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Search for heavy Higgs bosons A/H decaying to a
top quark pair in pp collisions at

√
s = 8 TeV with

the ATLAS detector

ATLAS Collaboration

A search for heavy pseudoscalar (A) and scalar (H) Higgs bosons decaying into a top quark
pair (tt̄) has been performed with 20.3 fb−1 of proton–proton collision data collected by the
ATLAS experiment at the Large Hadron Collider at a center-of-mass energy of

√
s = 8 TeV.

Interference effects between the signal process and Standard Model tt̄ production, which are
expected to distort the signal shape from a single peak to a peak–dip structure, are taken into
account. No significant deviation from the Standard Model prediction is observed in the tt̄
invariant mass spectrum in final states with an electron or muon, large missing transverse
momentum, and at least four jets. The results are interpreted within the context of a type-II
two-Higgs-doublet model. Exclusion limits on the signal strength are derived as a function
of the mass mA/H and the ratio of the vacuum expectation values of the two Higgs fields,
tan β, for mA/H > 500 GeV.
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The production of new particles at the Large Hadron Collider (LHC) with masses close to the TeV scale
is predicted by many models of physics beyond the Standard Model (SM). In this Letter, a search for
massive pseudoscalar and scalar resonances decaying into a top–antitop quark pair (tt̄) is presented. It
is the first search in this final state to take into account the significant interference between the signal
and the background from SM tt̄ production. The search is conducted on a sample of pp collision data
corresponding to an integrated luminosity of 20.3 fb−1 at a center-of-mass energy of

√
s = 8 TeV, collected

with the ATLAS detector [1].

New pseudoscalar (A) and scalar (H) states coupling strongly to tt̄ are predicted by a class of models in
which the Higgs sector is extended to include a second Higgs doublet, referred to as two-Higgs-doublet
models (2HDMs) [2]. These models are motivated by many theories beyond the SM, such as super-
symmetry [3–8] and axion models [9]. In 2HDMs of type II [2], such as the Minimal Supersymmetric
Standard Model (MSSM), these states decay predominantly into tt̄ pairs if mA/H ≥ 500 GeV and the ratio
of the vacuum expectation values of the two Higgs fields, tan β, is small (tan β . 3).

To date, this parameter region has not been probed by searches in other final states [10–15] or by previous
searches for tt̄ resonances [16–20]. The latter, which aim to identify resonant excesses in the tt̄ invariant
mass (mtt̄) spectrum, have a reduced sensitivity to 2HDM signatures as they do not take into account
interference effects between the signal and the dominant background from SM tt̄ production. These are
significant for (pseudo)scalar Higgs bosons with masses above the tt̄ production threshold where the
interference between the gluon–gluon (gg) initiated loop production and the irreducible background from
SM tt̄ production yields a non-negligible imaginary term in the amplitude, which at the LHC is dominated
by gg→ tt̄ production [21–24]. As a result of the interference, the signal shape is distorted from a simple
Breit–Wigner peak to a peak–dip structure.

The results of the search are interpreted in a CP-conserving 2HDM of type II with a softly broken Z2
symmetry [25]. The lighter of the two neutral CP-even states, h, is assumed to be the Higgs boson
discovered at a mass of mh = 125 GeV [26, 27] with couplings as predicted by the SM. This corresponds
to the condition sin (α − β) = 1, referred to as the alignment limit, where α denotes the mixing angle
between the two CP-even states. The parameter m12 of the Z2 breaking term of the potential is taken to
be m2

12 = m2
A tan β/(1 + tan2 β). In this model, the production cross-sections and widths of A and H, as

well as the signal shape, are determined by tan β and the masses mA and mH . Three mass hierarchies are
considered. In the first two scenarios, one of the Higgs bosons is significantly heavier than the other so
that only the interference pattern of the lighter boson appears in the mtt̄ spectrum. In the third scenario,
motivated by a number of SM extensions [2], A and H are assumed to be mass degenerate (mH = mA)
such that both processes contribute to the mtt̄ spectrum, leading to more significant enhancements of the
interference pattern.

