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for the measurement of the Higgs tri-linear coupling A5y
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Introduction

Higgs self-coupling A;p

Standard Model (assumption):

V(g?) = u?¢p? + A¢p* (forpu? < 0etd > 0)

Mathematical expression of the Higgs field (doublet) ¢ potential

h? h3 h# 42
Vih) = mH27+@§+’14HZ_vT

Mathematical expression of the Higgs boson h potential after expansion around

ground state. /ﬁ:f ’
H Goal: Measure this A3 value experimentally, to
confront with theoretical expectations.
— 2
H 6y —Au 12 < )\ObS/)\Sl\</| 7.2 [ATLAS ‘24]
H 1.4 < )\obs/)\sﬁ 7.0 [CMS ‘24]
1.7 < Aobs/ A 6.6 [ATLAS HH — bbyy ‘25]
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A3H )?
Asgsm

How to obtain the best possible statistical uncertainty on A3 (or k; =
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Introduction

Matrix Element Method [MEM]

By definition: [the (MEM)] is a statistically optimal multivariate method that maximizes the utilization of both

the experimental and theoretical information available to an analysis. With minimal cuts on the data.

It computes a probability (called “the Likelihood” L(h,x)), to observe an event x under the hypothesis h.

Likelihood mathematical expression (for particle physics*):

Observed events

Transfer function

(LO or NLO) Total cross section /
(2m)" IMp(ajas — y;h)|? / , n
Lprocc:::-,( ‘ X J‘,/ // )(u ([l fa fp) P ! - W X?'__ y (5 ] + ays — Yy ‘dqldQQd’yim
g (pp = )5 Jy gy 00 (;3 l \ 4142 x3) Zj: J

\I\/Iatrix element

] q. Parton density (LO or NLO)
Legend functions

: the experimental inputs
: the theoretical inputs

*in particle physics at colliders, we have the chance to have the ingredients
that are necessary to compute the likelihood from first principles
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Introduction

Matrix Element Method [MEM]

Likelihood mathematical expression (for particle physics™):

Observed events

Transfer function

(LO or NLO) Total cross section /
(2m) IMp(ajas — y;h)|? v : -
L I'U(,Dbb(h ‘ X (“‘,/ // )(ﬂ (fl jf-’ (([3) " — ‘ W (x', y)dla; + = Adgydgod 0
v S(pp — F). v o o ! \ 01 (x',y)o\a1 + a2 zj:% q1dg24y
\| \Matrix element

] q. Parton density (LO or NLO)
~ERENC . . functions

: the experimental inputs

: the theoretical inputs

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

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

=>» hypothesis h can be: A3y value
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Introduction

Distinction between ME(M) analysis and Events order

* Matrix Element Method [MEM] analysis :
The order of the Matrix Element M, (a a; = y; h)
inside the integral, using Feynman rules.

ﬁ

MEM®@LO

MEM @NLOJ

8/07/2025

e Monte Carlo Events:

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

N

LO

Leading-Order generated events

k Next-to-Leading Order generated events

(Extra real radiation in the final particles)
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Introduction
Event display (ATLAS): Final state

* Reco particles in x*
(for both MEM®@LO and MEM@NLO)

4 Higgs decay daul'lters candidates only:
ATLAS

* Extra (real) radiation candidates will be EXPERIMENT
fully integrated over their (3 extra)
degrees of freedom. Run: 329964

Event: 796155578
2017-07-17 23:58:15 CEST

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/figaux_02.png
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How to quantify the (Matrix Element) Method discrimination power ?
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Introduction

Rejection/ROC curves

* ROC/Rejection curve : graphical way to show a method’s discrimination power.

For us, by using ratios of L, ,css (signal over background).

