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ATLAS detector.
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1. Introduction

After the discovery of the Higgs boson by the ATLAS [1, 2] and CMS Collaborations [3, 4] at the
Large Hadron Collider (LHC), the measurement of its properties has become of major importance
for the physics program of the LHC experiments in order to verify their compatibility with the
prediction of the Standard Model (SM) of particle physics. One of the most important features of
the Higgs boson is its self-interaction, characterised by the trilinear self-coupling Ay g 7 , and related
to the shape of the Higgs potential [5—7]. This property influences the SM prediction of the non-
resonant Higgs boson pair (HH) production cross-section. The observation of this process will be
able to test the SM description of the Englert-Brout-Higgs mechanism and provide a measurement

of the Higgs boson self-coupling value. Results on Higgs boson self-coupling are usually expressed

SM
HHH"

sensitive to the Higgs boson self-coupling starting at the lowest order in perturbation theory. In

using the kappa-framework coupling modifier ky = Aggp /A4 HH production is directly
the SM, the gluon-gluon fusion process (ggF HH) accounts for more than 90% of the pp — HH
cross-section, while the second most abundant process is the VBF HH production, accounting for
only 5% of the total HH production. Feynman diagram examples of these two production modes
are shown in Figure 1, where the coupling modifiers accessible via each diagram are highlighted.
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production for ggF mode
(a,b), and VBF mode (c.d,e). The Higgs coupling modifiers are also shown for the HHVV («x2v ), HVV (xv),
Higgs self-coupling («,), and top quark Yukawa coupling modifier (x;). [20].

Single-Higgs processes are indirectly sensitive to k, via next-to-leading-order (NLO) electroweak
(EW) corrections. A universal correction of O(Kﬁ) is possible through Higgs loops, as visible from
Figure 2(a), while linear corrections of the order of O(k,) are process and kinematic dependent,
as visible from Figure 2(b,c,d,e). As a result, production cross sections and branching ratios vary
as a function of «x, [8, 9], and precise measurements of inclusive and differential single-Higgs
production cross sections and decays provide indirect constraints on « ;.

In this work the combination of the three most sensitive double-Higgs decay channels, bbyy [10],
bbrt [11], and bbbb [12], using the dataset collected by ATLAS at /s = 13 TeV between 2015 and
2018, corresponding to an integrated luminosity of 126-139 fb~!, is reported. This combination is
used to set constraints on the HH production cross-section and on «,. More stringent constraints
on k, are also reported, from the combination of HH results with the combination of recent
single-Higgs analyses in the yy, ZZ*, 7%=, WW*, and bb [13-19] decay channels at ATLAS. The
single-Higgs measurements of the simplified template cross-sections (STXS) and the HH results
have been parameterised to take into account the impact of «, and the other coupling modifiers.
This combination allows to measure k,, relaxing the assumptions on the Higgs boson interactions
with the other SM particles, thus obtaining a less model dependent result.
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Figure 2: Examples of one loop «,-dependent diagrams for the Higgs boson self-energy (a) and the single-
Higgs production in the ggF (b), VBF (¢), VH (d), and 7tH (e) modes [20].

2. Statistical model

The parameterisation of ggF HH production is provided generating the signal samples at different
values of «,, and for the VBF production also ky and 2y . The inclusive production cross-sections,
decay branching ratios and differential cross-sections are exploited to increase the sensitivity of the
single-Higgs analyses to «,; and the other coupling modifiers «,,. The differential information of
single-Higgs analyses is encoded in the STXS framework, with a signal yield in a specific decay
channel and STXS bin being proportional to:

signal

n o (K Km) o wi (K, km) Xy (kas km) X osmi X BRsm,p X (8 X Ay g (H

where y; and py describe respectively the multiplicative corrections of the expected SM Higgs
boson production cross-sections in an STXS bin (ospm,;) and each decay-channel branching ratio
(BRswm, 1), as a function of the values of k; and k,,. The (¢ X A); s coeflicients take into account the
analysis efficiency times acceptance in each production and decay mode. The results are obtained
from a likelihood function, with the systematic uncertainties and background parameters that are
constrained by sidebands or control regions in data treated as nuisance parameters. The global
likelihood function is obtained as the product of the likelihoods of each input analysis, which are
products of likelihoods computed in the single analysis categories as well. The results presented
here are based on the profile likelihood ratio test statistic A, and 68% as well as 95% confidence level
(CL) intervals are derived in the asymptotic approximation. The detailed discussion of the sources of
systematic uncertainty implemented in the individual analyses is described in Ref. [10-19], and the
correlation model adopted for the systematic uncertainties within the single-Higgs combination is
described in detail in Ref. [21]. The additional correlation of systematic uncertainties between HH
analyses and between the single-Higgs and H H combination has been investigated and implemented,
and are described in detail in Ref. [20].