This analysis closely follows the resolved-topology analysis in Ref. [17]. Events with signatures compati-
ble with tt̄ → W+bW−b̄, with one W boson decaying hadronically and the other leptonically, referred to as
the lepton-plus-jets channel (`+jets, ` = e, µ) were collected using single-electron and single-muon trig-
gers. The trigger efficiency is constant in the transverse momentum (pT ) of leptons with pT > 25 GeV [28,
29]. The dominant background arises from SM tt̄ production, followed by a contribution from W+jets
processes. Data-driven techniques were used to normalize the W+jets background contribution and to
estimate the background from multijet events. All other background processes were estimated using
Monte Carlo (MC) simulation. The background estimates for all processes are identical to those used in
Ref. [17].
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The signal process gg → A/H → tt̄, including the decays of the top quarks and resulting W bosons,
was simulated using MadGraph5_aMC@NLO [30] v2.3.3 with the model of Ref. [31], which imple-
ments the production of (pseudo)scalar particles through loop-induced gluon–gluon fusion with loop
contributions from top and bottom quarks at leading order (LO) in QCD. The CT10 set [32] of par-
ton distribution functions (PDFs) was used and the renormalization and factorization scales were set to√∑

decay products(p2
T + m2).

For the statistical interpretation, the tt̄ invariant mass distributions in the signal regions in data were
compared to a combination of the expected distributions from all background processes B, the pure signal
process S , and the signal-plus-interference component S + I for a given signal hypothesis, as illustrated
in Eq. (1) below. The most reliable description of the tt̄ background [33] is obtained at next-to-leading
order (NLO) with Powheg-Box [34–37] + Pythia6 [38]. Therefore, the S + I contribution was modeled
separately from this background process by modifying the MadGraph5_aMC@NLO software to remove
the pure SM tt̄ process to yield only the S + I contribution on an event-by-event basis. The S + I events
obtained with the modified software can have positive or negative weights. Figure 1 shows the tt̄ invariant
mass distributions for the S and S + I components in a model with tan β = 0.68 and a pseudoscalar of
mass mA = 500 GeV (mA � mH). The S + I component exhibits a peak-dip structure with the minimum
around mA/H for all signal hypotheses studied in this search. The width of both the S and S +I distribution
decreases with increasing tan β.

The S + I distributions from the modified MadGraph5_aMC@NLO software were validated against those
from the unmodified program. The latter were obtained by generating a large inclusive sample S + I + Btt̄
for a given parameter point and a LO SM tt̄ background Btt̄ sample with the same generator settings.
The event selection and reconstruction algorithms were applied separately to each sample. The difference
between the resulting two mtt̄ distributions corresponds to the S + I component, which agrees with that
obtained with the modified software within 0.4% across the whole spectrum. The difference is taken as a
systematic uncertainty in S + I.

Pythia6 with the Perugia 2011c set of tuned parameters [39] was used to model the parton shower and
hadronization for all S and S + I samples and the stable particles obtained after hadronization were passed
through the ATLAS fast detector simulation [40]. The effects of additional collisions within the same or
nearby bunch crossings were simulated by overlaying additional pp collisions, simulated with Pythia
v8.1 [41], on each event. Correction factors were applied to adjust the trigger and selection efficiencies
in simulated events to those measured in data. The S and S + I samples with this setup were generated
separately for pseudoscalar and scalar Higgs bosons.

Event samples for both the S and S + I components for different values of (mA/H , tan β) were obtained
from signal samples S after the detector simulation by applying an event-by-event reweighting. This
reweighting substantially reduces the computing time required. The weight is the ratio of the Mad-
Graph5_aMC@NLO matrix elements, calculated from the four-momenta of the incoming gluons and
outgoing top quarks of the generated event with the new and the old values of (mA/H , tan β), respectively.
All S + I and a small number of S samples were obtained through reweighting. Signal hypotheses with
mA/H < 500 GeV were not considered as they require an accurate modeling of the Higgs boson decay
into virtual top quarks and the implementation of higher-order corrections that are not available in the
MadGraph5_aMC@NLO model. The requirement tan β ≥ 0.4 was imposed to ensure that all amplitudes
involving scalars preserve perturbative unitarity [25, 42].

