created by Pr.Heinrich (et al.).
The Matrix Elements stop at HH production.

2. Born+Virtual (BV) and Real (R) contributions do
not live in the same phase-space.
— The integrals are different.
— the MEM should be different too.

NLO
Next-to-Leading Order

_NLO _ /n 40, [B(@n) + V(®4)] + /n  8%0i1 R(®up1)

—_— —
Born+Virtual
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

Real particle

Main challenges presented here :

1. Used POWHEG-BOX-V2/slelalal subrepository,
created by Pr.Heinrich (et al.).
The Matrix Elements stop at HH production.

2. Born+Virtual (BV) and Real (R) contributions do
not live in the same phase-space.
— The integrals are different.
— the MEM should be different too.

NLO
3. Degeneracy in the definition of

Next-to-Leading Order (NLO) due to parton-
shower.

(The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V?2

Degeneracy in the definition of Next-to-Leading
Order (NLO)

“Initial State
Radiation”

“Final State
Radiation AR”: Include every
NLO  shower radiation within
AR < 0.4 .

where AR = \/n? + ¢?

FSRend “Final State
Radiation”

i

((The Matrix Element Method< N >
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(The Matrix Element Method<vN >

4 : Developing a MEM@NLO: Interface with POWHEG-BOX-V2

‘ 26/09/25 TDLI Seminar - Tartarin

- User Manual Setup
Configuration

Dataset ‘{ds executes AUTOMATED

(Particles 4-vector)

C++ code
Lua
configuration Configuration
file file
Choice over:

parses

Transfer .
~— Particles

—_— definition
variables Computation Why do we need that?

of the r

Matrix likelihood

Optional call
Element {|{ 7T/ R I __________

Theoretical computation

. - y
| outputs External  f } for NLO ME are extremely

1
software for ME , complicated.

Likehead Not possible with
Time of computation MadGraph for now.
Number of ME calls

Integration Status
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4 : Developing a MEM@NLO: change of variables

(The Matrix Element I\/Iethod<

® 26/09/25

User Manual Setup
Configuration
Dataset A{ds executes
(Particles 4-vector) g

C++ code
Lua
conﬂ?i:gat'o" Configuration
Choice over: file
S— parses
S —— Particles

—_— definition
variables Computation

of the

Matrix -
Element likelihood

Integration

algorithm

TDLI Seminar - Tartarin

AUTOMATED

44



4 : Developing a MEM@NLO: change of variables

Plz: Ply> P1=

P2z, P2y P22

(d) SBE

Pla: Ply: Plz

__/o PLNLL

1

P2, Poys P22 2 P2z, P2y, P2z

RSy

(f) MB F

O
@)
-
4=
Q
>
i)
C
Q
-
@
Ll
=
S
)
(V)
>
Q
-
\/
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4 : Developing a MEM@NLO: change of variables

' \I L '
4 ry // 4
...... ./.:. N S
s v B
mg, my, mj .
5

(a) SB A

(b} MB B

v

£+ Py Pls

‘iﬁ' r“l. Prxs Py P2: ,
\ oy - ? |:|;-] 5B C_n"[] {i.l.] SB E

9 /Oﬁ“ P P,i

| Definition « Blocks » : Choices of integration

: » W variable (and substitutions) made to break down
}3 \:) 5 \O \:) 5 a complex process into manageable

(e) MB E ) MB F configuration.

5
O
-
s’
()
>
s
-
()
&
p
LL]
X
o
s
(q0)
>
()
-
|_
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4 : Developing a MEM@NLO: change of variables

(c) SB C/D (d) SB E

Pla: Ply: Plz

__/o PLNLL

1

P2, Poys P22 2 P2z, P2y, P2z

RSy

(f) MB F

O
@)
-
)
Q
>
i)
C
Q
=
@
Ll
=
S
)
(V)
>
Q
-
\/
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4 : Developing a MEM@NLO: change of variables
Main Block N:

Branches

s (T f- dqeddfty $4(Pin-Ru)

(invisitflgéz NLO radiation) IELT Chy dﬂ ‘l{"-m dfmf d{“"y Pm Emt)
- _Tl_1 dpun 4R dPy ARy 4E (R d1R) &B) S1E)

