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ABSTRACT: Heavy scalar and pseudoscalar resonance searches through the gg — S — tt
process are challenging due to the peculiar behavior of the large interference effects with the
standard model ¢t background. Such effects generate non-trivial lineshapes from additional
relative phases between the signal and background amplitudes. We provide the analytic
expressions for the differential cross sections to understand the interference effects in the
heavy scalar signal lineshapes. We extend our study to the case of CP-violation and
further consider the effect of bottom quarks in the production and decay processes. We also
evaluate the contributions from additional particles to the gluon fusion production process,
such as stops and vector-like quarks, that could lead to significant changes in the behavior
of the signal lineshapes. Taking into account the large interference effects, we perform
lineshape searches at the LHC and discuss the importance of the systematic uncertainties
and smearing effects. We present projected sensitivities for two LHC performance scenarios
to probe the gg — S — tt channel in various models.

KEYWORDS: Phenomenology of Large extra dimensions, Supersymmetry Phenomenology

ARX1v EPRINT: 1608.07282

OPEN AcCCESS, (© The Authors.

Articlo funded by SCOAP®. doi:10.1007/JHEP11(2016)159


mailto:carena@fnal.gov
mailto:zliu2@fnal.gov
https://arxiv.org/abs/1608.07282
http://dx.doi.org/10.1007/JHEP11(2016)159

Contents

1 Introduction 1
2 The baseline model: a single resonance from top quark loops 3
2.1 The interference effects anatomized 3
2.2 The heavy scalar lineshapes 8

3 Beyond the baseline model 11
3.1 Multiple scalar bosons 12
3.2 Scenarios with additional contributions to the gluon-fusion process 14
3.2.1 Standard Model light quark contributions 14

3.2.2  Vector-like quark contributions 16

3.2.3 SUSY scalar quark contributions 18

3.3 Special discussion: a (pseudo)scalar from a putative di-photon excess 22

4 LHC sensitivity 25
4.1 Signal and background considerations 25
4.2 Projections in model space 29

5 Conclusions 32
A Additional formulae and benchmark information 35

1 Introduction

The discovery of the Higgs boson is a great triumph of the Standard Model (SM) and
has opened a new era in particle physics. Being the first fundamental scalar particle ever
observed, the existence of the Higgs boson substantiates the questioning of basic concepts in
particle physics, such as the hierarchy problem, the naturalness problem and the true nature
of neutrino masses. It also opens a window for possible connections to dark matter and the
origin of the matter-anti matter asymmetry. Many of these conundrums can be (partially)
addressed by some of the best motivated models currently under exploration, such as
supersymmetry (SUSY) [1-3], composite Higgs models [4-7], extended gauge symmetries
— e.g. grand unification theories [8], and extended Higgs models such as two-Higgs doublet
models (2HDM) [9]. Most of these extensions of the SM require additional scalar bosons.
This poses two basic questions: would there be additional scalar bosons at the electroweak
scale? How can they be sought at the LHC?



It will be challenging to discover a heavy scalar at the LHC, in particular if its cou-
plings to electroweak gauge bosons are small compared to its couplings to third generation
fermions, as occurs in many extensions of the SM. Hence, we will focus on the decays of
a heavy scalar into the ¢f final state. Hierarchical couplings of the heavy scalars to light
quarks lead to low production rates through tree-level processes and the ¢t final state has
large backgrounds from SM hadronic processes. In addition, as has been noticed in an
earlier work [10] and recently discussed in a related context [11-15], the production of a
heavy Higgs boson through top-loop induced gluon-gluon-fusion with its subsequent decay
into ¢t has a very large interference effect with the SM background. This large interference
effect is further augmented by a non-trivial relative phase between the signal and the SM
background amplitude, leading to a complex structure of the signal lineshape as a func-
tion of the t¢ invariant mass. Possible lineshapes vary from a pure bump to bump-dip,
dip-bump and pure dip structures depending on the different heavy scalar masses and the
possible additional effects of other new particles in the loop. Authors in ref. [11] studied
the gg — S — tt channel in supersymmetric and Little Higgs models at the LHC and con-
sidered a parton level analysis without taking into account the effects of smearing on the
reconstructed ¢t invariant mass and the systematic uncertainties. More recent works [14, 15]
have considered such effects on the signal total rates. In many cases, however, it is nec-
essary to go beyond a parametrization in terms of the total rate since this may overlook
cancelations between the peak and the dip structures after smearing. The previous studies
triggered the interest of the community in further investigating the discovery potential for
heavy scalars in tt final states.

In this work we concentrate on the unique features of the interference effects in the
gg — S — tt, to investigate the feasibility of heavy scalar searches at the LHC. In section 2
we provide a detailed study in the baseline model with only top-quark loops contributing
to the production vertex. In section 3 we expand our study to consider additional effects
in extensions of the baseline model. In particular, we investigate the effects of two nearly
degenerate Higgs bosons, as in 2HDMs, both for CP eigenstates and in the case of CP-
violation in the Higgs sector. Moreover, in section 3 we also study the effects of additional
particles, beyond the top quark, contributing to the production vertex. These include
effects from bottom quarks that become relevant in a Type II 2HDMs with sizable ratio of
the two Higgs vacuum expectation values (tan ), heavy colored particles such as stops in
SUSY models and Vector-Like Quarks (VLQs) that naturally appear in composite Higgs
scenarios. Also in section 3, we present a study to highlight the relevance of interference
effects in the tt final state for a prospective 750 GeV scalar that could account for the
excess in the di-photon channel observed at the LHC experiments [16, 17]. In section 4 we
perform detailed collider analyses to investigate the reach at the 13 TeV LHC in the search
for tt resonances in the presence of large interference effects, emphasizing the importance
of smearing effects and systematic uncertainties. We propose a a lineshape search at the
LHC, taking into account both the excess and deficit as part of the signal for two LHC
performance scenarios. We demonstrate the physics potential of this new search in examples
of the baseline model and a 2HDM, including the possibility of nearly degenerate bosons
with and without CP-violation. We reserve section 5 to summarize, and briefly discuss
possible future directions for scalar resonance searches in the ¢t final state.



2 The baseline model: a single resonance from top quark loops

The importance of the gg — S — tt channel well justifies a comprehensive study of all the
subtleties inherent to this signal, in particular the interference effects. In this section, we
analyze the baseline model that only takes into account the top quark contribution to the
gluon fusion production process and considers the effects of one additional single heavy
scalar at a time.

2.1 The interference effects anatomized

In the following we focus on heavy neutral scalars that are not charged under the standard
model gauge groups after electroweak symmetry breaking (color and electrically neutral).
In many beyond the standard model extensions, the additional scalar couplings to fermions
are hierarchical, according to the fermion masses. We adopt such simple set-up for the
heavy scalar couplings to the SM fermion sector, which renders the production rate from
qq fusion process small and, at the same time, makes the gluon fusion process the dominant
production mode.

In addition, for example in CP-conserving 2HDMSs, one can study the effects of the CP-
even or CP-odd heavy Higgs bosons produced via gluon fusion and decaying into top pairs,
that destructively interfere with the SM ¢t background. The baseline model considers only
top quark contributions to the gluon fusion production process, and this is appropriate,
e.g. for a Type II 2HDM at low tan 3, but could be otherwise for moderate to large values
tan 8, for which the bottom loop becomes relevant. Moreover, generic 2HDMs usually
assume no additional relevant colored particles other than the standard model fermions
and gauge bosons.

The above consideration motivates us to write down the following interaction terms of
a general Lagrangian for a heavy scalar after electroweak symmetry breaking:

y‘? _ . gs _
gYukawa ~ T grg 4 T petS 2.1
Vi ha =y
The top-loop in the triangle diagram induces an effective gluon-gluon-scalar vertex. This
can also be expressed by effective interactions,

[ Yukawa 100p—induced —%gsgg(é)GWG“”S - %gsgg(g)éwcws, (2.2)
where GW = %ewaﬁGaﬁ . This expression is given in terms of form factors of the loop-
induced vertices that explicitly depend on s.

We concentrate on the flavor diagonal Yukawa-like couplings between the heavy scalar
S and the chiral fermion fields, since only these diagonal terms contribute to the loop-
induced Sgg couplings. The Sgg couplings depend on the Yukawa interactions and corre-

sponding fermion masses,

Gogs(®) = = Y1 (2), Gaaa(d) = 22 T f (7 (2.3)
S99 2\&7‘_ my 5 ’ S99 2\@71’ my 5 ’ .
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Figure 1. Loop functions of the fermion induced gluon-gluon-scalar vertex as a function of the
parameter /7 = v/3/(2m;), for a CP-even scalar (solid line) and a CP-odd scalar (dashed lines),
respectively. The blue, yellow and green lines correspond to the absolute value, real component
and imaginary component of the loop functions, respectively. For convenience, we show the corre-
sponding center of mass energy v/3 in units of GeV for the case of a top quark loop on the upper
edge of the figure.

where I1(7¢) and I1 () are the corresponding loop-functions and’
2 2

5 arcsin?(,/7) for 7 <1,
- _ 2
Tt—4mt27 f(r)= _% (log?_%ij?i—iﬁ) for v >1
Lp() = S+ (e = DfE), L) =T (24)

In the above, yj is the Yukawa coupling of the heavy scalar to the top quark, whose mass
is denoted by m;.

In figure 1 we show the numerical values of the loop functions. For convenience, we also
label the upper edge of the z-axis in the figure with the corresponding center of mass energy
V5 for the case of a top quark loop. Although we are writing these effective form factors
considering only the top quark in the loop, they can be generalized for other fermions by
replacing y; and my by y} and my in egs. (2.3) and (2.4). In figure 1 one observes a clear
jump in the behavior of the values of the loop functions when v/§ ~ 2m , associated with
the threshold effect from the on-shell top pairs. For the region far below the threshold,
71 =V3/(2my) < 1, the function is real and very slowly varying (almost constant).