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [43–45]. The correction factor

3



 [GeV]
tt

 m
300 400 500 600 700 800

E
ve

nt
s 

/ 1
0 

G
eV

4−

2−

0

2

4

6

8
310×

S
S+I  SimulationATLAS

-1 = 8 TeV, 20.3 fbs

Parton level; before selection
 = 0.68β = 500 GeV, tanAm

Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =

500 GeV (mA � mH) at parton level before the emission of final-state radiation and before the parton shower
for the pure resonance S (filled) and signal+interference contribution S + I (unfilled). Events from all tt̄ decay
modes are included and no selection requirements are imposed. The distributions are normalized to an integrated
luminosity of 20.3 fb−1.

for the interference component I is KI =
√

KS × KB, as suggested in Ref. [46], where KB = 1.87 is
the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant αS, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

The event selection criteria for the signal regions provide a high selection efficiency for tt̄ events in the
`+jets channel. Only events with a resolved topology, in which the three jets from the hadronically
decaying top quark are well separated in the detector, are selected. This is the most efficient selection
strategy for signal hypotheses with mA/H < 800 GeV. Events with a merged topology, in which the
hadronically decaying top quark is reconstructed as a single large radius jet, are not considered. The
event reconstruction and selection criteria are identical to those for the resolved topology in Ref. [17]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron or muon that is geometrically matched to the
corresponding trigger-level signature. Electron candidates are reconstructed from energy clusters in the
electromagnetic calorimeter matched to tracks in the inner detector and required to have ET > 25 GeV
and pseudorapidity [47] |ηcluster| < 2.5 [48]. Muon candidates are reconstructed by combining tracks in
the inner detector with tracks in the muon spectrometer [49]. They are required to have pT > 25 GeV
and |η| < 2.5. Events must have large missing transverse momentum, Emiss

T > 20 GeV, computed as the
magnitude of the negative vector sum of lepton and jet transverse momenta [50]. In addition, Emiss

T +mW
T >

60 GeV, is required to further suppress the contribution from multijet events, where mW
T is the lepton–Emiss

T
transverse mass [17]. Events must contain at least four hadronic jets with pT > 25 GeV and |η| < 2.5,
reconstructed using the anti-kt algorithm [51, 52] with radius parameter R = 0.4. Jets from additional
collisions in the same bunch crossing are rejected using dedicated tracking and vertex requirements [53]
applied to jets with pT < 50 GeV and |η| < 2.4. At least one of the jets must be identified as originating
from the decay of a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% efficiency for
b-jets [54].
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Jets are assigned to the top quarks using a χ2 algorithm that relies on kinematic constraints and the
expected values of the top quark and W boson masses [17]. The invariant mass mreco

tt̄ of the candidate
tt̄ pair is reconstructed from the four selected jets, the lepton, and the Emiss

T vector. The experimental
resolution for the tt̄ invariant mass is 8% for a resonance mass of 500 GeV. Events in the e+jets and
µ+jets channels are further classified into three orthogonal categories, based on whether a b-tagged jet
was assigned to either the hadronically or the semileptonically decaying top quark, or to both of them.
Each category defines a signal region, hence six independent signal regions are used in the statistical
analysis.

The systematic uncertainties can be divided into experimental and modeling uncertainties. The impact
on both the normalization and the shape of the mreco

tt̄ distributions is taken into account for all systematic
uncertainties. The average impact of the dominant uncertainties on the event yields is summarized in
Table 1.

Table 1: Average impact of the dominant uncertainties on the estimated yields for the total background and for a
pseudoscalar A with mA = 500 GeV and tan β = 0.68 in percent of the nominal value. The spectra of the e+jets and
µ+jets channels are added. Only uncertainties with a yield impact > 0.5% are shown. A bar (−) indicates that an
uncertainty is not applicable to a sample.

Systematic uncertainties [%] Total bkg S S + I

Luminosity [55] 1.7 1.9 1.9
PDF 2.5 2.1 12
tt̄ initial-/final-state radiation 3.2 − −

tt̄ parton shower + fragmentation 4.9 − −

tt̄ normalization 5.7 − −

tt̄ event generator 0.5 − −

Top quark mass 0.5 2.2 13
Jet energy scale 6.4 4.9 9.3
Jet energy resolution 1.3 1.6 1.7
b-tagging: b-jet efficiency 1.5 1.3 1.1
b-tagging: c-jet efficiency 0.2 0.2 0.8
Electron efficiency 0.3 0.4 0.7
Muon efficiency 0.9 1.0 1.0
Signal MC scales − 7.3 7.3
Reweighting − − 5.0
MC statistical uncertainty 0.5 2.4 11
Total uncertainty 11 10 25