((The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO: change of variables

_ The corresponding Jacobian is derived from the system:

Branches ’101:1: = —FP,,

Py = _Pya
g1 +q = P,

‘@ — g2 — /Pt + 0, + 0l = B,

P1
(invisible: NLO radiation)

Where % is the determinant of the Jacobian

for the changes of integration variables.
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4 : Developing a MEM@NLO: change of variables

Validation for our new Main Block N:
Entries 10000 '

Distribution/Histogram
Detector level ® Mean value of real ME

Distribution/Histogram

Detector level ®  Mean value of real ME

w
@
@
o
<
]
@
N
®
E
-
S
=z

Normalized Areas

-1000 0 1000 2006 3000
Pz

(a) Real ME Only (b) with Y-axis in log
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)
\/
O
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-

O
>
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Q
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@
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X
o
>
Q
=
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4 : Developing a MEM@NLO: change of variables

Validation for our new Main Block N:
. Entries __ 10000 | = __

Distribution/Histogram

Detector level ®  Mean value of real ME

o
w

——— Distribution/Histogram

Detector level o real_lhapdt

Normalized Areas
Normalized Areas

o
%)

“3000  -2000  =1000 i 3000 -2000  -1000 0 1000 2000 3000
Pz

(c) Real ME + PDF (d) with Y-axis in log

((The Matrix Element I\/Iethod< N >
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4 : Developing a MEM@NLO: change of variables

Validation for our new Main Block N:

Entries 10000
B o o =

~—— Distribution/Histogram
Detector level e real_fullMEM

v
©
@
<
3
N
©
E
S
z

(e) Full Real Integrand

/\
)
\/
O
@)

-

O
>
I=
Q
-

@

(|
X
o
>
Q
=
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Normalized Areas

Entries 10000
L -

Distribution (histogram)

Detector level 4 ® Mean value of real ME

-3000 ~2000 -1000 0 1000 2000 3000
Pz

(f) with Y-axis in log
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4 : Developing a MEM@NLO: change of variables

A
VA

(I'he Matrix Element Method<

speficic cases
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4 : Developing a MEM@NLO: change of variables

P rocess ‘ p%‘m p%}d,\ EIIllll EII]&-X | pz | min | p* | max

ttH 500 1875 B ax — PTmin
QCD background 330 1800 E2x — PTmin

singleHiggs 182 1620 EZ . — p'%"‘_,min

99 — HH (ggF) 300 1550 E? - p'%’,min

max

Choice of integration limits for the kinematic variables for
the additional NLO radiation.

(The Matrix Element Method<¢l\> >
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4 : Developing a MEM@NLO: change of variables

(The Matrix Element I\/Iethod<

® 26/09/25

User Manual Setup
Configuration
Dataset A{ds executes
(Particles 4-vector) g

C++ code
Lua
conﬂ?i:gat'o" Configuration
Choice over: file
S— parses
S —— Particles

—_— definition
variables Computation

of the

Matrix -
Element likelihood

Integration

algorithm

TDLI Seminar - Tartarin

AUTOMATED
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4 : Developing a MEM@NLO: Transfer Function

User Manual Setup
Configuration
Dataset || 4Trds executes AUTOMATED
(Particles 4-vector) g

C++ code

Lua
configuration Configuration
file
arses
; Particles calls
Function ——— i
. definiton o

Change of
variables Computation ? 1

file
Choice over:

of the .

Matrix el | Optional call |
Elernant likelihood p !

Integration

algorithm

(The Matrix Element I\/Iethod<

‘ 26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Transfer Function

reconstructed kinematics in the data.

% 1% for photons, % ~10% for b-jets.
E oo FEreco

N
EE:i_|_C’_|__

E VE E

reco reco reco

5
O
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s
-
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p
L
x
o
s
(q0)
>
(D)
-
|_

26/09/25 TDLI Seminar - Tartarin



4 : Developing a MEM@NLO: Transfer Function

reconstructed kinematics in the data.

% 1% for photons, % ~10% for b-jets.
E oo FEreco

Simple assumption was enough

26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Transfer Function

User Manual Setup
Configuration
Dataset || 4Trds executes AUTOMATED
(Particles 4-vector) g

C++ code

Lua
configuration Configuration
file
arses
; Particles calls
Function ——— i
. definiton o

Change of
variables Computation ? 1

file
Choice over:

of the .

