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Content of this talk

* HH, HHH production at LHC focusing in VBF (LO HEFT)

2407.20706, Anisha, Domenech, Englert, Herrero, Morales
We study VVH (a = k), VVHH (b = k,,) and

VVHHH (c) effective Higgs couplings to gauge
bosons (V=W,Z)

* HH and HHH production at LHC focusing in ggF (NLO HEFT)

2405.05385, Anisha, Domenech, Englert, Herrero, Morales

We study HHH (x; = «;) and HHHH (x,) effective
Higgs self-couplings and NLO (a)) coefficients



Focus: multiple Higgs production at the LHC

Vector Boson Fusion Gluon Fusion
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Dominant signal, main source of

Less statistics, but very characteristic signal , , ,
Y 2 info about Higgs self-couplings

with two opposed forward jets. Gives info on
vector boson couplings to H.

Higgs coupling correlated in the SM, what about BSM? EFTs provide a model-independent analysis.
HEFT is the right tool in this case: uncorrelated couplings coming from H being a singlet, clear

connection to k-formalism.



LO-HEFT Higgs anomalous couplings: a, b, ¢, k3, Kj-..
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Notice: Only boson HEFT, fermions as in SM

NIATLAS, Phys. Rev. D 101 (2020) [1909.02845]

Anomalous couplings: parameterize possible BSM effects in LO-HEFT
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WW —>HH gives access to a, b, k; (LO-HEFT)
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kappa-parameterization gives gauge invariant scattering

Same for ZZ—~HH amplitudes within HEFT: k, = a , i, = b, kK3 = K

WW-—>HH gives relevant access to a, b and «;



WW - HHH gives also access to x, and ¢

ldem ZZ—>HH
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Less available phase space = smaller cross sections than for WW—HH, but still possible access to large BSM couplings

Verysmall SM(a=b=Kx; =K, =1,

¢ = 0) rate:

>M(pp — HHHjj) (14 TeV) ~ 10~/ pb



a, b and k; in EW HH / HHH production at LHC

® Qur study within HEFT includes intermediate EW gauge bosons. 2407.20706, Anisha, Domenech, Englert, Herrero, Morales

® Other studies within HEFT used the ET approx. where W, Z; are substituted by GBs w™, w,, (pure scalar theory) (e.g. 2204.01763, 2311.04280)
® Notice that we include all EW diagrams, not only the VBF ones (au simulations with Mas and VEENLO)
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The effects of c are domlnant In HHH productlon

= HHH production for a, b, k; and «, vs Ca
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Even conservative values of ¢ = 1.5
produce xs larger than 3 fb

(SM ref value is 10~ fb)

Most important message: values of c
different from O produce large
deviations in the HHH production cross

section
1.0 1.5 a and b still play a relevant role, but «;
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|ao(W W - HH)|

do/dMyny (fb/GeV) * 125 GeV

2407.20706, Anisha, Domenech, Englert, Herrero, Morales
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Unitarity i1s a limiting factor in EW HHH production
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Correlations: the role of ¢ — b in pp > HH] — bl_?}/}/ji

Cepeda, Domenech, Garcia-Mir, Herrero (Work in progress)
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Different correlations predicted in several examples: (¢ = 1 — Aa,b =1 — Ab)

2HDM (close to alignment): Ab = — 2Aa (2307.15693)

SMEFT (order 6): Ab =4Aa  (2208.05452) (2204.01763)
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Including EW radiative corrections within bosonic-HEFT

* Developed a practical program to include one-loop HEFT radiative corrections via insertions of 1PI’s
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1Pl HHH one-loop diagrams
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Several examples: 2005.03537 and 2208.09334 (H decays),
2107.07890 (WZ to W2),
2208.09334 (WW to HH) 2405.05385 (gg to HH, gg to HHH)
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Size of the EW corrections in g¢ - HH and in g¢ - HHH

Corrections at LHC (13 TeV) cross sections 2405.05385, Anisha, Domenech, Englert, Herrero, Morales

Most important message:
(EW) radiative corrections within NLO-HEFT change
the sensitivity to x; and k, in HH and HHH
production at the LHC

o1 (HH)
O.HEFT (HH)

The most relevant change is in k;

For 3<0, we find relevant
enhancements in the NLO/LO prediction
o(HH) of ~ 10%
and in

o(HHH) of ~ 30% ( ~ 80 % if NLO?)

O'HEFT(HHH)
aieé(HHH)

Also large changes in k,

For x,>0, we find relevant
reductions in the NLO/LO prediction

"SMHH ) = " (HH ) =17.40fb;" 2M(HHH ) = " (HHH ) = 0.041fb o(HHH) of ~ 50 %

ALl stmulations done with BVFNLO

12



Large effects from NLO HEFT coefficients

2405.05385, Anisha, Domenech, Englert, Herrero, Morales
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For instance, for ay- = 0.1 and k3 = 1
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Other 2D correlation plots in 2405.05285
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Conclusions

« HEFT is the proper tool to study BSM Higgs physics, make a clear

connection to the k formalism and study Higgs effective couplings
correlations.

* VBF provides an important window to the Higgs effective couplings
to EW gauge bosons. a’—b plays an important role in HH.

e Sensitivity to HHH EW production can be greatly enhanced by H

effective couplings to EW gauge bosons. ¢ plays an important role
here.

* K5 and Kk, are accessible through ggF. The inclusion of HEFT EW

radiative corrections is important as they significantly affect the
predictions.
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Thanks for your attention



Accessibility to k; and k, in HH(H) production from ggF with
NLO HEFT

2405.05385, Anisha, Domenech, Englert, Herrero, Morales

In HH production, k, enters only through loops In HHH production, k, appears at tree level,
and plays a minimal role and its effects are more noticeable for i; > 1



Predictions of the HEFT coefficients from particular settings

Amplitude matching: identify mathematical structures within the scattering amplitudes
at low energies, up to a certain order in /\ .

Amplitudes are directly related to observables. T(WW — HH)yppr = TIWW — HH),,,, at \/E < Ayy

Example: 2HDM SM-like  Heavy masses Aa=1l-a Ab=1-b

Input parameters: v, niy;, e T 5 T Cp_gr L, My SMEFT matchlng

2 2

Results in the heavy masses expansion m > My, My, Mo, V, ... _ v _ Vv

heavy H> "W L Aa !SMEFT — 25¢D Ab !SMEFT = 25¢D
4 A A
_ 2 2
a !2HDM =S5 4 b !2HDM =1+ Ci_g [1 — 2cﬁ_a + ZCﬂ_asﬂ_acot@ﬂ)] | '
Also correlated!  |Ab! ¢ ppr = 4Aa’ o prr

l / Notice the non-decoupling effects

] ] [ [ 4
AbLyypy = = 284 ypy Correlations among coefficients give n = v [ag) n a@] 5 4 e
. . . . 4 = —
Correlated for information about possible UV theories! ANt Lo ¢ AN D

Cﬂ—a << 1

2307.15693, Arco, Domenech, Herrero, Morales.
2208.05452, Domenech, Herrero, Morales, Ramos



