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Constraints on the Higgs boson trilinear self-coupling modifier x, and non-
SM HHVYV coupling strength «,, are set by combining di-Higgs boson anal-
yses using bbbb, bbt*t~ and bbyy decay channels. The data used in these
analyses were recorded by the ATLAS detector at the Large Hadron Collider
in proton—proton collisions at /s = 13 TeV and corresponding to an integrated
luminosity of 126139 fb~'. The combination of the di-Higgs analyses sets
an upper limit of signal strength ypy < 2.4 at 95% confidence level on the
di-Higgs production and constraints for «, between -0.6 and 6.6. The obtained
confidence interval for x,y coupling modifier are [0.1,2.0] . The High Lumi-
nosity Large Hadron Collider prospects have been considered as well. The
expected signal strength is 0.55 and «, between 0.0 and 2.5 for the baseline
scenario.
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1 Introduction

The discovery of the Higgs boson by ATLAS [1] and CMS [2] experiments at the CERN
Large Hadron Collider [3] opened opportunities to measure the boson’s properties and test
new hypotheses. In the Standard Model [4, 5, 6] Higgs boson potential [7, 8] provides spon-
taneous electroweak symmetry breaking that gives rise to its self-interactions. The Higgs
boson self-interactions can be described among others by trilinear self-coupling Ayyy that
can be predicted at lowest order from Fermi constant G [9] and the Higgs mass my ex-
pressed by equation (1).

Aynn = N (1)

The validity of the SM in the Higgs sector can be tested using the ‘kappa framework’ [10,
11], in which a coupling modifier «,, is defined as the ratio of the coupling strength be-
tween the particle m and Higgs boson to its SM value. The deviation of «,, from unity
would indicate physics processes beyond SM. For di-Higgs production «,, k;, ky and kv
are considered. The «y and «, describe modifying the SM Higgs boson coupling to W or Z
bosons and up-type quarks, respectively. The «,y is related to the VVHH interaction vertex.
The «, coupling modifiers can be measured in the gluon-gluon fusion process (ggF HH) and
vector boson fusion (VBF). The «ky and «,y can be measured in the VBF processes, ky =
0 in the SM. At the LHC, Higgs boson pair-production is dominated by ggF processes and
the overall cross-section in the SM is O'Eg]‘fp(pp — HH) =31.0"2) fb at /s = 13 TeV [18].
The second largest Higgs pair-production process at LHC is VBF with o3, = 1.72 + 0.04
fb at /s = 13 TeV [12, 13]. Figure 1 represents leading order diagrams of the ggF and
VBF production processes at the LHC featuring coupling modifiers described above.
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production, diagram (a) is proportional
to the square of the top-quark Yukawa coupling, while diagram (b) is proportional to the product of the top-quark Yukawa coupling and
the Higgs boson self-coupling. For VBF production, diagram (c) and diagram (d) are proportional to the interactions «y and oy between
two vectors bosons and two Higgs bosons [17].



2 Higgs boson pair production in ATLAS

The Higgs pair-production is measured in different decay channels, but in this note, only the
most sensitive channels bbbb, bbyy and bbrt [14, 15, 16] and their combination [17] will
be discussed. Analysis-specific details can be found in the above-referenced publications.
The first measured parameter of the combined results is signal strength pyy defined as a
ratio of di-Higgs production cross-section including only ggF and VBF processes to its SM
prediction of 32.7 fb [18, 19, 20]. The expected upper limit of uyy is 2.9. The observed
upper limit in the absence of HH production, at 95% CL, is 2.4. The best-fit value obtained
from the fit to the data puyy=-0.7 =+ 1.3. is compatible with the SM prediction of unity,
with p-value of 0.2. The obtained limits of uyy for each particular channel entering the
combination and the results of the combination itself are shown in Figure 2 Figure 1.
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Figure 2: Observed and expected 95% CL upper limits on the signal strength for di-Higgs production from the bbbb, bbt*t~ and bbyy
decay channels, and their statistical combination. The value my = 125.09 GeV is assumed when deriving the predicted SM cross-
section. The expected limit and the corresponding error bands are derived assuming the absence of the HH process and with all nuisance
parameters profiled to the observed data [17].