A direct application of the loop function behavior for 7 < 1 is the derivation of the
heavy (chiral) fermion decoupling theorem for the SM Higgs. For any heavy chiral fermion

! Alternatively, these more conventional loop-functions can be written in terms of kinematic variable 3
as shown and discussed in the appendix. The kinematic factor 3 of the final state top quarks is defined

m2 . . . . . .
as /1 — 4Tt. This kinematic factor 3 is unrelated to tan 8 = va2/v1, the ratio of the vacuum expectation
values of the two Higgs doublets, to be used later on in this paper.
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Figure 2. The schematic lineshapes of the components of the signal, namely, the Breit-Wigner
resonance (blue, dotted line), the interference with background proportional to the real component
of the propagator (orange, dashed line), and the interference with background proportional to the
imaginary component of the propagator (green, solid line) as a function of the center of mass
energy v/3.

that acquires mass through its coupling to the SM Higgs, the ratio of the Yukawa coupling

to the mass depends on v ~ 246 GeV — the Vacuum Expectation Value (VEV) of the SM

Higgs — \/gfn = % Considering the case of the SM Higgs, we observe that each generation

of heavy chiral fermions, will contribute to the Higgs-gluon coupling, eq. (2.3), like?

Qs

Ingg(8) = %I%

Qg 7 2
(1p) = (1 + %Tf + ﬁTf + O(T?)) ) (2.6)
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Neglecting corrections of higher order in 7¢, each chiral fermion generation contributes the

As
3mv

Just after crossing the fermion pair threshold, 7 > 1, the imaginary part of the loop

same amount

to the SM Higgs-gluon coupling.

functions (as shown in figure 1) rises quickly, and then decreases slowly for increasing
values of 7. The real part, instead, decreases monotonically slightly above the fermion pair
threshold and flips its sign for sufficiently large 7. This implies that the phase of the loop
function rapidly grows after crossing the threshold and remains large (of order 7/2) for any
value of \/7 > 2. This special behavior drives the unconventional BSM phenomenology
discuss in this paper and we will come back to this in more detail later on.

In figure 2 we illustrate three components of the lineshapes for the scalar signal, namely
the Breit-Wigner piece (blue, dotted line), the interference piece proportional to the real
component of the scalar propagator (orange, dashed line) and the interference piece pro-
portional to the imaginary component of the scalar propagator (green, solid line). To
understand the interference effects in a more explicit way, we can parameterize the scalar

2For completeness, the expansion for a pseudoscalar at low 7y follows,

Qs 1 8
() = 5 (1 + 3T Tt O(T}")> : (2.5)
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propagator, conveniently normalized by a factor §, as:

S ng 2A — 4
(5—m2) +ilgms Tg4AZ+1

2.7)
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Somf VS 5 for = 1< 1.

ith A= ~
W 2mglg T'g mg

In the above, A basically parameterizes the deviation of the center mass energy v/§ from
the scalar mass mg in units of the scalar width I'g. The denominator of the propagator
in the above equation is positive definite and increases as the deviation |A| increases.
This provides an arc-type profile around values of v/3 close to the scalar mass, since the
denominator is minimized for A = 0. After squaring and with small modifications from
the numerator, this generates the Breit-Wigner lineshape as shown by the blue, dotted
line in figure 2. The real part of the numerator, 2A, flips its sign when crossing the
scalar mass pole, while the imaginary part of the numerator remains negative. Multiplying
the numerator by the arc-type profile of the denominator, this leads in figure 2 to the
lineshapes schematically shown as a dip-bump (orange, dashed line) and a dip (green,
solid line) for the real and imaginary parts, respectively. The contributions to the signal
lineshapes from the real and imaginary parts of the propagator can be further modified by
the detailed dynamics of the underlying physics. In particular if the overall sign is flipped,
these lineshapes will change into a bump-dip structure or a pure bump, instead.

In standard analyses of tree-level BSM particle resonant production and decays, the
BSM amplitudes are real up to an imaginary contribution from the propagator. Given that
the SM backgrounds are real as well, the only part of the propagator that survives is the
real one. Moreover, the real part of the propagator is odd around the resonance mass —
as illustrated by the orange, dashed line in figure 2 — implying that the interference effect
does not contribute to the total signal rate. If the BSM amplitude acquires an imaginary
piece in addition to the imaginary part of the propagator, e.g., from loop functions, a
new interference piece will emerge. This new interference contribution is even around the
resonance mass — as illustrated by the green, solid line in figure 2 — and does change the
total signal rate. The relevance of this interference contribution does not depend on the
precise magnitude of the width of the resonance.

The signal amplitudes for the specific case of gg — S — tt, both for a CP-even and
CP-odd heavy scalar S, are proportional to:?

AT X yigggg = thI% (1), A o Ytds9g = thQj% (7e), (2.8)

where we have omitted the scalar propagator, color factor and strong coupling constant
dependence for simplicity. We can then define the phase of the resonant signal amplitude

3For simplicity of notation, from here on we drop the superscript S from the top Yukawa couplings to
heavy scalars.
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Figure 3. The phase (argument) of the loop functions in units of 7 as a function of 7 for a scalar
(red line) and a pseudoscalar (blue, dashed line), respectively. We label the upper edge of the x-axis
with the corresponding center of mass energy v/3 in GeV for the case of a top quark loop.

in terms of the reduced amplitude A and the normalized propagator as,*

~

s s _
A= Ale?a, ith 6z =arg(A). 2.9

When 6 5 is 0 (or 7), only the real part of the propagator contributes to the interference term
yielding a dip-bump (or bump-dip) structure. This is the standard case mostly studied in
the literature, that does not affect the total signal rate. When 6 7 is 7/2 (or 37/2), instead,
only the imaginary part of the propagator contributes to the interference term, yielding a
pure dip (or a pure bump) structure that can significantly change the total signal rate.

For the process gg — S — tt in consideration, the loop functions (I(7;) and I(r))
are the only sources of the additional phase 65 (05 = argI(7) or 81 = argI(r)). We
show in figure 3 the phase of the fermion loop functions both for the scalar (red line) and
pseudoscalar (blue, dashed line) cases. These phases follow the numerical values of the loop
functions discussed in figure 1, and they will be useful in analyzing the signal lineshapes
later on. Similarly to figure 1, we label the upper edge of the x-axis with the corresponding
center of mass energy v/§ in GeV for the case of a top quark loop. Throughout the whole
T range, the phase for the pseudoscalar is larger than that of the scalar. A phase of 7/4
occurs for a scalar around 550 GeV and for a pseudoscalar around 450 GeV, respectively.
In this case the real and imaginary parts of the loop function are the same and as a result
both interference terms are comparable. The phase reaches 7/2 for a scalar around 1.2 TeV
and a pseudoscalar around 850 GeV, respectively. In this case only the interference term
proportional to the imaginary part of the propagator survives, highlighting the relevance
of the pure dip interference structure.

4The background amplitude is defined to be positive, as one can always rotate the phase of the signal
and background amplitudes simultaneously without changing the physical results. This uniquely fixes the
definition of the phase 6 z.



It is worth mentioning that the more complex interference behavior presented above
is well established in hadronic physics [18-21], and it may be useful to further investigate
the treatment of these lineshape structures in the hadronic physics studies.

2.2 The heavy scalar lineshapes

After analyzing the generic features of different lineshape contributions in the previous sec-
tion, we now concentrate on the baseline model. The background amplitude from QCD tt
production is much larger in magnitude than the baseline signal amplitude. As a result, the
interference terms often are larger in size and more important than the BSM Breit-Wigner
term. Furthermore, as discussed in the previous section, the phase generated by the loop
function grows rapidly after crossing the threshold. This phase enhances the interference
contribution proportional to the imaginary part of the scalar propagator, rendering it much
larger than that proportional to the real part. Although the sign of the interference is not
fixed in the general case, the baseline model ensures this interference contribution to be
destructive. Three factors are important here. Firstly, the loop function rapidly becomes
(positive) imaginary after crossing the ¢t threshold. Secondly, the propagators near the
resonance have a constant (negative) imaginary part. Thirdly, there is an overall minus
sign from the fermion-loop in the signal amplitude relative to the background. These three
factors lead to the overall negative sign of the signal amplitude near the resonance relative
to the background amplitude, generating the destructive interference. This feature makes
the search for heavy Higgs bosons in this channel rather unconventional and challenging.
Specifically, the partonic cross sections for the signals for the CP-even scalars read,

opsm(3;u) (99 — S — tt) = Gpw. (85 9) + Gint (55 t)
2

Aoy ($;y)  3a28% yili(m)
dz 40967302 |8 —m2 +imgDg(3)
Y a 2
doR(iye) _ _of B o vily(m) (2.10)
dz 647 1 — B222 §—m2 +imglg(s) |’
while for the CP-odd scalars are,
683 (5, 50) (g9 — S — th) = 6334 (8;5) + 6999 (3 )
97 2
dogNy (5:91) _  303s° il (m)
dz 40967302 " |5 — m? + imgDg(8)
dopid(3;50) o B R ??t?—’% (7¢)
— 4 s Re |5 ~E (2.11)
dz 64 1 — (%2 5§ —mg +imglg(8)

where I'g(8) is the energy dependent width for the scalar, detailed in the appendix in
eq. (A.2), and the variable z is the cosine of the scattering angle between an incoming
parton and the top quark. The leading-order expression for the background partonic cross
sections from gg — tt and ¢g — tt are outlined in the appendix in eq. (A.3). For collider
analyses with detector acceptance, not the full phase space of z can be used equally, we thus



provide the differential distribution. However, as the top quark is not very boosted and even
forward ones with z = 1 can be detected after they decay, we integrate z over the range
of [—1,1] for our simplified analysis throughout this paper. In all expressions the factors
y?1(7;) and §2I(7;) are basically the dynamical part of the reduced amplitudes Aeverodd
in eq. (2.8), written here explicitly for direct connection with the phase 6 ; from the loop
functions. For generalized cases with additional contributions, the reduced amplitudes are
more useful. The superscripts even and odd refer to the CP properties of the heavy scalar.

