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1 Introduction

The Higgs Boson (H), a cornerstone of the SM, was discovered by the ATLAS and CMS collaborations in
2012 REF. Since its discovery, numerous measurements of the spin and couplings have been performed
REF, showing consistency with Standard Model (SM) prediction. The Higgs boson self-coupling, (g g m),
provides direct access to the shape of the Higgs potential, and its measurement is a primary physics goal of
the LHC & its forthcoming upgrade, the High Luminosity LHC (HL-LHC). Modifications to the Higgs
self-coupling can occur through physics beyond the SM (BSM), which can lead to an enhancement of the
rate of Higgs pair-production. BSM enhancements can occur through either resonant processes (X — HH)
or through non-resonant processes, with this document focusing on the latter.

1.1 Non-resonant H H production

In the SM, the dominant HH production process is gluon-gluon fusion (ggF), accounting for over 90% of
the total production rate. Two Feynman diagrams describe ggF HH production in the SM, shown in Figure
1.

g H g0 —»—@-------- H

’

Chh/z/

(a) ttH and HHH (b) ttH

Figure 1: HEFT Feynman diagrams for Higgs pair production through gluon-gluon fusion (orders 4). In SM,
Cren = cpnn = 1 and ¢ynn = cgnn = cggnn = 0.

The triangle diagram, shown in Figure 1(a), is sensitive to Ag gy . The two diagrams shown in Figure 1
interfere destructively, resulting in a HH production cross-section of 0'; é‘;’, = 31.05 fb which is around
three orders of magnitude smaller than the dominant single Higgs production process. However, anomalous
couplings in BSM scenarios can result in an enhanced HH production rate, and any observation of such an
enhancement could be evidence for BSM physics. Anomalous couplings in HH production can be probed
by parameterising the Lagrangian using an Effective Field Theory (EFT) approach, which will be described

in the subsequent section.

1.2 EFT parameterisation

This document studies the potential modifications to the Higgs self-coupling by probing

The production of Higgs pairs is described in HEFT through 5 couplings: cupnh, Cths Crthhs Cogh and Cgghh-
Where cpnn, ¢; = Kk, c111, rEpresent the coupling strengh modifiers for the Higgs self coupling and the top
yukawa coupling and therefore in the SM cppn = ¢ = 1 Whereas ¢;ipp, Cggn and cggnpn represent the
beyond the SM processes and therefore ¢;; = cggn = cggnn = 0 in the SM. The BSM Feynman diagrams
for Higgs pair production in HEFT are shown in Figure 2.
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g H H g H
ngh Chhll,’, /,’/
______ ./ -7
H . .
g H H g H
(a) ggH and HHH (b) ggHH (c) ttHH

Figure 2: HEFT Feynman diagrams for Higgs pair production through gluon-gluon fusion (orders 6). In SM,
Creh = cppn = 1 and ¢nn = conn = Cggnn = 0.

2 Data and simulation samples

- Data and MC (same as combination)

Both the bbyy and bbrt analyses use a consistent set of Monte Carlo (MC) samples, as shown in this
section. A consistent value of 125 GeV is used across the two analyses for the Higgs boson mass in the MC
simulation for both single Higgs production and pair-production.

SM non-resonant HH via ggF production was simulated using full next-to-leading order (NLO) corrections
and finite top mass effects using POWHEG-BOX v2 generator, using the PDF4LHC15_nlo_30_pdfas
parton distribution function (PDF) set. Pythia 8.244 was used for the parton shower and hadronization
simulation, utilising the NNPDF23LO PDF set and A14 tune. The simulation of the HEFT benchmark
signals is described in the next section.

In the bbyy channel, the background contribution from single Higgs production via the ggF, VBF,
associated VH, t7H, tH and bbH production processes were considered. The tH process is separated into
the s—/t—channel (tHq) and the W-channel (W H). The continuum processes yy+ijets and ¢tfyy are also
considered.

In the bbTT channel, background processes including the t7, W, V+jets, diboson processes, 7V and the
single Higgs production via the ggF, VBF, associated VH and ¢7H production processes were considered.
Fake 1 background from multijet processes is estimated using data.

A summary of the MC simulation setups used for the SM backgrounds is shown in Table 1

Process Generator PDF Showering Tune

Table 1: Summary of the simulation used for the MC backgrounds in the bbyy and bbr analyses.

2.1 HEFT re-weighting

It is very computationally expensive to simulate HH processes with the multiple possible variations of
the Wilson coefficients described by EFTs and we re-weight the SM sample to obtain the different BSM
samples described by HEFT.
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The cross section for HH production via gluon-gluon fusion, o-(H H), normalized to its SM value oM (HH),
can be parametrized at next-to-leading order (NLO) by the expression given in Equation 1.

o(HH)
oSM(HH)

P
+(A6Ciihn + ATCiinChin) - Sy + (A8CrenCrin + AoCggnchhh) - Crinn + A10CithhCoghh

_ _ oAb 2 2 2y 2 2
= Poly(A) = Aic;,), + Aaxcy,y,), + (Ascy,, + A4cg) Crnn + A5cgghh

2
+(A11¢ggnChinn + A12Cgghn) * Cpypy + (A13ChRRCggn + A14Cgghn) * C1thChnh
3 2
+A15CggnhCoghhChihh + A16C;,,Cogh + A17CtthCrihh Cggh + A18CtthC™ CgghChinh

2 2 2 3 2
+A19C1thCgghCaghh + A20C; Cogn + A21CthhCygp + A22Cy o, Chih + A23Cq 4, Coghh (1)

ggh
To predict the difference in the myg g shape of the BSM process from the A coefficients events are weighted
with wgpr, defined in Equation 2. The HEFT cross section, oy gpr(HH), can be obtained through
Equation 3.