Among the experimental uncertainties, those with the largest impact on the event yields and the shape
of the mreco

tt̄ distributions are the uncertainties related to the jet energy scale (JES), and the jet energy
resolution (JER) [56, 57]. The JER and JES uncertainties are also propagated to the Emiss

T uncertainty.
The uncertainties in the b-tagging efficiency and in the misidentification rates for jets from c-quarks,
light-flavor quarks, and gluons depend on the jet transverse momentum [54]. The uncertainties related
to leptons include those in the reconstruction and isolation efficiency, the single-lepton triggers, and the
energy scale and resolution [48, 49].

5



The uncertainty of 6.5% in the NNLO+NNLL cross-section for SM tt̄ production, is the dominant un-
certainty in the normalization of the total background estimate. It includes the uncertainties due to the
choice of renormalization and factorization scales and PDF set, and uncertainties in αS [17]. A number
of modeling uncertainties affecting the shape of the mreco

tt̄ distribution for the SM tt̄ background are also
taken into account. These include uncertainties related to the choice of NLO event generator, the model-
ing of the parton shower and fragmentation, the modeling of gluon initial- and final-state radiation, and
the value of the top quark mass mt. A detailed description of the different sources of uncertainty related
to the various background components can be found in Ref. [17].

The largest uncertainty in the modeling of the S + I and S components is related to the ±1.0 GeV uncer-
tainty of the value mt = 172.5 GeV. Uncertainties related to the choice of PDF set and renormalization
and factorization scales are also considered. The latter is estimated by varying the scales by factors of 0.5
and 2.0, which yields a constant ±7.3% variation across the mreco

tt̄ spectrum. An asymmetric variation,
for which the bins at the low and high ends of the mreco

tt̄ spectrum are taken as anticorrelated [58] is also
considered to estimate the impact of the scale variations on the shape of the mreco

tt̄ spectrum. For the S + I
samples, an additional constant ±5% uncertainty is included to cover the difference between reweighted
and generated distributions.

A detailed breakdown of the observed and expected event yields in the e+jets and µ+jets channels and
their associated total uncertainties is shown in Table 2. Good agreement is found between the observed
number of events in data and the expected total number of background events.

Table 2: Number of events observed in data and expected number of background events after the event selection,
before the profile-likelihood fit to the full dataset. The uncertainty in the expected background yields is derived by
summing all systematic and statistical uncertainties in quadrature. The “other bkg” component comprises single
top quark, tt̄ + W/Z, Z+jets, diboson and multijet production. Details of the estimation of these backgrounds are
given in Ref. [17].

Type e+jets µ+jets
tt̄ 95 000 ± 11 000 93 000 ± 11 000
W+jets 6600 ± 2100 7200 ± 2300
Other bkg. 11 200 ± 1400 6100 ± 600
Total 112 800 ± 13 000 106 300 ± 12 000
Data 115 785 110 218
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Figure 2: Distribution of mreco
tt̄ for the data and the expected background after the profile-likelihood fit under the

background-only hypothesis for all signal regions combined. The lines in the bottom panel show the individual
S + I distributions (scaled by a factor of four) for a pseudoscalar A (solid) and scalar H (bold dashed) with mA/H =

500 GeV and tan β = 0.68 relative to the total background. The total background before the fit is indicated by a
dashed line. The last bin includes overflow events.

The exclusion limits are derived separately for each signal hypothesis from a profile-likelihood fit [59]
of the expected mreco

tt̄ distributions to the observed ones simultaneously in all signal regions, taking both
the statistical and systematic uncertainties into account as nuisance parameters [17]. Only bins with
mreco

tt̄ > 320 GeV are considered to avoid threshold effects that are not well described by the simulation.
The shape of the binned mreco

tt̄ distributions in the presence of interference is parameterized in terms of
the signal strength µ as follows [21, 22]:

µ · S +
√
µ · I + B = (µ −

√
µ) · S +

√
µ · (S + I) + B. (1)

The fitted variable is
√
µ and the case µ = 1 corresponds to the type-II 2HDM in the alignment limit, while

the case µ = 0 corresponds to the background-only hypothesis. This approach relies on the assumption
that, for a given signal hypothesis, the shape of the tt̄ invariant mass distributions for S and S + I in Eq. (1)
does not change if the signal strength is varied. The terms S and S + I on the right-hand side of Eq. (1)
correspond to the mreco

tt̄ distributions obtained from the S and S + I samples, respectively, while B stands
for the expected mreco

tt̄ distribution of the total SM background.