3. Double-Higgs analyses combination results

The double-Higgs boson analyses are combined in order to extract constraints on the production
cross-section and on the Higgs-boson self-coupling. The value of the signal strength w5, defined
as the HH cross-section, only including the ggF HH and VBF HH processes, normalised to its
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SM prediction, is determined. This combination yields an observed (expected) upper limit on g g
of 2.4 (2.9) at 95% CL assuming no HH production. The limits on the ygy g obtained from the
individual channels and their combination are shown in Figure 3(a). The best fit value obtained
from the fit to the data is ugy = —0.73 £ 1.25, which is compatible with the SM prediction of
unity with a p-value of 0.2. The observed (expected) limit can be translated into an upper limit
on o(pp — HH) of 73 fb (85 fb) at 95% CL, assuming no HH production. The cross-section
limit as a function of «, is shown in Figure 3(b), exhibiting a strong dependence of the HH signal
acceptance on k. The combined HH channels are also sensitive to the VBF HH process and to
the HHVV quartic interaction, and the 95% CL observed VBF HH cross-section upper limit as a
function of «;y is shown in Figure 3(c).

- —_ e — xS B s B L
- — <) F ER F - — ool 1
ATLAS Preliminary 2:::;::]:221 £ | ATLAS Preliminary — omsenedimi@swcy | = [ ATLAS Preliminary e oo o)
= Expected limit (95% OL) = | . - A CL)
VS=13TeV, 126—139 fb~! (k4 =0 hypothesis) T | vs-mTevizs—memt == gGIONY 1 T [ Ys=18Tev, 12613910 (=0 hypothesis)
oS, vee(HH) =327 fo B Expected limit +10 T 0%} HH-bbT*T" +bbyy+bbbb  E= Expected it +10 i I 10 E HH-bDT* T~ +bbyy+bbbb == Expected imit +10 E
[0 Expected limit +20 5 E [0 Expected limit +20 3 ® F 30 Expected limit +20
> BE== Theory prediction > BE=E Theory prediction
Obs.  Exp. 3 4 SM prediction N \, % SMprediction
8 s 102k~ — Y\
bbyyf 42 57 o 10 E_
bb*To * 47039 | ee—— ;
10'E
i . 2 3 N
_ 10 E — bbyy
bbb~ 54 81 F — bbrtee — bbrtTo
. . — bbbb r — bbbb
Combined|~ * B 29 10! L | T Gombined 100 O
| L L L L =10 -5 0 5 10 15 -2 -1 0 1 2 3
5 70 15 20 25 3
95% CL upper limit on HH signal strength Ly Kz Koy
(a) (b) (©
- T —— < 10—
o [ ATLAS Preliminary — bbbb c [ ATLAS Preliminary — bbbb ]
~ [ vs=13TeV, 126—139 ib-! — bbrtT- ] ~ [ vs=13TeV,126—139 o' — bbt*t- |
I gl HH-bbt*T~ + bbyy+ bbbb bbyy I g HH-bbT* T~ +bbyy+bbbb — bbyy
[ Observed —— Combined | [ Observed —— Combined |
t Combined: 1 + Combined:
6 68%: K € [1.0,5.0] - 6 68%: Koy € [0.5,1.7) -
[ 95%: k), € [-0.6,6.6] ] [ 95%: Kay € [0.1,2.0]
4 / 95% 4 o
2r- — 2+ -
0 L C’ n L
-5 0 5 10 15 =2 -1 0 1 2 3 4
K Kav
(d) (e)

Figure 3: Observed and expected 95% CL upper limits on pg i from the three double-Higgs search channels,
and their combination (a). Observed and expected 95% CL exclusion limits on the production cross-sections
of (b) the combined ggF HH and VBF HH as a function of x,; and (c) the VBF HH process as a function of
Koy , for the three HH search channels and their combination. The expected limits assume no HH production
(a,b) or no VBF HH production (c). The red line shows the theory prediction for (b) the combined ggF HH
and VBF HH cross-section as a function of «,, and (c) the VBF HH cross-section as a function of k»y , with
the surrounding band indicating the theoretical uncertainty on the predicted cross-section. Observed value
of the test statistic (—2 In A), as a function of the «, (d), and kv (e) parameter for the three HH search
channels and their combination, where all other coupling modifiers are fixed to their SM value [20].