Selection efficiency for background

A -
e Graph Explanation:
""""" Given our conventions:
"""" The closer the curve is to the bottom-right
““““ corner, the better the method is (to disciminate
““““ events).
“““““ EVTs very well
e discriminated
XY AL
Whatwould be Xy .o+ by method
obtainedat .’ .
random =" / Bottom-right corner
. |5

0 1
Selection efficiency for signal
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Using NLO events on MEM@LO

e Using MEM@LO to analyse events generated at LO and NLO:

background 1 ﬁ—
ttH —~ EVTLO
0.8 —s— EVT NLO h @LO
0.7
0.6

Important results:

0.5
0.4

1) Very strong discrimination on
LO events

0.3

0.2

2) Less in discrimination power on
NLO MC events

o
—h

==

o

e INETRTENE N STENAN ANRTETATES AT STPUANE AAVATT S AR DR

01 02 03 04 05 06 07 08 09 1
signal (gluon Fusion)
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Constructing the MEM at NLO

Matrix Element at NLO = LO + Virtual + Real

Main challenges: -a- ‘ ﬁ
1. Virtual and Real contributions (theoretically challenging).

Already done by Heinrich, Jones, Kerner et al:1703.09252, implemented in the POWHEG-BOX-V2/ggHH

for gluon fusion at NLO. But: No direct interface to access them for given PS points.

we need to add Higgs decay for the full matrix element. gg — HH - bbyy

\

ggHH

2. Inthe POWHEG-BOX-V2/ggHH implementation, the Higgs boson decays are generated using Pythia. But V

3. Different phase spaces: [LO and Virtual] share the same; But [Real] has an extra particle (i.e 4 more d.o.f)
4 +1)

This is very important for the dimension of the MEM integral: dqidg.dy™ VS  dgidg.dy

(due to extra real radiation)
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* Most MEM are developed at LO only.

Results

 The MEM can be implemented by using a software like MoMEMta (for example).

 MEM tools (like MoMEMLta) are not NLO friendly !

New formalism: Block « N »

Definition « Main Blocks » : Choices of integration variable and
substitutions made to break down a complex process into
manageable configuration.

PP
g \o \O ol

(a) MB A

So we built our own implementation inside MoMEMta

™\

Srarmchos
S

o

P11 Grwisdl), - NLO nodiafien)

‘12/
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https://momemta.github.io/

round

* |mpact of Both (BV+Real): background ttH

0_912_ —~ EVTLO 0_;; —~ EVTLO
0.8F- |—= EVTNLO 0.8 |~ EVTNLO
0.7 0.7F

0.6 0.6

0.5 0.5F

0.4 -1

0.3 0.3

0.2 - 0.2F

0.1 0.1

II|IIII|IIII|IIII|II-IIlIIIIlI.II-IlJI-I: e e} ""|l==l==E=ﬁ=d=£iJ
o0 01 02 03 04 05 06 07 08 09 b“"I O0 01 02 03 04 05 06 07 08 09 1

(gluon fusion)

With NLO MEM: better discrimination than before on EVT NLO, huge improvement on EVT NLO : Good!
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Results: MEM@NLO

* |mpact of Both (BV+Real): background qcd

T EVT LO o T
oo | EVTNLO 1) vew A ek
0_72_ 0.7;— T
0.6] 0.6
0.5F- 5 i
0.4F -
0.3F 03
0.2F | 0.2F
0.15 0.1
=55 03 04 05 05 07 b8 o5 © 0170370304 05 08 67 08 05 1
. signal signal

We achieved the same efficiency with EVTs at NLO than what we usually have with EVTs at LO
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Extraction of k;: Main idea

Likelihoods

* Now that we have seen the discrimination power of the MEM- on - events and ATLAS simulated
events using Locess (i-€ the integral seen earlier), we can look for Az value extraction

AsH

(or rather k; = 1)
SM

* Idea: We can construct three Likelihoods L (for the purpose of this analysis) for given K hypothesis values
K;€[-3.50, 10]:
Lyinematic(ka), contructed directly from the MEM integral (i.e direcly constructed from L,,cess)-
Lyic1a(ky), a theoretical prediction on the behavior of the number of events produced for given

hypotheses (processes within the sample, integrated_luminosity, ...)
*  Lortendedli), the product of the two others.