For a single heavy scalar being non-CP eigenstate, e.g., coupling to top quarks as
Yyt + 17y, the resulting parton level cross sections are given by,

G (B e, T) (99 — S — 1) = G5W. (3598, Te) + Gfe.” (5392, i) (2.12)
d&g.%vv.@; Yt, Jt) 30‘?52 2 2, ~2F 2 2 2, ~2
IR 8 (VL ()P + T () ) (8% + 57)
2
1
§ —m? +imgTs(8)
PV (G, ) = o0 (3 11) (g9 — S — ) + 0099(3: ) (gg — S — th),

where the even and odd interference pieces follow egs. (2.10) and (2.11), respectively. The
Breit-Wigner component receives a contribution proportional to y?7? as a result of CPV.
With CP-violation [9, 22, 23] in the heavy scalar-top sector, the coupling between the scalar
S and the top quarks can be expressed as,

yr + i = |Yy|(cosOcp + isinOcp). (2.13)

The maximal CP-violation (CPV,ax) in this sector is for fcp = 7/4.

In figure 4 we show the typical signal differential cross section for gg — S — tt as a
function of the ¢ invariant mass, my = V/§, for y; = 1. The width of the heavy scalar in
this model varies from 3 GeV to 48 GeV (12 GeV to 55 GeV) for a 400 GeV and a 1TeV
CP-even (CP-odd) scalar, respectively. Throughout this paper, we use NNPDF3.0LO [24]
for the parton distribution functions and set the factorization scale to be the same as the ¢t
invariant mass. We show the CP-even and CP-odd scalar lineshapes at LHC 13 TeV in the
left panel and right panel, respectively. To make the lineshapes for different masses visible,
we multiply the signal lineshapes by various factors, indicated in the lower part of both
panels. We further show the statistical uncertainty at 300 fb~* with 10% selection efficiency
and systematic uncertainties of 2% of the SM background in dashed and solid gray lines,
respectively. Both uncertainties include the QCD background from gg — tt and qq — tt.

From figure 4 it follows that for the ¢ invariant mass above ~500 GeV(~400 GeV), the
interference effects are dominant for the CP-even scalar (CP-odd scalar), as indicated by
the size of deviation from the Breit-Wigner lineshape. The loop function behaviors shown
in figure 1 and figure 3 determine the lineshape structures. For increasing values of the tt
invariant mass, the imaginary component of the loop functions grows with respect to its
real component, inducing a larger phase 6 ;. This behavior of the imaginary part explains
the increasingly pronounced dip structure in the lineshapes for larger values of the my;.
Furthermore, the 6 ; phase grows faster for the pseudoscalar than the scalar case, yielding
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Figure 4. Differential cross sections of heavy CP-even (left panel) and CP-odd (right panel) scalar
signals as a function of the ¢f invariant mass at the 13 TeV LHC. Each signal is for a specific value
of the scalar mass and includes both the contribution from the Breit-Wigner lineshape as well as the
contributions from the signal-background interference. The vertical grid lines indicate the location
of the each of the heavy scalar masses, which range from 400 to 1000 GeV in steps of 100 GeV. The
signal lineshapes are multiplied by factors indicated in the lower part of the figure to render the
signal lineshapes visible on a same scale. The solid and dashed gray lines represent a systematic
uncertainty of the background at the £2% level and a statistical uncertainty evaluated at 300 fb ™!
assuming a 10% selection efficiency, respectively.
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Figure 5. The signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions for the baseline model as a function of the ¢ invariant mass at the 13 TeV LHC. The
blue, orange dotted and green dashed lines indicate the total BSM lineshapes for CP phases of 0
(CP-even), 1/471(CPVyax) and 1/27 (CP-odd), respectively. The gray curves are the Breit-Wigner
contributions to the total lineshapes alone, with the corresponding CP phases. The heavy scalar
masses are set at 550 GeV and 850 GeV for the left and right panels, respectively.

the lineshape pure dip structure for smaller values of the scalar mass in the former case.
Another important feature is the off-shell interference effect, and especially for an off-shell
heavy scalar at tf invariant mass around 400 GeV this effect is quite visible. This off-shell
interference is more prominent for the pseudoscalar because of the s-wave nature of the
cross section, compared to the p-wave (32 suppressed) nature of the scalar case, and is
further augmented by the slightly larger width of the pseudoscalar.

We show in figure 5 detailed lineshapes for two representative scalar masses of 550 GeV
and 850 GeV. For a 550 GeV CP-even scalar, the phase 6 7 is approximately /4 while for a
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550 GeV CP-odd scalar the phase is approximately 37/8, as can be read from figure 3. For
an 850 GeV CP-odd scalar, instead, the phase 6 7 is approximately 7/2 while for an 850 GeV
CP-even scalar the phase is approximately 27/5. These two benchmarks highlight the cases
of the baseline model for which i) the interferences proportional to the real and imaginary
part of the propagator are comparable in size (left panel) and i) the interferences are
dominantly from the piece proportional to the imaginary part of the propagator, resulting
in a pure dip structure (right panel).

In figure 5 the blue, solid lines; green, dashed lines and orange, dotted lines are the total
lineshapes for a CP-even scalar; a CP-odd scalar and a scalar in the CPV ax (Ocp = 7/4)
case, respectively. These colored lines are the total BSM effects, including both the Breit-
Wigner contribution and the interference with the SM background for a scalar-top quark
coupling y; = 1. The corresponding the Breit-Wigner contributions alone are shown by the
gray lines. For the 550 GeV scalars, the Breit-Wigner contribution is narrower for the CP-
even scalar than for the CP-odd one, due to the 52 suppression in the former case. For the
850 GeV scalars, the 32 suppression is negligible, resulting in almost identical widths for the
CP-even and CP-odd scalars. In addition, as shown in figure 1, the absolute value of the
loop function for the CP-even scalar is smaller than the CP-odd one. Consequently, the CP-
odd scalar Breit-Wigner lineshapes are higher than the CP-even ones. For both benchmark
masses the total lineshapes given by the colored curves show a more pronounce dip structure
for the CP-odd case than for the CP-even one. The growth and the larger phase ¢ 5 of the
CP-odd loop function discussed in the previous section generates this feature. For the CPV
case, the lineshapes can be viewed as a properly weighted combination of the CP-even and
CP-odd lineshapes, following eq. (2.12).

3 Beyond the baseline model

The channel gg — S — tt at hadron colliders is crucial for heavy Higgs searches, especially
in the alignment limit [25] (with or without decoupling) favored by current Higgs boson
measurements at the LHC. Gluon-gluon-fusion is the dominant production mode of the
heavy scalar and tf is likely to be the dominant decay mode.

The baseline model introduced in the previous section helps us to understand the
challenges of the gg — S — tt search. However, general BSM models usually contain
more ingredients, adding new features to the baseline case.” Firstly, there could be more
than one heavy scalar particle, as in 2HDMs. If their masses are almost degenerate, as for
example in the MSSM, these scalars will provide new contributions to the signal. Secondly,
in addition to the top quark, one can consider the effects of other colored fermions or scalars
contributing to the gluon-gluon-scalar vertex. This could importantly modify the phase 0 5
in several different ways. Specifically, there could be effects from loops involving bottom
quarks and/or additional BSM colored particles, such as squarks and VLQs. There could
also be CPV effects due to the direct couplings between the heavy scalar and SM fermions
as well as other particles in the loop. These modifications allow for partial cancellations or

5Some alternative channel have been proposed and studied [15, 26-31], for gauge extensions, see e.g.
refs. [32, 33].
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enhancements among the different components of the gluon-gluon-scalar vertex. We shall
discuss all these possibilities in the following sections.

3.1 Multiple scalar bosons

In this section we study the case of two neutral heavy Higgs bosons with similar masses, a
situation that occurs in various models. In a 2HDM, large splittings between these scalar
bosons are disfavored by low energy measurements such as the oblique parameters [34].
In the Minimal-Supersymmetric-Standard-Model (MSSM), in particular, the heavy Higgs
bosons (H, A, H i) are nearly degenerate because of the specific supersymmetric structure
of the quartic couplings. Even after radiative corrections, the mass difference between the
heavy CP-even and CP-odd scalars in the MSSM is at most of a few tens of GeV for heavy
scalar masses in the 500-1000 GeV range.