_ Poly(Almp )

WEFT = — 5~ @A) (2)

cerr(HH) = Poly(A) X osp (HH) 3)

3 Individual final states

3.1 HH - bbyy
32 HH - bbtt

The HH — bbt* 1~ benefits from a relatively large branching fraction (7.3%)while also having a smaller
SM background than some of the HH decay channels. This channel splits events by the decay of the tau
leptons, with lephad events containing one leptonic tau and one hadronic decaying tau, while hadhad events
contain two hadronic decaying taus. Lephad events use a combination of single-lepton triggers (SLT) and
lepton + tau triggers (LTT). Hadhad events utilise the single-tau triggers (STT) and di-tau triggers (DTT).
For both lephad and hadhad events, priority is given to events which trigger the single-lepton/tau trigger.

Lephad events are selected by first requiring exactly one electron or muon and exactly one hadronic tau
of opposite charge to the lepton. Hadhad events require exactly two hadronic taus with opposite charge
and veto events with electrons or muons. Both lephad and hadhad require two b—tagged jets (DL1r 77%
working point) and the invariant mass of the 77 system (calculated using the Missing Mass Calculator
(MMQ) [1]) to be > 60 GeV. Events passing this preliminary selection form the signal regions (SRs) for
the lephad and hadhad categories. Events in the lephad category are separated into SLT and LTT SRs by
the trigger used to capture the event, while the hadhad category has a single SR.

The dominant SM backgrounds for the bbrt channel arise from top-quark, W/Z+ijets, diboson, single
Higgs and multi-jet production processes. The MC estimates for the ¢7 and Z plus heavy flavour processes

20th January 2022 — 12:55 5
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are normalised to data in a dedicated control region (CR). For both the lephad and hadhad categories, an
estimate of the rate of quark- or gluon-initiated jets faking a hadronic tau (fake tau rate) is made. For the
lephad category, the method closely follows that described in [2]. Fake factors are derived for the 7 and
multi-jet processes, which are then combined to give an overall estimation of the fake tau rate. For the
hadhad category, a fake factor method is used for the multi-jet process, while 7 events with fake taus are
estimated using a scale factor correction to the MC estimate.

In both the lephad and hadhad categories, a multivariate classifer is trained to separate the SM HH
signal from the backgrounds. For the lephad category, a deep neural network (DNN) is trained in each of

the SRs using 11 (8) kinematic and angular observables for SLT (LTT) events. A boosted decision tree
(BDT) classifier is trained for hadhad events using five kinematic and angular observables.

4 HEFT interpretation
5 Systematic uncertainties

6 Statistical Interpretation

A combined likelihood function is constructed to take into account the data, the models and the systematic
uncertainties (correlated where needed) from each of the input channels. The form of this function is
shown in Equation 4.

LD, Gl a) = | | Pois (nelve (wa)) | | fe Creelm@) [ | £ (apley) “)
ceC e=1 peS

The individual terms of Equation 4 are outlined below:
* D, the set of observed or Asimov data

* G = {a,}, the set of global observables, each of which corresponds to a measurement of a single
experiment, theoretical or statistical parameter.

* u, the parameter of interest (POI) to be measured in the analysis. In general it is either the signal
strength (relative or absolute) of the model being tested. It can also be a parameter of a model which
varies the signal prediction.

* a, the nuisance parameters (NPs) with respect to u, such as the experimental or systematic
uncertainties.

* Index ¢ € C, indicating one channel (¢) in the set (C) of channels under consideration.

* Index e, indicating one event in n. number of events in the observed or Asimov data in the channel c.
* Index p € S, numbering the constrained NPs in the set (S).

* Pois, the probability function of a Poisson distribution to model the total number of events.

* n., the total number of events in the data D of the channel c.
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* v.(u, @), the total number of events as a function of the POI and the NPs.

o fo (xcelp, @), the expected distribution of the variable x.. in the channel ¢, as a funcion of the POI
and the NPs.

* Xce, the value of the variable x of an event e, used for the fit in the search for signal in the channel c.
* f» (aplay), the constraint function for a given NP with the prediction @,, and the measurement a,,.

A profile likehood ratio is constructed using the asymptotic formulae shown in Equation 5:

Lubw) 4
Ap) = £(0.6(0)) a<o, (5)
L(,0w) A >0
t@wo) M

Limit setting is performed by constructing a test statistic, gy, using the profile likehood ratio as described
in Equation 6:

qu =

(6)

—2InA(y) A<p
0 a>u

7 Results

7.1 HH — bbyy
7.2 HH — bbtt

7.2.1 bbrt lephad channel

® Observed

ATLAS Internal o Expected
01 vs= 13,1391 = Expected + 10
SLT + LTT Expected =20

SM
OgFhn

Oggrrin [fb]
S

101

T T T T T T T T
SM BM1 BM2 BM3 BM4 BM5 BM& BM7

Figure 3: Cross-section limits for SM HH production and the 7 HEFT benchmarks in the bbr7 lephad channel.
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ATLAS Internal
vs= 13,1391

w{ bbT*T~ LepHad

Expected + 20
mmm Expected £ 10
——- Expected
—— Observed
—— Theory prediction
SM prediction

ATLAS Internal
vs= 13,1391

w{ bbT*T~ LepHad

(@)

Figure 4: Cross-section limit scans for a range of cggnp, (Figure 4(a)) and ¢;p,p, (Figure 4(b)) couplings in the bbrt

lephad channel.

7.3 Combination

8 Conclusions
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