(see Appendix p.26 & p.27 for more detail)
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Extraction of k;: Main idea

Likelihood Yield

The signal cross section very strong dependence on k is used in many analysis methods
(like « Event counting methods »). For our MEM, this information is used inside: L,;c14(k3).

Cross Section*(as a function of k) Yield Likelihood as a function of « (nObs = 12.00)
Assumed integrated luminosity: 300fbh™*
Kappa_min (data) = 2.500 "X Best_Yield_Kappa (for nObs = 12.00 )= 1.o¢
- = 0.00002883x"2 + -0.00014082x + 0.00021 =
Kappa_min (fit) = 2.443 8 -
0.001f— £ 600/ ‘
L § | ]
B = -
l0.0008— s 580 Example of —=In(Ly;c;q(fc;))
10.0006— B
B 560 —
10.0004 |— B
- 540
[0.0002|— B
_ 520|—
= L
4 -2 0 2 o 4
(*NLO, using HPAIR, combined with efficiency) *= M/ M
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Extraction of k;: Results on MC EVTs

Part 1/3: Signal only, M

* (MEM@LO and events at LO)

Likelihoods as a function of x 1
Assumed integrated luminosity: 300/ b

— Kinematic

— Yield A
— Extended .ﬁ. MEM LO
— Fit Extended @Lo0

-4 -2 0 2 4 6 8 10
Kappa (k)

Here you can see the 3 Likelihoods: Lyinematics Lyietd» aNd Leytended
As well as a Parabolic Fit around L, tended’s minimum.
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EM@IEel

<«—— For a given pseudo-dataset
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Part 1/3: Signal onl

* (MEM@LO and events at LO)
Likelihoods as a function of k

= — Kinematic

S 340| __ Yield A

v — Extended MEM LO
330| — Fit Extended

@LO

We repeat this operation
(as many times as possible)

And from this we construct an histogram of all the best fitted K
values

8/07/2025

MEMI@IEel

Mean at 1.053
Sigma at 0.446

Extraction of k;: Results on LO MC EVTs

(Best) Kappa value

Matthias Tartarin, EPS HEP 2025° = -

200
1503
100
503

1 000 entries

—
== Measured

— Gaussian fit

EEEEE

7 _1

-0.5

4 Gaussian fit
4 =0.073=0.032
7 o =0.993 + 0.022

3

Pull = fk,xo)/o,”




Extraction of k,: Results on NLO MC EVTs

Part 2/3: Signal only, MEM@NLO

(Best) Kappa value 778 entries

« Result for MEM@NIE on NIl events Mean at 1.065
Likelihoods as a function of Sigma at 0.308

— Kinematic | ' 150—§
B Y|e|d 100—3
— Extended %’mm NLO 503
720|— Fit Extended NLO) ]

0

= Measured £

— Gaussian fit

-log(L)

4
Uncertainty measured Entries 778
Mean 0.3055
* * 1_Std Dev 0.0483

£700 ' ' ——
~ ]
2600

u>) 3
11500

700

400
300

680

200

100

oE T - : r._ e
= . 8 g

660

B [
120
u>'LIOO—;
I 1 | 1 | 1 1 1 | 1 1 1 I 1 | 1 | | 1 1 | 1 1 | I 80_;
-4 -2 0 2 4 6 8 60

Kappa (k) 40-
Assumed integrated luminosity: 300fb‘1 20-

0]
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Extraction of k,: Results on NLO MC EVTs

Mean at 1.101

2920

2910

2900

2890

2880

2870

2860

— Kinematic
—Yield

— Extended
— Fit Extended

'IIIIIIIIIlIIII|IIII|IIII|IIII|IIII|

Sigma at 0.327

20
153

10

(Best) Kappa value

0

© 45
o 3
~ 404
£ 3
& 353
= E
w 303
25
203
15-
103

K
Entries 83
Mean 0.4064
Std Dev 0.06804

-2 0

|
B

Assumed integrated luminosity: 300fbh~1

8/07/2025

4 6 8
Kappa (k)

-
O A ODODON A
ol b ben e b bl
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Extraction of k,: Results on NLO MC EVTs

Likelihood Scan Performance
MEM@LO, Ys=14 TeV, bbyy final state, integrated luminosity: 300fb~*

Signal only
® Best fit

Using the Matrix Element
Method, there is no longer the
dual/pair ambiguity on the value
K; = 4.00

ttH

QCD bbgg

Results presented here:
Smeared NLO MC simulated data only.