In the CP-conserving case, the CP-even and CP-odd Higgs bosons do not interfere and
the resulting partonic cross section is simply given as the sum of both,

opsm(3)(99 — H/A — 1) = 05§ (3) (99 — H — tt) + ogin(8)(gg = A — th),  (3.1)

where the terms in the above expression are given in egs. (2.10) and (2.11), with proper
replacement of the coupling strengths. On the other hand, the results becomes slightly
more complex and interesting if the actual scalar mass eigenstates contain an admixture of
CP-even and CP -odd components. In terms of the mass eigenstates S; and Ss, the cross
section reads,

oSN (8)(99 — S1. Sz — 1) = oSN (3) (g9 — S1 — tE) + oS5 (8)(9g — S — 1)
+opk 22 (8)(99 — Si, Sa — th), (3.2)

where the cross sections for S and S follow the expressions for CPV scalars given in
eq. (2.12), whereas the additional interference term between the scalars S; and Ss is

given by,
dop %(3)(99 = S1, 85 = th) _
(3.3)
dz
sz [ (P I @R + 505 (0F) (5 0 + 55
302 ] §
2048m3v (5 _ mS1 —+ stlrsl (8)) (8 — m%b — ’LmS2FSZ (3)>

The coefficient in the above equation can be further simplified in the alignment limit of a
Type II 2HDM,

(w7 w1 () 2+ 52 97 T (1) (8207 + 575 ) =

$nf@<$ﬁ>0g<n—uymﬂa—ﬁy (3.4)

The corresponding CP-violating couplings in the alignment limit satisfy,

ySM
Sty @gfl — tatn 5 (cosfcp + isinfcp),
ySM
52 g = —tatnﬁ(—sinﬂcp +icosfcp). (3.5)
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Figure 6. The signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions for nearly degenerate heavy scalars as a function of the ¢f invariant mass at the 13 TeV
LHC. The orange, solid and blue, dashed lines correspond to lineshapes of the CP-violation case
with Ocp 7/4 and the CP conserving case, respectively. The green, dotted lines are the interference
between the two heavy scalars for the CP-violating case. The heavy scalar masses are taken to be
540 GeV and 560 GeV for the left panel, and 840 GeV and 860 GeV for the right panel.

From eq. (3.4), it is clear through its dependence on sin? 20cp that the interference piece
between the two scalars is only relevant in the presence of CPV. Moreover, due to the prop-
agator suppression, this contribution is sizable for almost degenerate masses and mostly in
the region between the two scalar masses.

The tt signal from the decay of two nearly degenerate scalars allows for a rich phe-
nomenology. The resulting lineshape now depends on the masses, the separation between
the mass values, the widths, and the CPV phase of the scalars. In figure 6, we show the
total signal lineshapes for the two nearly degenerate scalars, both for the CP-conserving
(blue, dashed lines) and the maximally CP-violating (orange, solid lines) cases. We con-
sider scalars masses of 540 GeV and 560 GeV for the left panel, and 840 GeV and 860 GeV
for the right panel, where we take the CP-odd scalar A to be 20 GeV heavier than the CP-
even scalar H. The green, dotted lines single out the effect of the additional interference
term between the scalars. To make this new interference term easily visible in the figure,
we multiplied it by a factor of ten.

The main features of the two nearly degenerate heavy scalars yielding a ¢t signal are: 7)
the signals of the two heavy scalars add to each other, almost “doubling” the height of the
bumps and dips; ) a new contribution from the S; and Sy signal amplitude interference
appears in the CPV case. In the left panel of figure 6, the mass separation between the
two scalar masses is somewhat larger than their respective widths and a “double dip”
structure for the nearly degenerate scalars at around 550 GeV appears. In the right panel,
we consider scalar masses around 850 GeV and again a mass separation of 20 GeV. In this
case the widths of the two scalars are larger than the mass separation and a single, centrally
flat, dip region appears, instead of the previous “double dip”.

The CPV lineshapes differ from the CP-conserving ones, and in particular they receive
the contribution from the new interference term between the two scalars. From figure 6

we observe that the new interference term is mainly in the region between the two scalar
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masses, and this is easily understood due to the kinematic suppression from the two scalar
propagators. Moreover, this new interference term is proportional to the real component of
the product of the two scalar propagators, approximately, 1 4+ 4A1As, where Aj o are® the
mass differences between the ¢t system and the pole masses of each of the two scalars, S 2,
respectively. The product AjAs is negative whenever v/§ is between the two scalar masses
and positive otherwise. Moreover, when the mass splitting of the two scalars is smaller
than the average of their widths, A;As is a small negative quantity, which is not sufficient
to flip the sign of the interference term. As a result, the new interference term is positive
for both examples. Furthermore, in the benchmark model shown in the right panel of this
figure, the CPV case has a deeper overall dip structure, which may open the possibility of
differentiating CPV from CP-conserving scenarios in future high precision measurements.

3.2 Scenarios with additional contributions to the gluon-fusion process

Models with heavy scalar bosons often occur in association with additional colored parti-
cles yielding new contributions to the loop-induced gluon-gluon-scalar vertex. In addition
bottom quark effects, not taken into account in the baseline model, may also contribute in
specific regions of parameter space.

Before proceeding with a detailed discussion of lineshapes, let us comment on some
essential differences between new particle contributions to the SM Higgs boson gluon fusion
production with respect to the same production mode for heavy scalars. For the SM Higgs
boson, one is entitled to make use of the low energy theorem to include the effects of
heavy BSM particle contributions to loop-induced couplings. In such case one can add the
new physics loops directly to the SM top quark loop, since around the SM Higgs boson
mass all these loop-functions are below the thresholds of the heavy particles, and therefore
real. For heavy scalars, instead, the top quark loop-function is no longer real, and the
heavy BSM particle contributions could have various phases depending on the kinematics.
Consequently, a relative phase will be generated between the SM fermion contributions and
the BSM particle contributions. This effect could lead to drastic changes in the lineshapes
for the heavy scalar and demands a careful treatment of the inclusion of BSM effects in
the heavy scalar production.

In the following we discuss several well-motivated scenarios with additional colored
particle effects. We focus on heavy scalar lineshapes considering the new contributions
from fermions and scalars that arise in general 2HDMs as well as in models with VLQs or
SUSY models with squarks.

3.2.1 Standard Model light quark contributions

In the framework of 2HDMs, it is interesting to revisit the relevance of top quark-loops
in the heavy Higgs-gluon fusion production process. The complete 2HDM is only defined
after considering the interaction of the Higgs fields to fermions. In a Type I 2HDM, all SM
fermions couple to a single Higgs field and hence the bottom quark-loop scales in the same
way as the top quark-loop. Therefore the dominant contributions will always come from

SHere A1,z is defined analogously to A in eq. (2.7).
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the top-loop and the subsequent tt decay, regardless of the tan 3 value. Consequently, the
bottom quark contribution is merely a small correction to the phase of the gluon-gluon-
scalar vertex and will minimally perturbe our previous discussions. In a type II 2HDM,
instead, the contribution from bottom quark-loops can be sizable for moderate to large
values of tan 3, and it is also directly correlated with the additional partial decay width
into bb. More specifically, the heavy Higgs-bottom Yukawa coupling, and hence the bottom
quark-loop contribution, scales as tan 3, while the top quark one scales as 1/tan 3. The
interplay between these two competing contributions leads to a rich phenomenology. In
fact, in the large tan 8 regime, where bottom-loop induced gluon-gluon-fusion production
and bb decay are dominant, the search strategy changes, and alternative channels such as
those with 777~ final states become more sensitive. Still in the low to intermediate tan 3
regime it is of interest to explore the gg — S — tt channel and consider the effects of
the bottom quarks. Due to kinematics, the bottom-loop induced ggS coupling will be in
the large 7, regime of eq. (2.4), leading to very slowly varying loop functions I /5(73) and
I /5(75). The bottom quark- and top quark-loop contributions could then interfere con-
structively or destructively, depending on the relative sign between the two corresponding
Yukawa couplings to the heavy scalars.

In the following, for simplicity, we only consider the CP conserving Type II 2HDM in
the alignment limit. The tan § enhanced bottom quark contribution to the gluon-fusion
production of the 125 GeV Higgs boson can be tuned away in the alignment or decoupling
limit, therefore avoiding the corresponding precision measurement constraints. The CPV
case can be considered in a similar way as the CPV discussion in section 2.2. Including
the contributions from both top and bottom quarks, the gluon-gluon-scalar interaction for
the CP-even Higgs boson from eq. (2.3) now reads,

Qs

1
9599(8) = 5 <_tanﬂ[§ (7¢) + tan 1, (n,)) : (3.6)

and analogously for the CP-odd Higgs.

In figure 7 we show two benchmark scenarios for a CP-conserving type II 2HDM, one
for a CP-even scalar of mass 550 GeV (left panel) and the other for a CP-odd scalar of mass
850 GeV (right panel), while considering various values of tan 5. From figure 5, it follows
that changing the CP-properties of the scalar for a similar mass window results in similar
lineshapes as those shown in each of the corresponding panels of figure 7. We choose to
vary tan 8 between 0.5 to 7, where 0.5 yields an enhanced scalar top-quark coupling and
7 represents the case where the top- and bottom- quark loop induced gluon-gluon-scalar
couplings are minimized. Beyond tan 3 = 7, the t¢ decay will be substantially suppressed
due to the large couplings of the scalar to bottom quarks. The lineshapes in this figure
include both the Breit-Wigner and interference terms for both the bottom- and top-quark
contributions to the loop function. For the tan 8 range considered, a lower value of tan
indicates a larger width and a larger signal cross section. From figure 7 we observe that the
resulting signal phase changes more visibly with respect to the SM background for a lighter
Higgs boson. This can be understood because for heavier scalars the kinematics is such
that the phases of the top and bottom-quark contributions are closer to the asymptotic
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Figure 7. Signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions in Type II 2HDMs as a function of the tf invariant mass at the 13 TeV LHC, for
various values of tan 8, and including the bottom quark contributions. The left and right panels
correspond to a heavy CP-even scalar with mass 550 GeV and a CP-odd scalar with mass 850 GeV,
respectively.

behavior for large values of 7,4, as shown in figure 3. Such feature is unique to light
quark contributions to the loop function. Heavy particles, instead, will only contribute to
the real component of the loop-function. Finally, it is also interesting to notice that the
height of the peaks does not change much for the tan 8 regime under consideration. In
this regime the height of the peak has two contributing factors that cancel each other: the
on-resonance amplitude is proportional to 1/T" from the propagator and the production
rate is proportional to I';, which in turn dominates the total width I". For higher values
of tan 8 than those considered in this paper, the height will be further suppressed by the
increasing contribution of I'y to the total width.