The level of agreement between the observed and expected mass spectra is quantified in a fit under the
background-only hypothesis with µ = 0 in which only the nuisance parameters are allowed to vary. The
observed mreco

tt̄ spectra are compatible with the expected spectra after the background-only fit within the
(constrained) uncertainty bands, as shown in Figure 2.

The upper limits on µ at 95% confidence level (CL) are obtained with the CLs method [60] for a number
of (mA/H , tan β) values. The upper limits at intermediate points are obtained from a linear interpolation
among the three closest points. In Figure 3, the observed and expected exclusion regions for the type-II
2HDM (µ = 1) are shown for the three mass hierarchies discussed in the introduction. The excluded
values of tan β for the different mass hypotheses are listed in Table 3.
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Figure 3: The 95% CL observed and expected exclusion regions for the type-II 2HDM (µ = 1) considering only
a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH (right). The areas
below the black solid (dashed) lines are observed (expected) to be excluded. Blue points indicate parameter values
at which signal samples are produced. Upper limits at intermediate points are obtained from a linear triangular
interpolation.

Table 3: The 95% CL observed and expected exclusion limits on tan β for a type-II 2HDM in the alignment limit
considering only a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH

(right). A bar (–) indicates that no value of tan β ≥ 0.4 is excluded.

Mass mA mH mA = mH

[GeV] tan β: obs. exp. obs. exp. obs. exp.
500 < 1.00 < 1.16 < 1.00 < 0.77 < 1.55 < 1.50
550 < 0.69 < 0.79 < 0.72 < 0.52 < 1.10 < 0.92
600 – < 0.59 < 0.73 – < 1.09 < 0.93
650 – – – – – < 0.62

In conclusion, the search for massive pseudoscalar and scalar resonances decaying into a top quark pair in
20.3 fb−1 of pp collisions at 8 TeV recorded by the ATLAS experiment at the LHC, yields no statistically
signifiant deviations from the SM prediction. The results are interpreted in the type-II 2HDM model in the
alignment limit, and upper limits are set on the signal strength µ at 95% CL in the tan β versus resonance
mass plane. Unlike previous searches for massive resonances in the same final state, this analysis takes
into account interference effects between the signal process and the background from SM tt̄ production. It
tightens significantly the previously published constraints on the 2HDM parameter space in the low tan β
and high mass (mA/H > 500 GeV) region.
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M. Filipuzzi45, F. Filthaut108, M. Fincke-Keeler172, K.D. Finelli152, M.C.N. Fiolhais128a,128c,r,
L. Fiorini170, A. Fischer2, C. Fischer13, J. Fischer178, W.C. Fisher93, N. Flaschel45, I. Fleck143,
P. Fleischmann92, R.R.M. Fletcher124, T. Flick178, B.M. Flierl102, L.R. Flores Castillo62a,
M.J. Flowerdew103, G.T. Forcolin87, A. Formica138, F.A. Förster13, A. Forti87, A.G. Foster19,
D. Fournier119, H. Fox75, S. Fracchia141, P. Francavilla83, M. Franchini22a,22b, S. Franchino60a,
D. Francis32, L. Franconi121, M. Franklin59, M. Frate166, M. Fraternali123a,123b, D. Freeborn81,
S.M. Fressard-Batraneanu32, B. Freund97, D. Froidevaux32, J.A. Frost122, C. Fukunaga158,
T. Fusayasu104, J. Fuster170, C. Gabaldon58, O. Gabizon154, A. Gabrielli22a,22b, A. Gabrielli16,

