PROCEEDINGS

OF SCIENCE

Probing the Higgs trilinear self-coupling via single
Higgs processes and precision physics

Giuseppe Degrassi

Dipartimento di Matematica e Fisica, Universita di Roma Tre and INFN, sezione di Roma Tre,
1-00146 Rome, Italy
E-mail: degrassi@fis.uniroma3.it

I discuss the possibility of probing an anomalous Higgs trilinear coupling indirectly, through
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different channels, the cross-section of the associate Higgs production with top quarks and the
measurement of the W mass, are presented.
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1. Introduction

One of the main goal of the present experimental research program at the Large Hadron Col-
lider (LHC) is the study of the properties of the scalar resonance discovered in 2012 [1,2]. This
study provides strong evidence that this resonance is the Higgs boson of the Standard Model (SM).
Indeed, the mass of this particle, m,; = 125.09 +0.24 GeV, fits perfectly inside the range allowed by
the Electroweak (EW) fit of precision observables, its couplings with the vector bosons are found
to be compatible with those expected from the SM within a ~ 10% uncertainty, while in the case of
the heaviest SM fermions (the top, the bottom quarks and the 7 lepton) the compatibility is achieved
with an uncertainty of ~ 15 —20%. Concerning the future, present estimates [3] indicate that at the
end of the High Luminosity (HL) LHC Run with 3000 fb~! luminosity the couplings of the Higgs
boson to the vector bosons are expected to reach a few per-cent precision while the corresponding
ones for the fermions, with the exception of the ut lepton, can reach ~ 8 — 12% precision.

The knowledge of the Higgs self interactions, i.e. of the shape of the scalar potential in the
Lagrangian, is in a completely different status. In the SM, the Higgs potential in the unitary gauge

reads
2

A
V(H) = %H%Mw%z“fﬂ (1.1)

where the Higgs mass (m,) and the trilinear (A3) and quartic (A4) interactions are linked by the
relations A;M = AJM = A = m2 /(21?), where v = (v/2G,,)~'/? is the vacuum expectation value,
and A is the coefficient of the (®'®)? interaction, & being the Higgs doublet field.

The experimental verification of these relations, that fully characterize the SM as a renormal-
izable Quantum Field Theory, relies on the measurements of processes featuring at least two Higgs
bosons in the final state. However, since the cross sections for this kind of processes are quite
small, constraining the Higgs self interaction couplings is extremely challenging. At present the
best result on Higgs pair production comes from CMS in the channel HH — bbyy were a limit at
95% C.L. on the production cross-section 19 times the SM one was obtained [4]. This result is
translated into a range of excluded values for the trilinear self-coupling, namely A3 < —8 %SM and
A3 > 15 7L3SM. Concerning the future, a ATLAS study suggests, assuming an integrated luminosity
of 3000 fb~!, that it will be possible to exclude at the LHC only values in the range A3 < —0.8 A3SM
and A3 > 7.7 7L3SM via the bbyy signatures [5]. The translation from cross section results to bounds
on A3 actually contains one assumption that can be specified as follows: “The only effect induced
by (unspecified) New Physics (NP) beyond the SM is just a modification of the Higgs trilinear
self-coupling and nothing else”. This assumption is very restrictive and probably quite unrealistic.
However, given the present experimental status and also the future perspective, one is somewhat
forced to adopt it in order to obtain a limit on A3. Concerning the quartic Higgs self-coupling A4,
its measurement via triple Higgs production seems beyond the reach of the LHC [6].

Given the present perspective on Higgs Physics one expects that at the end of the HL-LHC
program while the coupling of the Higgs to gauge fields and fermions will be known &'(3 — 10%),
A3 will be still poorly known, &'(1). This situation suggest the idea of trying to constrain the tri-
linear Higgs self coupling, obviously under some assumptions, using the information coming from
the precise measurements of single Higgs production and decay processes. This strategy, that has
to be seen as complementary to Higgs pair production studies, relies on exploiting the dependence
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of single Higgs processes upon A3 via loop effects. It was first applied to ZH production at an e e~
collider in Ref. [7] and later to Higgs production and decay modes at the LHC [8—10]. Recently it
was also applied to the case of precision observables, where the dependence upon A3 arises at the
two-loop level in the vector boson self-energies [11, 12].