3.2.2 Vector-like quark contributions

Vector-like quarks are well motivated in many BSM theories, e. g. composite Higgs mod-
els [35-37], flavor models, grand unified theories. The heavy scalar effective couplings to
gluons can receive sizable contributions from these vector-like quarks, resulting in impor-
tant changes to the phenomenology. We shall discuss some of the most relevant features
in this section by considering the minimal case of one vector-like SU(2); quark doublet,
Qr = (Yr Np)T and Qr = (¥r Ng)T, and one vector-like SU(2); quark singlet, xr
and Yy, respectively. In the context of 2HDMs, the heavy scalar couplings to vector-like
quarks are linked to their chiral masses.

The vector-like fermion mass matrix, after electroweak symmetry breaking, can be
expressed as,
- - My yo—5
(Y1, X) My Vr) _ (YL, Xr) v v (VR ; (3.7)
XR yu 5 My XR

where for simplicity we assume the off-diagonal entries to be identical. The subscript L
and R always label chirality. The mixing angle, defined for the mass eigenstates of Dirac
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spinors ¥; and Ws, follows

U, = Y1z = cos Oy Vi + sin by XL , (3.8)
ViR YR XR

with Ws given by the orthogonal combination. Due to the simplified identical chiral mass
term, the mixing angles fys are identical for the chiral-left and right components, ¥; ;, and
V; g, and satisfy:

V2(My + My )y

2 2
m\I,l m%

sin 20y = — (3.9)

In the alignment limit of a type II 2HDM, the heavy scalar coupling to the vector-like
quarks gy, can be expressed as:

= ZFiﬁ\T sin 20y . (3.10)

Consequently, the sum of the vector-like quark contributions to the gluon-gluon-heavy
scalar coupling reads

N Qs [ gu, 5 gu, §
= — I 1 , 3.11
YggH 27 (m\pl 3 <4m?1,1> My, L (4m\112>> ( )

while the corresponding result for the heavy CP-odd scalar is very similar. In the heavy

mass limit of my,, my, > mpg, the above contribution can be approximated as,

~

Qs (M\I’L + MII/R)y?I!U I < S > ~ Qs y\2lfv (3 12)
27 tan 8 my, my, (my, +mg,)  \ 4my, my, 3 tan 8 my, my, '

~

gggH ~

We can see from eq. (3.12) that the loop-induced contribution to gluon-gluon-scalar cou-
plings takes a form very similar to that one obtained from the low energy theorem of the
SM Higgs [38]. Although the heavy Higgs doublet does not have a VEV, its couplings to
the heavy vector-like fermions are proportional to that of the SM doublet.

In figure 8, left and right panels, we present the heavy CP-even scalar lineshapes
with contributions from the vector-like fermions for benchmark scalar masses of 550 GeV
and 850 GeV, respectively. We show the lineshapes from considering only the top quark
contribution (orange, dotted lines), only the VLQ contribution (green, dashed lines) and
the coherent sum of both contributions (blue, solid lines). The resulting changes to the
lineshapes are sizable. The vector-like fermions may enhance the production of the heavy
scalars with respect to the SM top-quark loop contribution. At the same time, due to the
fact that the VLQ induced loop function is real, there will be no destructive interference
with the SM background. We choose a benchmark point with mass parameters M, and M,
of 600 GeV and 1200 GeV, respectively. The Yukawa coupling is chosen as ygy = 2. In such
case the masses of the eigenstates are 440 GeV and 1360 GeV, respectively. Consequently,
the 850 GeV scalar is closer to the threshold of the lighter vector-like quark and receives
relatively larger corrections to the lineshapes in comparison to the 550 GeV one. We
note that in 2HDMs, the VLQ will also contribute to the SM Higgs couplings to gluons,

17 -



801

Top+VF

Top+VF

4 rr T T T T
3F Top only
2Lk VF only

201 1

-20F 1 2L ]

450 500 550 600 650 750 800 850 900 950
my (Gev) my (Gev)

60l Top only
VF only
401

d0sig/dmy (fo/GeV)
dasig/dmy (fb/GeV)

Figure 8. Signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions as a function of the t¢ invariant mass at the 13 TeV LHC. The blue (solid), orange
(dotted) and green (dashed) lines correspond to the sum of top quark and vector-like quark loop
contributions, the top quark contribution alone and the vector-like quark contribution alone, respec-
tively. The vector-like quark contribution is computed for benchmark parameters M, =600 GeV,
M, =1200 GeV and Yukawa yy = 2 as defined in the text. The left and right panels correspond to
heavy CP-even scalar masses of 550 GeV and 850 GeV, respectively.

and therefore, the current measurement of the SM-like Higgs properties will constrain the
size of the allowed contributions from these new fermions. However, due to the mj/my
suppression and the current level of accuracy in the Higgs boson measurements, such
constraints do not play a relevant role at present.

If the intermediate colored particles are heavy, effective operators will be sufficient
to describe the physics. In such case our loop-induced gluon-gluon-scalar form factor in
eq. (3.12) becomes a constant, and can be identified as the Wilson coefficient of the effective
field theory (EFT) operators %S GG or %SGG. We give an example in section 3.3.

3.2.3 SUSY scalar quark contributions

The SUSY partners of the SM colored fermions may also contribute to the gluon-gluon-
scalar effective coupling. These scalar quarks also modify the predictions for the observed
~125 GeV Higgs boson measurements, however, for sufficiently heavy stops as those consid-
ered here current data does not impose any relevant constraints. The squark contributions
to the heavy scalar Higgs production are of the form:

q
G a o' g:v 1 1 5
9igg(3) = _é ,n;g = (1 - (jf(Tiq)) ) (3.13)
gi=1,2 G T Ti

where the subscript 7 labels the two scalar mass eigenstates with masses myg,, that are the
superpartners of the corresponding SM fermion ¢. Only the diagonal Higgs-squark-squark
couplings in the mass basis contribute to eq. (3.13), and thus the Higgs-squark-squark
couplings giqj are labeled giq . For the case of Tf < 1 the above equation becomes a slowly
varying function of the scale ratio parameter Tf , and the EFT approach is sufficient to
describe the physics results in this channel. However, the scalars we consider are relatively
heavy, and could be close to the squarks threshold. In this case the phenomenology is rich
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Figure 9. Left panel: loop functions of the scalar-gluon pair vertex as a function of /7 = v/3/(2m),
with m the mass of the new particle in the loop. The orange, green and blue lines correspond to
the real, imaginary and absolute values of these functions. The solid lines represent the values of
the squark loop function, while for the fermion loop contribution the real and imaginary parts are
shown in dotted and dashed lines for the scalar and pseudoscalar case, respectively. The squark-
loop function is multiplied by a factor of four to be visible in a common scale with the fermion
loop functions. Right panel: induced relative phase with respect to the SM background in units of
7 for the sfermion loop (green line), fermion loop for a scalar (dotted red line) and a pseudoscalar
(dashed blue line).

and interesting and we shall keep the full scale dependence to properly account for such
possibility.

For scalar masses such that 2m; < mg < 2my, the loop function for gluon-gluon Higgs
coupling from top-quark loop is dominantly imaginary, while that from scalar quarks is
real. As a result these two contributions do not interfere with each other, in sharp contrast
to the SM Higgs boson case, where mj, < 2m; < 2mg. The squark contributions allow for
an additional adjustment of the relative phases between the ggS production vertex and the
ttS decay vertex, enriching the phenomenology.

In the left panel of figure 9 we show in blue, orange and green, solid lines the ab-
solute, real and imaginary values of the corresponding loop-functions for scalar quarks,
respectively. Comparing to spin-1/2 loop-functions shown by the dashed and dotted lines
for the scalar and pseudoscalar cases, respectively, the squark loop-function rises and falls
much more abruptly near the threshold. Its real component becomes negative right above
threshold. We multiply the squark function by a factor of four to make it more visible.
In the right panel of figure 9 we show the phase generated by the different loop functions
as a function of the scale parameter /7. As discussed in section 2, the closer the phase
is to 7/2, the more important is the interference proportional to the imaginary part of
the propagator with the SM background, rendering the dip structure more prominent. We
show the evolution of such phase for the fermion loop for a scalar (dotted red line) and a
pseudoscalar (dashed blue line), as well as for the squark loop (green line). The phase of
the squark loop raises much faster comparing to the fermion-loop cases, and at large /7
the phase is close to m. The phases from the fermions approaches 7/2 instead, which is the
cause for a pure dip structure at high scalar masses for the baseline model.
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In the following we will concentrate in the more intriguing case in which the scalar
quark mass is only slightly above half the scalar mass. In this situation the threshold effect
can create additional structures in the line shapes.