16



G.P. Gach41a, S. Gadatsch32, S. Gadomski80, G. Gagliardi53a,53b, L.G. Gagnon97, C. Galea108,
B. Galhardo128a,128c, E.J. Gallas122, B.J. Gallop133, P. Gallus130, G. Galster39, K.K. Gan113,
S. Ganguly37, Y. Gao77, Y.S. Gao145,g, F.M. Garay Walls49, C. García170, J.E. García Navarro170,
J.A. García Pascual35a, M. Garcia-Sciveres16, R.W. Gardner33, N. Garelli145, V. Garonne121,
A. Gascon Bravo45, K. Gasnikova45, C. Gatti50, A. Gaudiello53a,53b, G. Gaudio123a, I.L. Gavrilenko98,
C. Gay171, G. Gaycken23, E.N. Gazis10, C.N.P. Gee133, J. Geisen57, M. Geisen86, M.P. Geisler60a,
K. Gellerstedt148a,148b, C. Gemme53a, M.H. Genest58, C. Geng92, S. Gentile134a,134b, C. Gentsos156,
S. George80, D. Gerbaudo13, A. Gershon155, G. Geßner46, S. Ghasemi143, M. Ghneimat23,
B. Giacobbe22a, S. Giagu134a,134b, N. Giangiacomi22a,22b, P. Giannetti126a,126b, S.M. Gibson80,
M. Gignac171, M. Gilchriese16, D. Gillberg31, G. Gilles178, D.M. Gingrich3,d, N. Giokaris9,∗,
M.P. Giordani167a,167c, F.M. Giorgi22a, P.F. Giraud138, P. Giromini59, G. Giugliarelli167a,167c,
D. Giugni94a, F. Giuli122, C. Giuliani103, M. Giulini60b, B.K. Gjelsten121, S. Gkaitatzis156, I. Gkialas9,s,
E.L. Gkougkousis139, P. Gkountoumis10, L.K. Gladilin101, C. Glasman85, J. Glatzer13, P.C.F. Glaysher45,
A. Glazov45, M. Goblirsch-Kolb25, J. Godlewski42, S. Goldfarb91, T. Golling52, D. Golubkov132,
A. Gomes128a,128b,128d, R. Gonçalo128a, R. Goncalves Gama26a, J. Goncalves Pinto Firmino Da Costa138,
G. Gonella51, L. Gonella19, A. Gongadze68, S. González de la Hoz170, S. Gonzalez-Sevilla52,
L. Goossens32, P.A. Gorbounov99, H.A. Gordon27, I. Gorelov107, B. Gorini32, E. Gorini76a,76b,
A. Gorišek78, A.T. Goshaw48, C. Gössling46, M.I. Gostkin68, C.A. Gottardo23, C.R. Goudet119,
D. Goujdami137c, A.G. Goussiou140, N. Govender147b,t, E. Gozani154, L. Graber57,
I. Grabowska-Bold41a, P.O.J. Gradin168, J. Gramling166, E. Gramstad121, S. Grancagnolo17,
V. Gratchev125, P.M. Gravila28f, C. Gray56, H.M. Gray16, Z.D. Greenwood82,u, C. Grefe23,
K. Gregersen81, I.M. Gregor45, P. Grenier145, K. Grevtsov5, J. Griffiths8, A.A. Grillo139, K. Grimm75,
S. Grinstein13,v, Ph. Gris37, J.-F. Grivaz119, S. Groh86, E. Gross175, J. Grosse-Knetter57, G.C. Grossi82,
Z.J. Grout81, A. Grummer107, L. Guan92, W. Guan176, J. Guenther65, F. Guescini163a, D. Guest166,
O. Gueta155, B. Gui113, E. Guido53a,53b, T. Guillemin5, S. Guindon2, U. Gul56, C. Gumpert32, J. Guo36c,
W. Guo92, Y. Guo36a, R. Gupta43, S. Gupta122, G. Gustavino115, P. Gutierrez115, N.G. Gutierrez Ortiz81,
C. Gutschow81, C. Guyot138, M.P. Guzik41a, C. Gwenlan122, C.B. Gwilliam77, A. Haas112, C. Haber16,
H.K. Hadavand8, N. Haddad137e, A. Hadef88, S. Hageböck23, M. Hagihara164, H. Hakobyan180,∗,
M. Haleem45, J. Haley116, G. Halladjian93, G.D. Hallewell88, K. Hamacher178, P. Hamal117,
K. Hamano172, A. Hamilton147a, G.N. Hamity141, P.G. Hamnett45, L. Han36a, S. Han35a,
K. Hanagaki69,w, K. Hanawa157, M. Hance139, B. Haney124, P. Hanke60a, J.B. Hansen39, J.D. Hansen39,
M.C. Hansen23, P.H. Hansen39, K. Hara164, A.S. Hard176, T. Harenberg178, F. Hariri119, S. Harkusha95,
R.D. Harrington49, P.F. Harrison173, N.M. Hartmann102, M. Hasegawa70, Y. Hasegawa142, A. Hasib49,
S. Hassani138, S. Haug18, R. Hauser93, L. Hauswald47, L.B. Havener38, M. Havranek130,
C.M. Hawkes19, R.J. Hawkings32, D. Hayakawa159, D. Hayden93, C.P. Hays122, J.M. Hays79,
H.S. Hayward77, S.J. Haywood133, S.J. Head19, T. Heck86, V. Hedberg84, L. Heelan8, S. Heer23,
K.K. Heidegger51, S. Heim45, T. Heim16, B. Heinemann45,x, J.J. Heinrich102, L. Heinrich112, C. Heinz55,
J. Hejbal129, L. Helary32, A. Held171, S. Hellman148a,148b, C. Helsens32, R.C.W. Henderson75,
Y. Heng176, S. Henkelmann171, A.M. Henriques Correia32, S. Henrot-Versille119, G.H. Herbert17,
H. Herde25, V. Herget177, Y. Hernández Jiménez147c, H. Herr86, G. Herten51, R. Hertenberger102,
L. Hervas32, T.C. Herwig124, G.G. Hesketh81, N.P. Hessey163a, J.W. Hetherly43, S. Higashino69,
E. Higón-Rodriguez170, K. Hildebrand33, E. Hill172, J.C. Hill30, K.H. Hiller45, S.J. Hillier19, M. Hils47,
I. Hinchliffe16, M. Hirose51, D. Hirschbuehl178, B. Hiti78, O. Hladik129, X. Hoad49, J. Hobbs150,
N. Hod163a, M.C. Hodgkinson141, P. Hodgson141, A. Hoecker32, M.R. Hoeferkamp107, F. Hoenig102,
D. Hohn23, T.R. Holmes33, M. Homann46, S. Honda164, T. Honda69, T.M. Hong127, B.H. Hooberman169,
W.H. Hopkins118, Y. Horii105, A.J. Horton144, J-Y. Hostachy58, S. Hou153, A. Hoummada137a,
J. Howarth87, J. Hoya74, M. Hrabovsky117, J. Hrdinka32, I. Hristova17, J. Hrivnac119, T. Hryn’ova5,