The combination constraints for x, and «,y coupling modifiers, related to VVHH in-
teraction vertex, are shown in Figure 3. Presented limits for «; and «,y are obtained by
using the values of the test statistic as a function of «, in the asymptotic approximation
and including the theoretical uncertainty of the cross-section predictions. The obtained
confidence interval for «, in each discussed analysis are collected in Table 1, and the com-
bination constrain at 95% CL are -0.6 < k, < 6.6 (observed) and -2.1 < k; <7.8 (expected).
The «,y coupling modifier for each mentioned channel and their combination have been ob-
tained by fixing all other couplings modifiers to unity and with the expected value derived
from the SM hypothesis. The expected and observed at 95% CL combined constraint for
kyy are 0.0 < koy < 2.1 and 0.1 < ky < 2.0, respectively. Table 1 includes «,y constraints
for each channel under combination.
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Figure 3: Observed and expected 95% CL exclusion limits on the production cross-sections of (a) the combined ggF HH and VBF
HH processes as a function of x, and (b) the VBF HH process as a function of «yy, for the three di-Higgs search channels and their
combination. The expected limits assume no HH production or no VBF HH production, respectively. The red line shows (a) the theory
prediction for the combined ggF HH and VBF HH cross-section as a function of x; where all parameters and couplings are set to their
SM values except for «,, and (b) the predicted VBF HH cross-section as a function of «2y. The bands surrounding the red cross-section
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lines indicate the theoretical uncertainty band in (b) is smaller than the width of the plotted line [17].

Kav

bbbb bbrr bbyy combination
Observed 95% CL | -33<k; <114 | 27<Kk <95 | -14<k; <65 | -0.6<ky <6.6
Expected 95% CL | 52 <k; <116 | 3.1 <k <102 | -32<k; <81 | 2.1<k <78
Obs. value Ky = 6.23:9 Ky = 1.53:? Ky = 2.83:2 Ky = 3.13:3
Observed 95% CL | 0.0 <kpy <2.1 | -0.6 <kyy <2.7 | -0.8 <Ky <3.0 | 0.1 <Koy <2.0
Expected 95% CL | -0.0 < kpy < 2.1 05<ky <27 | -16<ky <37 | 00<ky<2.1
Obs. value Koy = 1.0*07 Koy = 1.5797 Koy = 11710 Koy = 1.1*9¢

Table 1: Summary of k3 and k2 observed and expected constraints and corresponding observed best-fit values with their uncertainties
for the HH — bbbb, HH — bbtt, HH — bbyy, analyses and for the di-Higgs combination. Limits are obtained using the test statistic
(-2 InA) in the asymptotic approximation. The expected constraints are derived under the SM assumption. All other coupling modifiers

are fixed to the SM value.




3 Prospects of double Higgs production at the HL-LHC

The High Luminosity LHC (HL-LHC) is expected to start in 2029. During the HL-LHC
operation it is expected to obtain a total integrated luminosity of 3000 fb~! at a center of
mass energy+/s = 14 TeV. The expected total number of the collected data is significantly
larger than the collected data during the LHC Run-2 offers great conditions to measure the
Higgs trilinear self-coupling. The prospects of the di-Higgs production at HL-LHC were
obtained by scaling full Run-2 distributions and considering multiple scenarios of system-
atic uncertainties [21]. The scale factors are applied to take into account the integrated
luminosity and increase of center-of-mass energy. Four cases of future uncertainties are
considered:

e Only statistical uncertainties are considered (No syst. unc).

e A baseline scenario where the relevant systematic uncertainties were scaled down
with respect to expected HL-LHC data delivered [22]. The data-driven background
uncertainties are also reduced according to the integrated luminosity. This relies
on a 50% reduction of the bootstrap uncertainty at the HL-LHC, while the shape
uncertainty is assumed to be identical to Run-2.

e A scenario where experimental uncertainties from Run-2 are unchanged and theoret-
ical uncertainties associated with HH signal are halved (Theoretical unc. halved).

e The experimental uncertainties from Run-2 are left unchanged (Run-2 syst. unc).

Figure 4 represents the result of the prospect studies. The signal strength for the baseline
scenario at 95% CL is 0.55. The constraint on k, in the same scenario is within the range
from 0.0 to 2.5. The results for the rest of the scenarios and more details about discussed
prospects are in the note [21].

4 Conclusions

The double Higgs production searches offer a unique opportunity to investigate the mech-
anism of electroweak symmetry-breaking. The measurement of Ayyy is challenging due
to very small cross-sections of the di-Higgs production processes. Constraints are set on
the signal strength ¢ as well as on k, and k,y. Obtained limits scope for each considered
channel are wide, but by the combination of all channels, the constraints have been limited
to 0.1 < kpy < 2.0 and -0.6 < k,; < 6.6. The di-Higgs searches are also a good probe for
beyond Standard Model heavy resonance searches [23, 24, 25]. The ATLAS experiment is
in the Run-3 phase, where it is expected to collect two times more data than during Run-2
and finally reach LHC runs with high luminosity. That significant amount of data will offer
spectacular results in the mentioned channels and even more, so please stay tuned.
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Figure 4: Projected 95% CL upper limits on the signal strength (a) and negative log-profile-likelihood as a function of «, evaluated on
Asimov datasets constructed under the SM hypothesis of x; = 1 (b), combining the bbbb, bbyy and bbrt channels at 3000 fb~! and /s
= 14 TeV for four uncertainty scenarios described in the text. The limits are derived assuming no HH production.
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