2. Working framework and assumptions

In order to implement this strategy one considers a Beyond-the-Standard-Model (BSM) sce-
nario, described at low energy by the SM Lagrangian with a modified scalar potential. Further-
more it is assumed that only Higgs self couplings are affected by this modified potential while the
strength of the couplings of the Higgs to fermions and vector bosons is not going to change with
respect to its SM value. This scenario can be described by a Lagrangian of the form

N +
L, =Lsu n;cz"(cp )", P = <\k(V+H+i¢z)>7 (2.1)

where N is an unspecified integer and the coefficients ¢y, are arbitrary, namely no constraint on the
size of ¢y, is assumed. The Lagrangian %), actually differs from a standard SM Effective Field
Theory (EFT) Lagrangian

1 _
LEFT EXSM+FKD76+... (2.2)

with A the scale of NP, in two aspects: i) it does not contain all possible D=6, D=8 etc. operators;
ii) the coefficients ¢y, do not exhibit an EFT scaling, i.e. cp,42 ~ ¢2,/ A2, that is instead present in
the coefficients of the operators of different dimensionality in eq.(2.2). The latter point is important
in order to assess the range of values of A3 that the Lagrangians in eq.(2.1) and eq.(2.2) can probe.
Defining k3 = A3/AM one obtains from the two Lagrangians

212 N p2\" 2 212 12
"%M: szl—l—zmlzin;lCznn(n—l)(n—Z) <2> , LEFT - K/lzl—l—C(,miIzip—l—.... (2.3)

where the dots in the right part of eq.(2.3) represents terms suppressed by 1/A*. Eq.(2.3) tells us
that while x; obtained from .Z;; has no restriction in size, k; obtained from Zzr7 can be at most
O(+£5). Values of k) ~ +5 are not going to be experimentally probed in the near future. In this
situation a more pragmatic and less ambitious approach can be taken: use .Z}, instead of Zzrr in
order to obtain a bound on A3.

Let me state what are the “boundaries” of a similar approach. We want to probe “large”
values of k via perturbative calculations based on .%),. This implies that k; cannot be “too”
large otherwise perturbativity can be lost. In our set of observables we are just considering the
loop contributions in which the modified Higgs self-couplings appear for the first time. Then these
contributions are finite and gauge-invariant and moreover depend only upon A3. However .Z is a
not-renormalizable Lagrangian. Therefore we expect that higher-order contributions are going to
depend on A as well as on quartic, quintic etc. Higgs self-interactions. We must assume that these
contributions are under control, i.e. they are subdominant with respect to the effects we compute.
This implies that these higher-order contributions should not contain any large amplifying factor
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Figure 1: Left: x2 for different sets of observables in single Higgs processes. The two horizontal lines
represent Ay> = 1 and Ay? = 3.84. Right: corresponding p-value. The horizontal line is p = 0.05.

related to the scale A, or that A cannot be too far from the Electroweak scale. An estimate on
A can be obtained looking at perturbative unitarity in the scattering of longitudinally polarized
vector bosons and Higgses indicating that a scale of A of few TeV and values of |k | ~ 10 are
allowed [13].

3. Results

The details of the computation of the contribution to the various observables of an anomalous
Higgs trilinear coupling, and the experimental inputs used in the analysis presented below can be
found in Ref. [8] for the for Higgs production cross sections and decay modes, and in Ref. [11] for
W mass and the effective sine, m,, and sin® 9;2) .

An anomalous Higgs trilinear coupling affecting the loop corrections to an observable O will

modified the SM result according to:

0=0M[1+ (K —1)Ci + (K} — 1)C3] , (3.1)

where C; and C, are numerical coefficients. In single Higgs processes the coefficient C; is univer-
sal, coming from a diagram contributing to the wave function renormalization of the external Higgs
field, so that while partial decay widths according to eq.(3.1) have a quadratic dependence on k; ,
in branching ratios this dependence is cancelled. Instead the coefficient C; depends on the process
considered and also on the kinematic assumed.

In order to set limits on k;, a simplified x? fit can be performed. The best value of k; is taken
as the one that minimizes the x?(x; ) function defined as

(Oexp - Othe ) 2

22 (12) EZT’ (3.2)

where Oexp refers to the experimental measurement of the observable O, Oy, is its theoretical
value obtained from eq. (3.1) and § is the total uncertainty, that we take as the sum in quadrature
of the experimental and theory errors. In order to ascertain the goodness of our fit, the p-value as a
function of Kk, can be computed:

prvalue(i) = 1 = Fa (£2(k2) (33)
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Figure 2: Left: x2 obtained combining information from single Higgs processes and precision physics. The
meaning of the horizontal lines is as in fig.1.

where Fx(z ) (x*(xy)) is the cumulative distribution function for a x? distribution with n degrees of

freedom, computed at (k).

1

Limits on k3 from inclusive single Higgs processes’ are obtained using the signal strength

parameters /.Lif . These parameters are defined combining observables as:

oli)  BR(f)
o(i)SM " BRSM(f)

w = pixpl = (3.4)
where the quantities y; are the Higgs production cross section, o (i), of the i type and u/ are the
branching ratio in the f channel, BR(f), normalized to their SM values, respectively. In the fit
we taken for 7 the gluon fusion (ggF) and vector boson fusion (VBF) productions, the associated
production with W and Z bosons (WH, ZH) and t7H production, while for f the yy,ZZ,WW,bb, 1T
decay channels.

In fig.1 the result of a x2 fit to the signal strength parameters obtained using an increasing
number of production channels is presented. The most stringent bound on x; comes from gluon-
fusion and VBF data or

K’EeSt — 024, Kic = [-5.6,11.2], K)ZLG =[-9.4,17.0 3.5)

where the K'/{e“ is the best value and K/{", K/%" are respectively the 1o and 20 intervals. The 1o
and 20 intervals are identified assuming a y? distribution.