Consider the squark mass matrix:

M?2 24 D4 X
Mq:< o T Mg+ DL 2 my N q>7 (3.14)
myXy M2 +mg + D,

and the mixing angles (defined as ¢ = cos 34y, + sinf3gr) that satisfy:

2my X
§in 205 = —5 1 (3.15)
ms — m#
q1 q2

with X, Y,, D? and D;I% for ¢ = u,d defined in appendix A, eq. (A.4). In the alignment
limit and considering only the dominant stop contributions (setting ¢ = ¢ in the above
equations), g¢ can be expressed as:

m? + cos 25(D'5L/R sin? 0; + DE/L cos?0;) £ 3myX;sin20; , for S=h

La(8)—= = M sin28(DY ,, sin? 0; + DY 20,) 7 m,Y,sin20; , for S =H
91,2 ol —fanpg —Sin B( LRSI 0; + Dy cos 7) F 5myYysin260; , for S =

:F%th} sin 20; , for S=A

(3.16)

In the above expressions the terms proportional to X; and Y; correspond to the off-diagonal
couplings of the light CP-even Higgs and heavy CP-even Higgs to L-R stops, respectively.
While the phenomenological studies on the light Higgs boson focus on X}, which is directly
connected to stop masses and mixing, and correspondingly to the Higgs mass radiative
corrections, the heavy Higgs boson coupling mainly depends on an orthogonal quantity
Y;. The stop L-R mixing contribution to the heavy Higgs boson coupling to gluons are
proportional to Y; sin 26;, which in turn is proportional to the product of X;Y%,

A? ©? 1
XV =50 F " tang M (1 - tnm) : (3.17)

In figure 10 we show the comparison of the lineshapes for a heavy scalar of mass
850 GeV considering stop contributions to the loop function, and for two scenarios for the
stop mixing parameters X; and Y;. One is the zero L-R mixing case with vanishing X;.
The other is a variation of the mhy,,y scenario [39—41] in which we take X; = V6Msysy ~

*
max

GmQSng and Y; = 2X;. We named this modified maximal mixing scenario mh
such that for tan 3 = 1, it corresponds to A; = 3u. The channel g9 — H,A — tt in
supersymmetry could be a dominant channel in discovering the heavy Higgs bosons in the
low tan 8 regime. Despite that the observed 125 GeV Higgs mass disfavors the low tan g
(< 3) regime in the MSSM, extensions of the minimal model, such as the next-to-minimal-
supersymmetric standard-model can work well in this regime. Therefore, for the purpose
of demonstrating the ¢t channel’s physics potential and for easier comparison with previous
non-SUSY discussions, we choose a benchmark value of tan 8 = 1 in these figures. The

green and orange lines correspond to the production of heavy scalars with only the SM top
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Figure 10. Signal lineshapes as the sum of the Breit-Wigner contribution and the interference
contributions, including the effects of SUSY stops in the loop for 850 GeV CP-even scalars, as a
function of the ¢t invariant mass at the 13 TeV LHC. The left panel corresponds to the SUSY stop
scenario with zero L-R mixing, while the right panel corresponds to the SUSY stop scenario mh;

max*

The green and yellow lines represent the cases with only top quark loops or stop loops, respectively.
The blue lines are the total lineshapes including all contributions. In the right panel we show both
the case for a CP-even and a CP-odd scalar for the solid and dashed lines, respectively.

quark loop contribution and only the SUSY stop loop contribution, respectively. The blue
lines represent the lineshapes with all contributions taken into account. In both scenarios
we choose the lighter stop mass to be close to half of the the heavy Higgs boson mass
and the heavier stop to be around 1TeV. The detailed numerics of our benchmark stop
parameters are listed in the appendix in eq. (A.5).

The stops could change the heavy scalar lineshapes in a distinct way depending on the
L-R stop mixing. For the case with zero L-R mixing shown in the left panel of figure 10,
the stop contribution (orange line) is relatively small compared to the top contribution
(green line), due to the smaller value of the squark loop function. In spite of the fact that
the stop loop function is real and only produces interference through the real part of the
propagator, the small value of the Breit-Wigner contributions implies that the interference
piece is dominant, leading to a bump-dip structure crossing zero at the scalar pole mass.
Once both the top and stop loop contributions are summed up the effect of the stop is
hardly noticeable. Moreover, in the zero L-R mixing case the CP-odd scalar does not
couple to the stops, and hence we do not show those lineshapes for the CP-odd Higgs. For
the mh? .. scenario shown in the right panel of figure 10, the stop contribution could be
sizable. We show both the lineshapes for the CP-even Higgs boson and the CP-odd Higgs
boson in solid and dashed lines, respectively. The Breit-Wigner contribution from the stop
loop shifts the value of ¢t invariant mass where the signal rate is zero slightly above the
heavy scalar pole mass, as illustrated by the orange lines. The contribution from the L-R
mixing term dominates and changes the pure dip structures from the top only contribution
(green lines) into a bump-dip structure (blue lines). We purposefully choose the parameters
such that the heavy scalar is only slightly below the light stop pair production threshold,
with a light stop mass of about 435 GeV. We observe that the stop threshold effect is

only minimally visible in the orange and blue lineshapes in both panels, through the small
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discontinuity at a tf invariant mass of around 870 GeV. The above discussion shows that
a relatively light stop, depending on the L-R mixing parameters, could have a relevant
impact on the search strategy and the sensitivity reach of heavy scalars in the t¢ decay
channel.

3.3 Special discussion: a (pseudo)scalar from a putative di-photon excess

At the end of 2015 both the ATLAS and CMS collaborations reported a diphoton excess
at about 750 GeV that could have been a truly striking signal of new physics beyond the
standard model [16, 17]. This excess drew significant attention from the theory commu-
nity.” Many theoretical descriptions to explain a putative diphoton excess also implied the
existence of the ¢t signal [42, 45-56]. Moreover, many of the explanations, involved sizable
contributions from heavy particles, vector-like fermions and scalars, in the loop functions
for both the gluon-gluon-scalar production vertex and the diphoton-scalar decay vertex.
In the following, we focus on some detailed features of the t¢ signal lineshapes from a
heavy scalar in the framework of an EFT, where heavy particle loop contributions to the
gluon-gluon-scalar coupling compete with the top quark loop one. We further introduce
a convenient rescaling factor to quantify the signal rate after smearing effects to correctly
translate current bounds on a ¢t resonance search, also taking into account the important
interference effects. We consider as an example a 750 GeV scalar with no special relevance
of the precise mass value as far as it is in the several hundred GeV range.

As it is well-known, the tf-scalar coupling induces at one-loop level the gluon-gluon-
scalar and gamma-gamma-scalar effective vertices. If this tt-scalar coupling is the dominant
source of the diphoton process, although the production rate will be sizable, the diphoton
branching fraction will be too small to accommodate a sizable diphoton signal at the reach
of the LHC. Indeed, the tree-level two-body decay of a several hundred GeV heavy scalar
to top quark pairs is orders of magnitude too large compared to the electromagnetic, loop
suppressed scalar to diphoton decay. A possibility is to increase the production rate to
compensate such small decay branching fraction to diphotons, however, other searches on
the hadronic channels will strongly disfavor such scenario. Instead, an intriguing possibility
for a heavy scalar diphoton signal could be from heavy charged particle dominance in the
gluon production as well as in the diphoton decay modes, with suppressed but still very
sizable decay to tt. A very straightforward example is a neutral heavy scalar that mainly
receives its coupling to gluon pairs and photon pairs through multiple heavy top partner
loops, while the coupling of the new heavy scalar to top quarks is controlled by the mixings
of the top partners with the top quark.

We consider the following minimal interaction Lagrangian for a pseudoscalar S,

Qg
8mfg

where the coefficient ¢, captures contributions to the gluon-gluon-scalar coupling by in-

SGG, (3.18)

s
Lint D ?(Z‘thLHtR +h.c.) + Cq

tegrating out the heavy colored particles. The total gluon-gluon-fusion rate for the scalar

"For a relatively comprehensive study and quasi-review, see e.g., refs. [42—44], and references therein.
8We changed notation to the standard one for composite scalar models. Analogous treatment holds for
the scalar case.

- 29 —



production also receives contribution, from the top-quark loop and reads

~ 2
2 [11(1) + ~]} o
o(gg —S)=o0 — H3N v Iz Mo ,
(gg ) (gg 750G9V) f2 ’I(Tt)’z
TeV\? |- 2 c.f
—31 (=) |fi(r —i—c‘ fb, with ¢, = <7 3.19
(55) B +eq y=3el (3.19)

The rate for the SM Higgs is approximately 740fb at the 13 TeV LHC [57] and the loop
functions 1 1 (1) and T 1 (1¢) are as defined in eq. (2.4). However, it is very important to
emphasize that using o(gg — S) from eq. (3.19) multiplied by the Br(S — tt) is no longer
a valid approach, since the large interference effects should be appropriately taken into
account, as discussed in the previous sections.

In the lower left panel of figure 11 we show how the relative phase 6 5 with respect to
the SM gg — tt background varies as a function of ¢4, as define in eq. (3.19). The phases
for the scalar and pseudoscalar are represented by the red and blue lines, respectively. The
solid lines represent the relative phase for positive ¢4, while the dashed lines represent m
minus the relative phase for negative c,. In the case of dominant t¢ contribution (low ¢y),
the relative phase is near 7/2 (27/5) for pseudoscalar (scalar). For comparable contribution
from top-loop and heavy colored particle loop the phase is still as large as 7/4, while when
cq is greater than 10 the relative phases becomes negligible.

In the upper panel of figure 11 we show several lineshapes for the differential distribu-
tion for the gg — S — tt cross section as a function of the ¢ invariant mass, for various
benchmark values of ¢,. The example cases of a 750 GeV pseudoscalar and scalar are dis-
played in the upper left and upper right panels, respectively. For clarity of presentation, we
normalize the lineshapes to the Breit-Wigner parton level cross section at the scalar mass
pole. We assume the total width is dominated by the partial decay to tt, Tiota &~ I'yz. The
resulting lineshape behavior is independent of the precise normalization of the interaction
strength v/ f, and therefore we plot the lineshapes in units of the total width I oc v?/f2.
This can be understood since the signal amplitude does not depend on v/ f near the scalar
mass pole: the numerator of the signal amplitude scales as scalar-top pair coupling squared,
proportional to v2/f2, due to the production and decay vertex while the denominator is
proportional to the total width, which is also proportional to v2/f2. Moreover, the overall
lineshape is determined by the relative importance between the Breit-Wigner contribution
and the interference contribution, which is characterized by the relative strength of the
signal amplitude to the background amplitude, independent of v?/f2.