Matrix el | Optional call |
Elernant likelihood p !

Integration

algorithm

(The Matrix Element I\/Iethod<

‘ 26/09/25 TDLI Seminar - Tartarin
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4 : Developing a MEM@NLO: Integration algorithms

User Manual Setup
Configuration

Dataset ‘{ds execuftes AUTOMATED

(Particles 4-vector)

C++ code

Lua

confi?itlleration Configuration
Choice over: file
parses

— Particles
> definition
Change of
Computation
. of the g .
ikelihood 5_9_'?!!?[[‘_;'_9_‘:‘_'_'_.5

algorithm :

software for ME

(The Matrix Element I\/Iethod<¢l\> >
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.5 : Developing a MEM@NLO: Automated framework

N

The Matrix Element Method<

Likelihood
Time of computation

Number of ME calls
Integration Status

Likelihood

Time of computation

Number of ME calls

Integration Status

Likelihood

Time of computation

Number of ME calls

Integration Status

2]
—
14
O
=
2]
O
o
w
14
e
=
o
[
2
o

User Manual Setup
After-Run

@AUTOMATED

C++ codes
(8 files)

Merge all selected files
Check that merged files
contain all successful

events

Find the ones that are
missing/incorrect

Possible (by hand) safety checks

* Launch them again,
separately

and IFF everything is in order

Merged Likelihood

Merged Time of computation
Merged Number of ME calls

Merged Integration Status
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Analysis tool: Extraction of k; using Likelihood scans

N

Lkinematic('cll)

LP (hlx) =

process

1 .
———[d W)W (y, X'

Np

‘Cevent th Z fp process(hlx )

N .
ﬁkinematic(h|D) — H [Ievent(h|xz)
1=1

(The Matrix Element Method

26/09/25 TDLI Seminar - Tartarin
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Analysis tool: Extraction of k; using Likelihood scans

Cross Section (as a function of «)

\4
N

The Matrix Element I\/Iethod<A

Kappa_min (data) = 2.500
Kappa_min (fit) = 2.443

=0.00002883x/2 + -0.00014082x + 0.0002

8
(@NLO using HPAIR combined with efficiency ) = M/ M
Yield Likelihood as a function of k¥ (nObs = 12.00)

Best_Yield_Kappa (for nObs = 12.00 )-1 0(

Yield)

-log(Likelihood

Assuming number of observed events N, follows a Poisson
distribution.

Example of In(Ly,eld(Ka))

The yield likelihood £,;.14(k;) is the Poisson probability with parameter A(k) to observe N, events

(for a given integrated luminosity).
Ng;4(k) and Ny, correspond to the theoretically expected number of signal and background events.
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Analysis tool: Extraction of k; using Likelihood scans

N

Nobs

(I'he Matrix Element Method

26/09/25 TDLI Seminar - Tartarin

_ »C'event(ﬁ:|xi) \ Combines  MEM expertise
i=1

~———— ——— | | Yield term
Kinematic term
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Analysis tool: Extraction of k; using Likelihood scans

N

N, obs

1=1 G
Yield term
Kinematic term

—InLext(k) =— ) In Eevent(ﬁ:]xi)

i=1
+ AM(k) — NopsIn A(k) + C

(The Matrix Element Method

26/09/25 TDLI Seminar - Tartarin

=TT Levent(8[x*) | Lyic1a () Combines  MEM expertise

theoretical prediction
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Analysis tool: Extraction of k; using Likelihood scans

Example of Likelihood scan:

Likelihoods as a function of k

> 370 Here you can see the 3 Likelihoods:

360 - £kinematica £yields and Lextended
as well as a Parabolic Fit around L, ,iendgeq’S minimum.