17



A. Hrynevich96, P.J. Hsu63, S.-C. Hsu140, Q. Hu36a, S. Hu36c, Y. Huang35a, Z. Hubacek130, F. Hubaut88,
F. Huegging23, T.B. Huffman122, E.W. Hughes38, G. Hughes75, M. Huhtinen32, P. Huo150,
N. Huseynov68,b, J. Huston93, J. Huth59, G. Iacobucci52, G. Iakovidis27, I. Ibragimov143,
L. Iconomidou-Fayard119, Z. Idrissi137e, P. Iengo32, O. Igonkina109,y, T. Iizawa174, Y. Ikegami69,
M. Ikeno69, Y. Ilchenko11,z, D. Iliadis156, N. Ilic145, G. Introzzi123a,123b, P. Ioannou9,∗, M. Iodice136a,
K. Iordanidou38, V. Ippolito59, M.F. Isacson168, N. Ishijima120, M. Ishino157, M. Ishitsuka159,
C. Issever122, S. Istin20a, F. Ito164, J.M. Iturbe Ponce62a, R. Iuppa162a,162b, H. Iwasaki69, J.M. Izen44,
V. Izzo106a, S. Jabbar3, P. Jackson1, R.M. Jacobs23, V. Jain2, K.B. Jakobi86, K. Jakobs51, S. Jakobsen65,
T. Jakoubek129, D.O. Jamin116, D.K. Jana82, R. Jansky52, J. Janssen23, M. Janus57, P.A. Janus41a,
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