Combined

-2 0 2 4 6 8 10
Expected statistical uncertainty on kK (from ensemble tests)
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Conclusions and beyond

** The Matrix Element Method has had many great successes, but is difficult to implement.

 We have successfully developped a MEM@NLO| (new formalism). Very general framework, so it

could be applied to many other analysis (or channels) at NLO.

% Our MEM@NLO has great efficiency in recovering the k; for MC simulated samples (@NLO, with
background events), with a clear breaking on the « yield induced » K, pairs of solution.

Thank you
for your attention

Laboratoire des 2

Infinis-Toulouse
8/07/2025
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APPENDIX: Work done by F.Eble and J.Stark (and A.Lleres)

[2019]

kgoun‘d effigiency:,
2 g9 35
H o)} [e ] N

Bac
e
)b}

0.01

0.008

0.006

0.004

0.002

 Work done at MEM@LO (on LO generated events)

Rejection power

—+— bbaa LHR MoMEMta VEGAS kappa generation=1 kappa analysis=1

4’— bbaa BDT

I|I|||

From Florian Eble master thesis : (p54)
https://cds.cern.ch/record/2676819

"

NS PR ... J8 B

0.1 02 03 04 05 06 07 08 09 1
Signal efficiency

8/07/2025

4n(L)

820

815

810
805
800
795

790

—0—1 Event kinematics likelihood
1 Event yield likelihood
1 Extended likelihood
———Parabolic fit around minimum
\ //
\ \

785

780

775 o b by b b e ey e by Ly

k .
: reasl 124 entries
:;: Mean at 1.005
j;‘ 0.2 0.4 u‘s u.la : 1i|_l\6—l\ﬁ—‘ -
kunc

Lkinematicr Lyieldr and Lextended
As well as a Parabolic Fit around

Loytended S Minimum

Matthias Tartarin, EPS HEP 2025

50

40

30

20

FitErr

Entries
Mean

Std Dev
Underflow
Overflow

124

0.3167
0.07208
0

1




APPENDIX: Kinematic likelihood in more detail

Likelihood for a specific process: ¥ f @w.|ac.°) i dJ7( ilno_lg? ﬂw\,\/))
—F
P

m\ddﬂ_(wﬁf;ﬂ;\a/)bmmd%h%ﬂu MEM

.

Kinematic Likelihood: The likelihood one can construct from the MEM output.
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APPENDIX: Yield likelihood in more detail

Event yield Likelihood: : The number of events observed (after a given set of event selection requirements) is a
valuable piece of information for the extraction of k. If we assume that we obtained N, from a poisson
distribution from Ng; 4 (Ktest), then:

XM(K) = Q_(N%f N'N'g(K)). (Nq,cgg + NMﬂ(K)j\l&b

Nt |

'mm&mw.um\t
L.

M?MB’W“‘LW%W%

() i ot
NN? "‘3’“0— yﬂmﬂm \Joﬂmi KéMg‘ﬂm

N“Qﬂ ”’iﬂ‘@ | Wmnﬁsm&%enmw\‘bstd}%a
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APPENDIX: Evolution of weight

wrt K : Example (ggF k = 1.00):

Weight value (signal hyp only)

x1072

WeightOnly Graph

45

40

35

30

25

20

15

10

8/07/2025

0 2 4 6 8

Matthias Tartarin, EPS HEP 2025

10
Kappa (k)

Weight/(XSEff) value

0.7

0.6

0.5

0.4

0.3

0.2

0.1

<

Weight/(XSEff) Graph

=]