350
340

330
For a given pseudo-
dataset (i.e. subset of the

310 . dataset D)

300

320

290

(plotting macros ha\;(%been built
9

Likelihood scan for LO signal only with MEM@LO independently from Legacy analysis,
from ground up) /
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Analysis tool: Extraction of k; using Likelihood scans

(Best) Kappa value

p =1.071=0.017
o =0.458 = 0.012

S|

Top histogram:

—— Kinematic Best k¥ from each subset scan
—Yield 503
—— Extended o2

— Fit Extended // 2
£p00]
Repeat the Likelihood scans o0
until there is no more events to Middle histogram:
produce subsets from the Graphically measured uncertainty oy,

200

dataset D 100—;

RE

-1 -0.5

Gaussian fit:
y =0.087 =0.033

o =1.026 + 0.024

SSNE |

Bottom histogram:
Pull; —ze

Likelihood scan for LO signal only with MEM@LO Likelihood scan performance
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.1 : Progress during this PhD: our contributions /egacyanalysis paper

V Our PhD productions

Likelihood
Scans
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.2 : Impact of MEM@NLO on the ROC

—— EVTLO EVTLO

—=— EVT NLO
—— ATLAS n-tuple

—™ EVTNLO
—+— ATLAS n-tuple

background(ttH)

I|II|III||II|I|II|I|II|I||IIIIIII||II|I|IIII|IIII
IIII|IllI|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII

la, L

Lo | . e R | .
0.1 0.2 0 3 0 4 0 5 0 6 O 7 O 8 09 1 01 02 03 04 05 06 07 08 09 1
signal signal

AUC for NLO ISR (%) 22.98 409
AUC for ATLAS n-tuples () 9.8 -_
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.2 : Impact of MEM@NLO on the ROC

—ETLO —— EVTLO

—=— EVT NLO e . —s— EVTNLO

c
—— ATLAS n-tuple e 1 ) —— ATLAS n-tuple

TTTTTTTITTI T I T T I I TTT I T T T T ITITT I T T
RARRN RRRLN RLERN EERLN RN R R R

.
.
U T

"‘A ¥ L kgl ! l"Il o
0.2 0 3 0 4 O 5 0 6 O 7 08 0.9 01 02 03 04 05 06 07 08 09 1
S|gnal signal

AUC for NLO ISR (%)
AUC for ATLAS n-tuples () 2096
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.2 : Impact of MEM@NLO on the ROC
For singleHiggs bakcground

*TEVTLO h
—=— EVT NLO
—— ATLAS n-tupl MEM
n-tuple @NLO

—— EVTLO

—=— EVTNLO
—— ATLAS n-tuple

background(singleHiggs)

IIIIIIIIIIIIII||I|I|IIII|IIII|IIII|IIII|IIII|IIII
IIIIIIIIIIIIIIIIIIIlIIII|IIII|IIII|IIII|IIII|IIII

Lo A_AJ 4I_!'_k_l' ||||||||||||||| | o

02 03 04 05 08 07 08 05 07 02 03 04 05 08 07 08 06 1
signal signal

o

AUC for NLO ISR (%) 18.87
v AUC for ATLAS n-tuples (%) 23.33 11.33
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.3 : Impact of MEM@NLO on the Likelihood scans
‘Ror signal onI%sample ‘

<uu

Likelihoods as a function of x Likelihoods as a function of «

Likelihoods as a function of k¥
— Kinematic — Kinematic
370|— Yield — Yield
: — Extended Extended
30| — Fit Extended — Fit Extended

Results

8
Kappa (k)
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.3 : Impact of MEM@NLO on the Likelihood scan performances

For signal only sample

aussian fit. Gaussian fit: S —— E—
g =1.071£0.017 froroweme = » =y =1.037=0012 (Best) Kappa value Entries::_773 | Eau:ila!lnggtt 0.013 1_t7:,
12;2:: 0.458 = 0.012 Moasu _ o= 9.309 + 0.008 s _ o = 0.342 + 0.011 3

150

100
50

!