Constraints on the coupling modifiers are obtained by using the values of the test statistic —2 In A
as a function of k, and k,y, shown in Figure 3(d,e), in the asymptotic approximation and including
the theoretical uncertainty on the cross-section predictions. The observed (expected) constraints at
95% CL are —0.6 < k3 < 6.6 (-2.1 < k3 < 7.8),and 0.1 < kv < 2.0 (0.0 < kay < 2.1), with the
expected values derived under the SM hypothesis.
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4. Single- and double-Higgs analyses combination results

The HH and single-Higgs analyses are combined to derive constraints on ;. Several fits to data
are performed with different assumptions on the Higgs coupling modifiers, summarised in Table 1.
Considering only possible deviations from the SM of x, and assuming that all other Higgs boson
interactions proceed as predicted by the SM, the observed values of the test statistic =2 In A as a
function of «, are obtained and shown in Figure 4(a) for the single-Higgs, HH analyses, and their
combination. The combined observed (expected) constraints obtained under this hypothesis are
-0.4 < k3 <63 (-1.9 < k4 < 7.5) at 95% CL. The addition of the single-Higgs analyses gives
the possibility to relax assumptions on the coupling modifiers to other SM particles. Removing the
assumption on the coupling modifier «, between the Higgs and the top quark, and allowing it to
float freely in the fit, allows to obtain the two dimensional contours of the test statistic in the x — «;
plane. These contour plots are shown in Figure 4(b,c), fixing all the other coupling modifiers to
unity. Thanks to the strong constraints on «; from single-Higgs measurements visible in the contour
plots, the constraints on «,; obtained from a fit with a free floating value of «, are similar to those
obtained with its value fixed to unity, as reported in Table 1.
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Figure 4: Observed value of the test statistic (=2 In A) as a function of k, (a), and observed (b) and expected
(c) constraints in the «, — «; plane, from single-Higgs (blue), HH (red) and their combination (black). The
combined result for the generic model is also shown in (a) (green curve) [20].

Combination assumption Obs. 95% CL Exp. 95% CL Obs. valuefll(‘;
H H combination -0.6 < k4 < 6.6 21<k1 <78 Kq = 3.]“:1213
Single-H combination -4.0 < k3 < 10.3 52 <Ky <11.5 Ky = 2.51‘;2
H H +Single-H combination -04 <Ky <63 -19<k1 <76 Ky = 3.0f11~§
H H +Single-H combination, ; floating -0.4 <Ky <6.3 -1.9<ky<7.6 Ky = 3_0’:11-_5;
H H +Single-H combination, k;, Ky , Kp, kK floating -1.4 <ky <6.1 —22<ky1 <77 Ky = 2.3f%:2)

Table 1: Summary of «, observed and expected constraints and corresponding observed best fit values with
their uncertainties for different combination assumptions [20].

The most generic model allows all coupling modifiers implemented in this parameterisation, « 4,
K¢, Kp, K7, and ky, to freely float in the fit, with the exception of «,y that is fixed to unity, since
there is no available parameterisation of single-Higgs NLO EW correction as a function of this
coupling modifier. In this combination, an observed (expected) exclusion of —1.3 < «,; < 6.1
(=2.1 < ky < 7.6) is obtained at 95% CL in this less model-dependent fit. The post-fit values of all
the other coupling modifiers are in agreement with the SM prediction within uncertainties.
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5. Conclusions

The single-Higgs and double-Higgs boson analyses based on the full Run 2 LHC dataset collected
with the ATLAS detector have been combined to investigate the Higgs boson self-interaction. Using
the three most sensitive HH channels, bl_)yy, bbtt, and bbbb, an observed (expected) upper limit
of 2.4 (2.9) at 95% CL has been set on the HH signal strength, defined as the sum of the ggF
HH and VBF HH production cross-sections normalised to its SM prediction. A constraint of
—0.6 < k3 < 6.6 at 95% CL on the Higgs boson self-coupling modifier has been set, assuming that
the other Higgs boson interactions are as predicted by the SM. In addition, thanks to the sensitivity
of the VBF HH process, a constraint of 0.1 < oy < 2.0 at 95% CL on the kv coupling modifier
has been derived. The HH channels results have been combined with the single-Higgs boson
cross-section measurements from the yy, ZZ*, v*r~, WW*, and bb decay channels, to derive
less model dependent constraints on k. Using this combination and assuming that «, is the only
source of physics beyond the SM, an observed (expected) exclusion limit of —0.4 < x;, < 6.3
(1.9 < k4 < 7.5) at 95% CL has been set. A less model-dependent result is obtained relaxing
the assumptions on the other coupling modifiers, «;, «p, k¢, and ky, with an observed (expected)
constraint of —1.3 < x; < 6.1 (2.1 < kx4 < 7.6) at 95% CL. To date, this study provides the most
stringent constraints on the Higgs boson self-interactions.
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