To better understand figure 11, let us discuss the different lineshape behaviors for
different values of c,. For large values of ¢y, for which the heavy colored particle loop
dominates in the gluon-gluon-fusion production,” the resulting lineshape for the tf signal is
governed by the Breit-Wigner contribution with a smaller contribution from the interference
effect proportional to the real part of the propagator. This is shown by the red and red,
dashed lines for ¢, = 10 and ¢, = —10, respectively. For negligible values of ¢4, for which

9Note that ¢ could still be the dominant decay channel in comparison with the loop-suppressed (e.g.,
a?/(8m)?) decays to gluon pairs.

~ 93 -



-3r -2r -r 750 + +2r +3r -3r -2r -r 750 +r +2r +3r

1.0F
_ _ r  CPEven
= = [
g £ ol
= = 0.5 i
o ]
© ©
s = L
= = 00
£ £ Femeee_
2 2 [
£ .05 Z _05]
o r o r
< L )
k3 [ k3 [
_1 0 : L L L L L L L _1 0 : L L L L L L L ]
-3r -2r -r 750 +r +2r +3r -3r -2r -r 750 +r +2r +3r
my(GeV) my(GeV)
0.6F™ 777 -~< - 1 10F
) N — pseudoscalar — pseudoscalar
K 0sf RRTUUN ]
2k ~ — scalar = 05} — scalar ]
% 04f @ Y
. S
z r S
2 0.3 =
2 5
~ t 3
202 & ]
2
& 0.1
0.0F -
0.0 0.1 1 10 100 5 10

lcgl

Figure 11. Upper panel: representative lineshapes of differential distributions at parton level for
the process gg — S — tt normalized to the value of the Breit-Wigner contribution at the scalar
mass pole, as a function of the ¢ invariant mass, for various values of ¢,. The corresponding
values of ¢4 are labelled on the lines and characterize the relative contribution from heavy colored
particles to the gluon-heavy scalar vertex with respect to the top quark one. The heavy particle S is
a CP-odd or a CP-even scalar for the left and right panels, respectively. Lower left panel: relative
phase 6 7 in units of 7 as a function of ¢,. The dashed lines represent (7w — relative phase) for
negative c4. Lower right panel: ratio of the total signal rate within a £3I's window for a 750 GeV
scalar, including both resonance and interference contributions, over the naive resonance rate for
the gg — S — tf process, see details in the text. For both lower panels, the CP-even and CP-odd
cases are represented by the red and blue lines, respectively, while the positive and negative values
of ¢4 are represented by the solid and dashed lines, respectively. For all the figures, the new physics
scale f is chosen to be 1TeV.

the top-loop dominates the production, the resulting lineshapes for the tf signal are pure
dips as shown by the black curves for ¢, = 0. In the limit of large statistics, the bounds
from bump search and dip search could be treated more or less equivalently. However, in
these two limits, the constraints from the ¢t resonance search should be interpreted with
caution.'® A very different behavior occurs when the top-loop and heavy particle-loop
contribution are comparable, resulting in a bump-dip or a dip-bump structure, as shown in
the blue lines and blue dashed lines for ¢, = 1 and ¢, = —1, respectively. In such case, the

10YWe note that the bump search itself is dominated by the systematic uncertainties and thus projections
on this channel should be done in a careful way, otherwise, overly aggressive results can be obtained by
blindly assuming statistical uncertainty dominance. A detailed discussion follows in the next section.
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smearing effects from the ¢¢ invariant mass reconstruction will flatten the dips and bumps
in the lineshapes and render the experimental search much more challenging, as we shall
see in the next section.

In the lower right panel of figure 11 we plot the ratio of the total gg — S — ¢t BSM
rate to the naive rate obtained from o(gg — S) x Br(S — tt). The total rate includes the
interference effect and is defined by integrating the signal lineshape over the +3I'g region.
In this figure we show the ratios for a heavy scalar and a pseudoscalar, with both signs of
cg, with the same line coding as the lower left panel. For low |c,|, all cases are more of a dip
structure and this ratio could be as small as —1 (—0.7) for the pseudoscalar (scalar). For
sufficiently large |cq| (> 5), the signal is Breit-Wigner like and the ratio tends to be one as
expected. For ¢, around unity, large cancellations occur. Furthermore, the sign of ¢, also
plays a role in the exact value of ¢, for which this ratio approaches zero. The negative c,
usually requires larger values to be dominant, as the new physics contributions must first
cancel the real component from the top quark-loop. The ratio of the total gg — S — tt
BSM rate to the naive o(gg9 — S) x Br(S — tt) rate provides a crude estimate of the
current collider constraints for a given 750 GeV scalar model in the ¢ channel. One can
divide the current constraints on the ¢t production rate, which neglect the interference
effects, by the absolute value of this ratio to obtain an estimate of the constraints on the
total production rate.

For the process of gg -+ S — VV and g9 — S — aa, where V represents SM
electroweak gauge bosons (v, W, Z) and a is the light particle that later fakes the photon,
using o(gg — S) x Br(S — V'V, aa) is appropriate for the total BSM effect because of the
smallness of interfering SM background. Still, the detailed lineshapes could be useful to
determine the properties of the scalar [58-60], although the effect is not very sizable and
quite large statistics is needed.

4 LHC sensitivity

4.1 Signal and background considerations

The search for a new heavy scalar signal in the gg — S — tf channel at the hadron collider
is challenging in various ways. The first challenge comes from the non-conventional dip,
bump-dip, or dip-bump structures for which the normal bump search is not optimized. The
second is related to the top-quark invariant mass reconstruction that smears the signal by a
large amount. The bump and dip become less pronounced due to events in the bump that
will populate the dip via mis-reconstruction of the invariant mass and vice versa. Indeed,
the fact that events in one region are interpreted as events in the other one produces the
smearing that results in a reduced excess or deficit of events and diminishes considerably
the significance of the lineshape analysis. The third significant challenge is due to the
systematic uncertainty associated with the large production cross section of the SM top
quark pairs, which is the irreducible background for ¢t resonance searches. The background
cross section starts to increase quickly once the process is kinematically allowed, reaching
its peak at an invariant mass near 400 GeV at 13 TeV LHC. In figure 4, we show that the
background statistical uncertainty (dashed gray contour) is very small compared to the
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Figure 12. The total and statistical only bin-by-bin relative error as a function of the the tf
invariant mass from the ATLAS 8 TeV analysis [61] shown in gray and blue histograms, respectively.
For further details, see the discussion in the text.

systematic uncertainty (solid gray contour) that hides the signal lineshapes. Consequently,
reducing the systematical uncertainty is a key task in order to achieve sensitivity in this
channel. Due to the difficulties just mentioned, the search for a new heavy scalar in the
gg — S — tt channel is basically not constrained in the entire mass range slightly above
the tt threshold. In the following we shall re-evaluate the above challenges considering
various techniques, and discuss their impact on the LHC reach.

The current result for a ¢t resonance search performed by ATLAS [61] results in ap-
proximately 8% (6%) smearing of the reconstructed ¢¢ invariant mass distribution at around
400 GeV (1TeV). For our regions of interest, the signal mainly lies in the resolved-topology
selection of the ATLAS search, for which the decay products of the hadronically decaying
top quark are expected to be reconstructed in three small radius jets, in contrast to the
boosted case. The resolved-topology is of relevance for our study since we focus on the
phenomenologically interesting region below one TeV. The CMS ¢t resonance search at
8 TeV has similar invariant mass resolution of around 10% [62].

In figure 12!! we show the current total uncertainty (gray band) and statistical uncer-
tainty (blue band) achieved by the ATLAS 8 TeV analysis [61]. The systematic uncertainty
can be controlled at the level of about 2% to 4% in the mass range between 240 GeV and
1TeV. This search exploits the large data sample available from the LHC by marginalizing
the nuisance parameters that characterize the systematic uncertainties. The uncertain-
ties derived from this method use the data more extensively than other more traditional
treatments. The systematics for a lineshape search that correlates adjacent bins, such as
the one we are considering in our study should be comparable or better than that of a
single bin. Therefore we expect that the systematic uncertainty values from the ATLAS
study can be applied to our analysis. With higher integrated luminosity, we expect that

"' The numbers are obtained from the auxiliary material of the ATLAS analysis [61] available at
http://hepdata.cedar.ac.uk/view/ins1373299. The current 13 TeV search has already shown better system-
atic control [63] but the smallness of the systematics prohibits us from extracting the numbers accurately
from the plot. CMS 8 TeV analysis has similar but slightly worse systematic uncertainties [62].

— 96 —


http://hepdata.cedar.ac.uk/view/ins1373299

Amyz | Efficiency Systematic Uncertainty
Scenario A | 15% 8% 4% at 30fb~ !, halved at 3ab™*
Scenario B | 8% 5% 4% at 30fb~ !, scaled with v/ L

Table 1. Benchmarks for two LHC performance scenarios for the ¢f lineshape search at 13 TeV,
motivated by current results from 8 TeV searches and assuming 30fb~! and 3 ab~! of data, re-
spectively. Scenario A is based on a conservative assumption for the projected tf invariant mass
resolution and systematic uncertainties, while Scenario B is based on a more aggressive assumption
for both experimental parameters.

the systematic uncertainties will improve. On one hand, the large amount of ¢f events can
be used to better understand the detector performance and reduce the systematic uncer-
tainties. On the other hand, the large data set also means that one can afford a lower
signal selection efficiency allowing for tt events with higher quality in terms of invariant
mass reconstruction accuracies and systematic uncertainties. Moreover, alternatively to
the Monte-Carlo based method for background modeling used by the ATLAS study, one
could consider the widely used data driven background subtraction method that tends to
improve with larger data sets. Many applications of this method show great advantage in
complex experimental environments. In addition, development in the analysis techniques
may help further reduce the systematics [64-66]. The above arguments enable us to define
scenarios for our study.