The information on k; from single Higgs processes can be combined with that coming from
precision physics. In fig.2 the result of the fit obtained considering the signal strength parameter
for single Higgs production in ggF and VBF together with the two precision observables m,, and
sin® .F is presented. One finds

KEeSt = 05’ K‘ia = [—47, 89} y K')ZLG - {_827 137] ) (36)

The comparison between the numbers in eq. (3.6) and the corresponding ones for the ggF+VBF
case, eq.(3.5), shows that the inclusion of the precision observables reduces the allowed range for

L imits on K from differential distributions are presented in Refs. [10, 14].
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k;. Similarly, looking at the solid black line in the p-value part of fig. 2, we can exclude at more
than 20 the regions k; < —13.3 and k3 > 20.0.

We conclude remarking that this range of k; obtained using information coming from loop

effects in single Higgs processes and precision physics is actually very competitive with the present

bounds obtained from the direct searches of Higgs pair production.

Acknowledgements

The results presented in this proceedings were obtained in collaboration with P.P. Giardino,

F. Maltoni, D. Pagani and M. Fedele to whom I am very grateful.

References

(1]

(2]

[9]

[10]

[11]

[12]

[13]

[14]

CMS collaboration, S. Chatrchyan et al., Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC, Phys. Lett. B716 (2012) 30-61,[1207.7235].

ATLAS collaboration, G. Aad et al., Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B716 (2012) 1-29,
[1207.7214].

Projections for measurements of Higgs boson signal strengths and coupling parameters with the
ATLAS detector at a HL-LHC, Tech. Rep. ATL-PHYS-PUB-2014-016, CERN, Geneva, Oct, 2014.

Search for Higgs boson pair production in the final state containing two photons and two bottom
quarks in proton-proton collisions at /s = 13 TeV, Tech. Rep. CMS-PAS-HIG-17-008, CERN,
Geneva, July, 2017.

Study of the double Higgs production channel H(— bb) H(— yy) with the ATLAS experiment at the
HL-LHC , Tech. Rep. ATL-PHYS-PUB-2017-001, CERN, Geneva, Jan, 2017.

T. Plehn and M. Rauch, The quartic higgs coupling at hadron colliders, Phys. Rev. D72 (2005)
053008, [hep-ph/0507321].

M. McCullough, An Indirect Model-Dependent Probe of the Higgs Self-Coupling, Phys. Rev. D90
(2014) 015001, [1312.3322].

G. Degrassi, P. P. Giardino, F. Maltoni and D. Pagani, Probing the Higgs self coupling via single
Higgs production at the LHC, JHEP 12 (2016) 080, [1607.04251].

M. Gorbahn and U. Haisch, Indirect probes of the trilinear Higgs coupling: gg — h and h — vy,
JHEP 10 (2016) 094, [1607.03773].

W. Bizon, M. Gorbahn, U. Haisch and G. Zanderighi, Constraints on the trilinear Higgs coupling
from vector boson fusion and associated Higgs production at the LHC, 1610 .05771.

G. Degrassi, M. Fedele and P. P. Giardino, Constraints on the trilinear Higgs self coupling from
precision observables, JHEP 04 (2017) 155,[1702.01737].

G. D. Kribs, A. Maier, H. Rzehak, M. Spannowsky and P. Waite, Electroweak oblique parameters as
a probe of the trilinear Higgs boson self-interaction, Phys. Rev. D95 (2017) 093004, [1702.07678].

A. Falkowski, Three slides on triple Higgs couplings, Talk given at the LHC Higgs Cross Section
Working Group, HH subgroup meeting, Geneva December 12th, 2016 .

F. Maltoni, D. Pagani, A. Shivaji and X. Zhao, Trilinear Higgs coupling determination via
single-Higgs differential measurements at the LHC, 1709.08649.


http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1103/PhysRevD.72.053008
http://dx.doi.org/10.1103/PhysRevD.72.053008
https://arxiv.org/abs/hep-ph/0507321
http://dx.doi.org/10.1103/PhysRevD.90.015001, 10.1103/PhysRevD.92.039903
http://dx.doi.org/10.1103/PhysRevD.90.015001, 10.1103/PhysRevD.92.039903
https://arxiv.org/abs/1312.3322
http://dx.doi.org/10.1007/JHEP12(2016)080
https://arxiv.org/abs/1607.04251
http://dx.doi.org/10.1007/JHEP10(2016)094
https://arxiv.org/abs/1607.03773
https://arxiv.org/abs/1610.05771
http://dx.doi.org/10.1007/JHEP04(2017)155
https://arxiv.org/abs/1702.01737
http://dx.doi.org/10.1103/PhysRevD.95.093004
https://arxiv.org/abs/1702.07678
https://arxiv.org/abs/1709.08649