IIII|I\II‘IIII‘II\IlI\IIIIIII‘II\Il)ﬁL

R 0 2 4 6 8 10

single (kin.) Likelihoods as a function of

HIIHIlIII|II[IIHl\II‘II\lHIIHIlIIIlIHIIH

-4 -2 0 2 4 6 8 10
Kanba (k)



APPENDIX: NLO eventS, different meanings (impact of Parton shower)

 Example: signal ggF (@NLO + Parton Shower)

— 1
g T 9| —= NLO ISR
3 ——  NLO FSRdr
g 08 SIMU, ATLAS
S B ., Al ,
0 -
0.7—
0.6:—
g t 0.53—
g 0.4 L
0.3 L
g 02 .
R =
o ] | 1. 4

0.4 0.5

o
O® 17
o
—h
o
)
o
w

FSRdr 4-momenta
(where gluons energy are taken into

account in the b-jets if AR < 0.2)

A
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APPENDIX: Transfer function, possible
improvements part 1/1 (WIP)

nreco

SRR Energy Difference (Measured - True)
2 g T 1200 [Entries 3846
o =0.0258

/\ I =-0.0370

1.5 ST W R

=

......................................................................

............................................................................

: H p H HE . H : H HE HE i H
4 R R R SUPUPN U SRy QRO FUPIS NN s MM N SO SN F 600

...................... 400

________________________________________________________________________

o
\II|II\‘III‘\II|\\I|I\\|

-------------------------------

200 400 600 800 1000 1200 1400 1600 1800 2000

Ereco
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APPENDIX: Transfer function, possible

improvements part 2/2 (WIP)

nreco

0.045

0.04

0.035

0.03

0.025

0.02

0.015

A A

200 400 600 800 1000 1200 1400 1600 1800 2000

Sigma vs Energy for Eta = -1 90

c:'II|||I|I|||I|I|II|||I||I|III|||||||

f [0] = -0.011 +0069
[11=0.011+0.002 ; : : :

NI NS I A SN A AN INEN AN AN N AN SN AN AN AT AT T A AR AN AN AN I NS A A
100 200 300 400 500 600 700 800
Energy

Ereco
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Time Distribution - All Statuses Combined [File 13; sig; Real]

APPENDIX: Time of computation.

T o o
10 000evts each 2000 “ﬁii?i?ii?g
A A A A e —
i 1600
ggF ttH gcd single 1400 An example: Time of MEM weight computation
Higgs for a given single event. Here:
1200 .
NLO ggF file, under ggF Real h
10 000evts each 1000 { °8 86T~ vP]
‘ ‘ ‘ ‘ 800
ggF ttH qcd single A
Higgs 400
585 200 —
0:||||||.|-|||J_|_||||||||||||||1||||||||||
0 100 200 300 400 500 600 700 800
Kappa hypothesis = T(min)
x2 (BV and Real)
ttH hypothesis ;
gcd hypothesis; MEM Computation time: From minutes to days for a single given event
singleHiggs hypothesis; (it varies depending on the process and hypothesis chosen of course).

Total: 36*2 + 3 hypothesis (for NLO) = 75.
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APPENDIX: MEM Degrees Of Freedom and choices for our analysis

Dimension of Variables of integration
Integration (not mandatory choice)

ggF Di-Higgs @LO+Virtual 2 (->0) (Hywidatn) 5 YiE
ttH @ LO 9 (_> 6) (H wiath, toD1wiath, t0P2wiacn); Perm(bs,bs); ViE ;b3 g ; bag; 415 g2
qcd @LO 2 YiE ' V2E

ggF Di-Higgs@NLO_Real  5(->3) (Hywiacn s Howiath) s V1. P3E; 9oz
ttH @NLO Real 12 (->9) [LO] + Ipx ; Ipy 7 pz

qcd @NLO_Real 5 Y1, Y2E s D3E i Dag 5 Gpz

| As far as we know: Never been done
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