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Measuring the Higgs self-coupling λ major goal of the HL-LHC

Di-Higgs production most direct and most sensitivity way measure λ
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p
1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows

5

(~3 / hour)
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p
1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows

5

b
b

b

b
(~3 / hour)

Measuring the Higgs self-coupling λ major goal of the HL-LHC

Di-Higgs production most direct and most sensitivity way measure λ

Motivation



4

h

h

g

g

t

h

h

h

g

g

t

h

h

g

g

t

Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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ABCD Method Works
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Strategy in previous 4b analyses: 

   Validated prediction in alternative signal-free region

Standard Solution: Validation Region
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BACKGROUND MODELING FOR DOUBLE HIGGS BOSON PRODUCTION:
DENSITY RATIOS AND OPTIMAL TRANSPORT

BY TUDOR MANOLEa, PATRICK BRYANTd, JOHN ALISONe, MIKAEL
KUUSELAb, AND LARRY WASSERMANc

Department of Statistics and Data Science and NSF AI Planning Institute for Data-Driven Discovery in Physics,
Carnegie Mellon University

atmanole@andrew.cmu.edu; bmkuusela@andrew.cmu.edu; clarry@stat.cmu.edu

Department of Physics and NSF AI Planning Institute for Data-Driven Discovery in Physics,
Carnegie Mellon University

dpbryant2@andrew.cmu.edu; ejohnalison@cmu.edu

We study the problem of data-driven background estimation, arising in
the search of physics signals predicted by the Standard Model at the Large
Hadron Collider. Our work is motivated by the search for the production of
pairs of Higgs bosons decaying into four bottom quarks. A number of other
physical processes, known as background, also share the same final state. The
data arising in this problem is therefore a mixture of unlabeled background
and signal events, and the primary aim of the analysis is to determine whether
the proportion of unlabeled signal events is nonzero. A challenging but neces-
sary first step is to estimate the distribution of background events. Past work
in this area has determined regions of the space of collider events where sig-
nal is unlikely to appear, and where the background distribution is therefore
identifiable. The background distribution can be estimated in these regions,
and extrapolated into the region of primary interest using transfer learning
with a multivariate classifier. We build upon this existing approach in two
ways. First, we revisit this method by developing a powerful new classifier
architecture tailored to collider data. Second, we develop a new method for
background estimation, based on the optimal transport problem, which relies
on modeling assumptions distinct from earlier work. These two methods can
serve as cross-checks for each other in particle physics analyses, due to the
complementarity of their underlying assumptions. We compare their perfor-
mance on simulated double Higgs boson data.

1. Introduction. The Standard Model (SM) of particle physics is a theory describing the
interactions between elementary particles—the building blocks of matter. One key compo-
nent of the SM is the presumed existence of a quantum field responsible for generating mass
in certain elementary particles. This field is known as the Higgs field, originally theorized
by Higgs (1964), Englert and Brout (1964). Excitations of the Higgs field produce particles,
known as Higgs bosons, which were the subject of an intensive search by experimental par-
ticle physicists ever since the mid 1970s. In July 2012, two independent experiments at the
Large Hadron Collider (LHC) at CERN (the European Organization for Nuclear Research)
announced the observation of a new particle consistent with the SM Higgs boson (ATLAS,
2012; CMS, 2012). Having discovered this Higgs-like particle, current work is concerned
with detailed studies of its properties, in order to confirm or refute those predicted by the
SM. One such property is the so-called Higgs boson self-coupling, whereby a single exci-
tation of the Higgs field can split into two Higgs bosons without intermediate interactions

MSC2020 subject classifications: Primary 62P35; secondary 62G05,62M45,62M09.
Keywords and phrases: High Energy Physics, Large Hadron Collider, Optimal Transport Map, Wasserstein

Distance, Domain Adaptation, Transfer Learning, Residual Neural Network.
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Synthetic Datasets: Event Mixing
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   - Proxy for 4b background

   - 15× larger than 4b dataset



Systematics with Mixed Data
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Consider three sources of potential systematic uncertainty


   Variance: Arises from multi-variate classifier fit finite dataset CR


   Bias: Assumption that density ratio measured in CR is same as SR


   Spurious Signal Can misspecification of the background model

                                             look like a signal under the null hypothesis ?

                                               (See backup)

Assumptions rigorously defined for stats audience: arXiv:2208.02807

https://arxiv.org/abs/2208.02807
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Data-driven background ubiquitous in particle physics


Require assumptions w/large hard-to-quantify systematic uncertainties


Synthetic datasets can provide more principled assessment of systematics 

    Believe synthetic datasets will be increasing important in future


Case study in search for HH→4b more details:  arXiv:2403.20241


Believe concept can be generalized beyond HH and high-energy physics 


Future directions:

   - Reduce variance by k-folding

   - Correct bias, take smaller uncertainty

   - Larger higher fidelity synthetic datasets

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-011/index.html
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