Entries:
—

Entries:
—

800 F
SIE

@700

= = |

D500

w E

500

400

300

200

100

0 e

-1 -05 Ormeasured

Gaussian fit: = : - Entries: 728 _|

= 0.087 + 0.033 —= M Gaussian fit: 3 5 |
ﬁ —1.026 + 0.024 e [ MM =0.123+0.039 -1 3'21555 3.20940
, 2 o =1.020 + 0.026 i o— e

AUC for NLO ISR ATLAS
1.071 + 0458 | 1.037 £0.309 | 1.128 +0.342
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.3 : Impact of MEM@NLO on the Likelihood scan performances

= = Gaussian fit: o Gaussian fit: [ Entries: 190_|
p =0.966 = 0.062 == p =0.913:0.042 p =0.961= 0.040 —
o = 0.536 + 0.063 ol o = 0.441+ 0.026 :

j - o =0.450 = 0.031 — '

Uncertainty measured

Events / bin
o

Entries:
I__

-0.5

Gaussian fit: .| || Gaussian fit: aussian Mt Entres:
g =-0.091+0.151 N y =-0.391+0.113 ; h
o=1.217 £ 0.159 i

1] _ - '021 1-2 01 DD Pul
- % =222:0.092 = | o=1.293 +0.079 e

-4 -3 =2 -1 0

AUC for NLO ISR ATLAS
0.966 +£0.536 | 0.913 +£0.441 | 0.961 +0.450

TDLI Seminar - Tartarin
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.3 : Impact of MEM@NLO on the ROC

kFor {/&/ignal + ttH + KSCD+ sﬁngleHiggs} sémpIeA

<uu

Likelihoods as a function of k Likelihoods as a function of k Likelihoods as a function of k

9060 ——Kinematic
2N 10640|— Yield
T 9050 3 — Extended
o 0 — Fit Extended

9040
9320

9310 9030

9300 9020
9290 / 9010
9280 \ 9000
9270 ) > 8990

9260 - 8980

Results

10
Kappa (k)
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.3 : Impact of MEM@NLO on the Likelihood scan performances
For {signal + ttH + QCD+ singleHiggs} sample

: : Gaussian fit: . Gaussian fit: n
g =1.087+0.055 [ p  =1.144 = 0.066 Entries: 84 || /" ~'1223+0.048 Entries: 81

o =0.420 = 0.039 s o =0.502 + 0.048 ] o=0.411=+ 0.044

EIE

al -0.5
—

an it —e Gauséian fit:
b8 0.102 g Gausslanfi: p =0.453:0.099 | 81

P! _ i :
o =0.869 = 0.074 o =1.013 + 0.096 :; 0.806 + 0.069 o |

3 3 e
10 E 104
8- |
6

AUC for NLO ISR ATLAS
1.087 £0.420 | 1.144 £0.502 | 1.223 +0.411
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4 : Results summary: NLO [ISR] wwo

Likelihood Scan Performance

MEM@NLO, Vs=14 TeV, bbyy final state, with 300 fb™
. . i . .

Signal only

e BestFitk,

QCD bbgg

Single Higgs

——— 1—

Combined

= ] | I --T-

-2 0 4 6 8 10

\ / Expected statistical uncertainty on «,
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4 : Results summary: ATLAS n-tuples

Likelihood Scan Performance
MEM@NLO, Vs=14 TeV, bbyy final state, with 300 fb™

Signal only

e BestFitx,

QCD bbgg

Single Higgs

Combined

< 6.6 [ATLAS HH - bbyy “25]

[ATLAS 24]

ATLAS HHbbyy

—1.2 -< )‘Ubs/)‘sﬁ 7.2

ATLAS '24 § ' l
1 I | | 1

—2 0 2 4 6 8, 10

\ / Expected statistical uncertainty on «,
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/}'Z‘ 134 \i ‘SJ' ) L
‘% \,é” TSUNG-DAO LEE INSTITUT

J40 TONG

Measurement of the Higgs boson trilinear self-coupling 455 remains of great
importance.

We developed the first Next-to-Leading Order Matrix Element Method (MEM@NLO) in
the context of the gg - HH — bbyy channel, to measure it.

Validation against NLO Monte-Carlo samples and ATLAS n-tuples show:
* k; = 1.144 with an associated uncertainty o,, = 0.50 on NLO ISR events.
* k; = 1.223 with an associated uncertainty g, = 0.41 on ATLAS events.

Our work focused on MC simulated data, but framework ready for deployment on Run-3

datasets.
Looking ahead, the MEM@NLO could also be extended to other final states (bbrt,

bbbb,...), to SMEFT interpretations at full NLO accuracy, or other @NLO applications.
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