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trilinear Higgs self-coupling
accessible

Swmall cross sectlon

Difficult to measure
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trilinear Higgs self-coupling
accessible
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Swmall cross sectlon

Difficult to measure

Rest of the talk: gluon fuston
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other processes can also be promising
[Dolan, Englert, Gqreiwner, Nordstrom, Spavw»owsleg, 15,
Englert, Krauss, Spa wwowlre,sgj, Thompson 14, Novrolstrom,
Papaefstathiow 18, Bishara, Rojo, Contino 16, Arganda,
Garcia-Garcia, Hervero 18, ...1



BSM L HH

* A Higgs pair can be resonantly produced

¢ Nown-resonant proaluotiow:

Y Probes Higgs non-lineartties

% Probes the trilinear Higgs self-coupling
% New particles in the loop

Y Probes Light quark Yukawa ooupLngs
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Resonant Ht prod uwetlon



Resonant Higgs pair production
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Typieal signal tn multi-Higgs models where the new Higgs is not too heavy.

E.g. singlet model, 2HPM, NMSSM, ...

pp—hh (Singlet Model), VS=13 TeV
tanf=0.5, c0s6=0.96, u=M,  , CT12NLO PDFs
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Higgs non-Linearities and EFT



Nown-resonant H prooluctlow
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Effective Theory for Ht
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Effective Theory for Ht
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HEFT

SMEFT

ORRORBNCORNC

di-Higgs is THE place to
probe differences

Ln one or two Higgs
couplings

NLO results avatilable

[Buchalla et al '18; Helnrich et al '20]

many more couplings
only Ln H:
degeneracies?

UV models that don't
Linearise to SMEFT?

contains dipole operator (which bg poOWer
counting Ls expected to be of higher order
though)

Combination with single Higgs fits
stmpler



Trilinear Higos seLf—coupLiwg



Trilinear oovq:Liwg

owne of the primary goals of the HL-LHC

Probes the Higgs boson potential V=-p¢"6+X¢'9)° co=e
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owne of the primary goals of the HL-LHC

Probes the Higgs boson potential

strong 1st order ew phase transition
usually predicts modified trilinear
Higgs self-coupling

nightmare scenario: scalar stnglet

[Curtin, Meadle, Yu 15]

target for trilinear
Higgs self-
coupling: 20-30 %

e, Yu 15]




Trilinear coupling: tnterplay with Single Hggs

Trilinear Higgs self-coupling enters via electroweak Loops to single Higgs production

g : - [McCullough 14, Gorbahwn,
TN H Haisch ‘16, Degrasst,
' \ "o - o Glardino, Maltont, Pagant
- g 16, Blzow, Gorbahw,
7 Haisch Zawnderight ‘161

Global fit necessary, including H and differential measurements to resolve

degeneracies
[DL Vvita, Grojean, Panico,
rRimbaw, vantalon 17,
Maltont, Pagant, shivaji,
Zhao 1£]
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Trilinear Higgs self-coupling enters via electroweak Loops to single Higgs production
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But is it enough to tnclude the tree-Level operators tnto the global fit?

€.9. poorly constrained four-fermion operators

t ) I enter at NLO to single Higgs production anol
decay
[work tn progress with L. Alasfar and ). e Blas]
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New pa rticles L the Loop



Vector-like quarks or colored scalars contribute to the gluon fuston Loop

Difficult to get sizeable effects (where the EFT is not applicable) given exclusion limits on
coloured new particles

Model with scalar Leptoquarks

[Pa Rold, Epele, Medina, Mtleo, Szywkman ‘217
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Light quark Yukawa couplings



HL-LHC prospects for measurement of 1st and 2nd generation gquark Yukawa couplings

— SM
£ yq/yq [de Blas, Cepeda, d’Howdt et al '19]
|lx,| <570, |x;| £270, |k | <13, |k |<L1.2

global fit, not completely moch—LwdepewdeWc

Alternative ways:
’ ’ ’ ’ ’ ’ /) s [ELSM“V“ Hal:SGl/l, MOV\/V\/L,
* Higgs Rinematies: Higgs +|et transverse momentum distribution ., . Soreq, Zhu,

* Higgs decays to photon and vector mesons i e

[Bodwin, Pietrello, Stoywnev, velaseo 13; Kagaw,
Perez, Pietrello, Soreq, Stoynev, Zupan '14; Alte, Kinig,
Neubert 16, ATLAS 1712 .02F58, CMS 2007#.05122]

* Charm tagging (strange tagging at Leptow colliders)

[Perez, Soreq, Stamow, Tobloka "15;
BriViO, Goertz, Istdort 1.5;
ATLAS 1802.04329, CMS 1912.01662;
Duarte-campderros, Perez, Schlaffer, Soffer 1;
. , . , Nakat, sShih, Thomas '20]
* Assoclate Higgs productww with pho’cow LAquilar-Saavedra, Cano, No '20]

* Tri-Boson [Falkowski et al '20]

* DL-Hggs prod wetion [Alasfar, Corral Lopez, RG 191



Ly D - )’ZQZLCIEM{Q - )’Z?Qiqba’lj2 +h.c.

At dim-6 Level the Higgs couplings to fermions are modified by the operator

u d
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Higgs pair production in SM, gluow fusion dominated by heavy quark Loops
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contribution most tmportant for 1st generation (given the coupling Limits)



Distribution tn tnvariant Higgs pair mass
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Rinematical distributions different?
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how can we get maximal tnformation?
several EFT operators to constratmn...



Interpretable

Attribution of variable .
variables

INPUT BLABK BUX importance

THE BLACK BOX IS AN ALGORITHIM
THAT TAKES DATA AND TURNS IT INTO
SOMETHING. THE ISSUE IS THAT
BLACK BOXES OFTEN FIND PATTERNS
WITHOUT BEING ABLE TO EXPAIN
THEIR METHODOLOGY.

Interpretable
Machine Learning

</21%//> </42%//>

("OBJECTTEXT | {'OBJECTTEXT »
> (HEAD()] UUTPUT

Interpretable
models

[thanks to A. Paul for the figures]

Shapley value borrowed from gawe theory, assign an tmportance to the various kinematic
variables



twterpretabLe Machine Leaw\iwg

[LAlasfar, RS, Grojean, Paul, Rlan, tn preparation]
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Shapley value assigns tmportance to the various Rinematic variables
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Results light Yukawa wodifications
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Bounds on K, very comparable to global fit
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n Bi-Higgs production can discover a Lot of new exciting phystes

multi-Higgs models can lead to striking new resonant signals

Higgs nown -linearities: Is SMEFT/HEFT right EFT description?

for trilinear Higgs self-coupling extraction also single Higgs can help, but
need to account for more operators entering at NLO

Higgs production provides also a handle on the poorly constrained light quark
Yukawa couplings



n Bi-Higgs production can discover a Lot of new exciting phystes

multi-Higgs models can lead to striking new resonant signals

Higgs nown -linearities: Is SMEFT/HEFT right EFT description?

for trilinear Higgs self-coupling extraction also single Higgs can help, but
need to account for more operators entering at NLO

Higgs production provides also a handle on the poorly constrained light quark
Yukawa couplings

Thanks for Your attention!
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Typieal signal in multi-Higgs models where the new Higgs ts not too heavy.

E.g. singlet model, 2HPM, NMSSM,

nterference with SM-Like triangle and box important?

Classification of interferences
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