In table 1, we consider two scenarios for the ¢f lineshape search using the semi-leptonic
tt sample. Scenario A is more conservative, both for the invariant mass resolution and the
high luminosity projection, while scenario B is more aggressive.'? Another relevant param-
eter is the signal selection efficiency. We chose 8% signal selection efficiency (branching
fraction included) for Scenario A. For scenario B, instead, we consider a lower signal effi-
ciency of 5%, allowing for a possible more strict requirement on data quality to allow for
more optimistic assumptions on the smearing effects and the systematic uncertainties. As
discussed earlier, the current values of the systematic uncertainties can be as low as 2%
with the LHC 8 TeV data. We assume a flat 4% systematic uncertainty for the whole range
400-1000 GeV at 30fb~!. In Scenario A we assume the systematics being halved with the
full HL-LHC luminosity and in Scenario B we assume the systematics being scaled with
the squared root of the total integrated luminosity. We also choose a binning size of 5%
of the scalar mass in the ¢t invariant mass distribution. In most cases the experimental
search uses the full information on each event, hence binning is not necessary. However, in
our simplified statistical treatment binning is important, and given the size of the smearing
effect, we consider a bin size of 5% of the scalar mass appropriate. For illustration purposes
we show in figure 17 of the appendix the signal lineshape before and after smearing and
binning, for the case of a pseudoscalar of mass 550 GeV with a Yukawa coupling y; = 1.

12T scenario B, we take an invariant mass resolution of 8% throughout the mass range, as quoted by
ATLAS. In scenario A we take a very conservative value of 15%, slightly above the value quoted by CMS.
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Figure 13. The binned differential distribution of the signal and background uncertainties in units
of pb/bin. The red histograms are the binned signal histograms after background subtraction with
the heavy scalar-top quark Yukawa coupling y; = 2. The blue and gray bands are the background
statistical uncertainties and total uncertainties after smearing and binning, respectively, for 3ab ™!
of total integrated luminosity in the semi-leptonic channel for the performance scenario B. The left
and right panels show results for a heavy CP-odd scalar mass of 550 GeV and 850 GeV, respectively.

As discussed in earlier sections, many models contain a heavy scalar with different
features and may also include two scalars of similar masses but different CP properties. The
resulting lineshapes are very diverse, depending on the relative phase, new contributions to
the effective gluon-gluon-scalar coupling and the precise separation between heavy scalar
masses. As a first step, we propose a search for a single scalar on the lineshape of the ¢t
system, performing a template fit in the differential distribution of the ¢¢ invariant mass.

In figure 13 we show, after smearing and binning, the resulting signal lineshapes for a
CP-odd scalar with masses of 550 GeV and 850 GeV, in the left and right panels, respec-
tively, for the baseline model with Yukawa coupling 4; = 2. The signal distributions feature,
as shown by the red histograms, a bump-dip structure for the 550 GeV case and almost a
pure dip structure for the 850 GeV case. The statistical uncertainty and total uncertainty
at 3ab~! are shown in blue and gray histograms for scenario B, respectively. As discussed
in earlier sections, the systematic uncertainty is the dominant effect and reducing it by
upgrading the detector, using data to calibrate the machine to the best achievable level,
and improving the ¢t system mass reconstruction are crucial for further improvements and
possible discovery in this channel.

Based on the distributions and uncertainties shown in table 1 and figure 13 and as-
suming a null BSM result in the future data, we can project which region of BSM param-
eter space can be probed. We calculate the significance squared of the lineshape in the
(1 +0.25)mg range, that is equivalent to considering a sum over 10 bins with a bin size of

5% of the scalar mass
2

—logp) = S —— (4.1)

2 2 -
10bins | 'Pkg + 5SYSnbkg

In the above, ngg is the number of signal events (could be both positive and negative),
Npkg is the number of background events and dgys is the systematic uncertainty. The p-
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value for the signal is then the sum of the significance in quadrature of the bins in the
mass window of (1 +0.25)mg. This is the large background limit of the median expected
significance for the likelihood ratio, where we have dropped two small corrections of order
|Nsig| /Mbkg and 5§ysnbkg according to the Asimov approximation [67, 68]. This treatment
basically corresponds to a template fit in the invariant mass distribution of the tt system.
We then translate this p-value into significance for a given signal model lineshape. We
derive the projected limits as a function of the parameter space for specific models by
generating a grid of p-values and finding (multi-dimensional) contours of 20 exclusion.
Generating a grid of signal lineshapes with respect to model parameters is necessary for
this search, even for the simplest baseline model, since the lineshape is a combination of
the interference part proportional to y? and the Breit-Wigner contribution that, when off
peak, is proportional to y;.

It is worth to highlight that in the region where the SM background shape departs
from simple polynomials, for example near the SM threshold peak around 400 GeV, ad-
ditional uncertainties on the shape will enter. Simulation driven background estimations
may become a better handle and different systematic uncertainties arise. In addition to
considering data driven estimation for the background, high precision SM calculations are
evidently of great importance. Indeed, in the case of sizable values of the heavy scalar
width, there is important interference between the signal and background at far off the
peak, and this might change the overall slope of the background estimation using side
bands. Such effects could have an impact on the sensitivity derived using the simplified
procedure described in this study.

To summarize, in this section we propose to perform a lineshape search using the
semi-leptonic ¢t channel in the resolved sample. We include the two leading effects, namely,
smearing and the background normalization systematic uncertainties, and adopt an approx-
imated statistical treatment given in eq. (4.1). Further inclusion of the merged channel and
other decay modes in the tf searches could improve the sensitivity, whereas the background
shape uncertainties may affect our sensitivity estimation and need to be taken into account
in future analyses.

4.2 Projections in model space

In this section, we present the projected sensitivity of the gg — S — tt lineshape search in
various model configurations, using the benchmark performance scenarios and statistical
method depicted in the previous section. We first show the exclusions in the baseline model
for a heavy CP-even or CP-odd scalar, while later on we discuss the sensitivities in various
scenarios of Type II 2HDMs.

In figure 14 we show the exclusion limit on the baseline model as a function of the
heavy scalar mass and its Yukawa coupling to the top quark. The left panel shows the
result for a CP-even scalar while the right panel is for a CP-odd scalar. The red and gray
lines correspond to the 20 exclusion limit in scenarios A and B as specified in table 1, with
the dashed and solid lines corresponding to LHC 13 TeV at 30fb~! and 3ab™ !, respec-
tively. The regions above the lines are excluded for each specific scenario and integrated
luminosities, as labeled in the figure. To illustrate the effects of possible uncertainties in
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Figure 14. The projected 95% C.L. exclusion limits on the top quark Yukawa coupling of the
CP-even (left panel) and CP-odd (right panel) heavy scalar S at the LHC for the baseline model.
The red and gray lines correspond to the performance scenarios A and B, tabulated in table 1,
and the regions above the curves are excluded. The solid and dashed lines show results for an
integrated luminosity of 3ab™' and 30fb™', respectively. As an illustration, the shaded bands
indicate a variation of 5% in the required significance to derive the limits.

our statistical and binning treatment, we present, as an example, shaded bands showing a
variation of 5% in the required significance to derive the limits. In both scenarios A and
B, the heavy CP-even (CP-odd) scalar in the baseline model can be excluded up to 450
(550) GeV for a Yukawa coupling 3 = 3 at 30fb~!. For the same value of y; and 3ab™?,
in Scenario A the reach increases to 650 GeV and beyond 1TeV for the heavy CP-even
and CP-odd scalars, respectively. In Scenario B, the reach increases beyond 1 TeV for both
a CP-even and a CP-odd heavy scalar for a heavy scalar-top Yukawa coupling of y; = 1
at 3ab~!. One can also consider the sensitivity for a fixed scalar mass at different lumi-
nosities and compare the exclusion reach in the heavy scalar-top quark Yukawa coupling
strength. For example, the limit improves from 4.5 to 2.5, and from 4.5 to 0.7, for a CP-
even scalar mass of 550 GeV when luminosity increases in scenario A and B, respectively.
Comparing both performance scenarios, we observed that with 30fb~! of integrated lumi-
nosity, they have comparable reach, because the differences in signal efficiencies and energy
resolutions compensate each other. However, the exclusion limits in the more aggressive
performance scenario B at 3ab~! yields a much better reach than in the conservative case
of scenario A. This demonstrates again the crucial role that the systematic uncertainty
plays in these projections.

Beyond the baseline model, we perform numerical studies for the Type II 2HDM
including the bottom quark corrections in both the production amplitudes and the decay
widths. In figure 15 we show 95% C.L. exclusion contours in the heavy scalar mass-tan (3
plane. The legends are the same as in figure 14, but in this case the regions below the
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Figure 15. The 95% C.L. exclusion on the scalar mass-tan 8 plane for a type II 2HDM, including
the effects of bottom quarks in the process. The regions below the curves are excluded. The result
for the CP-even and CP-odd scalars are shown in the left and right panels, respectively. The color
coding, lines and legends are the same as in figure 14.

curves are excluded. For the CP-even scalar shown in the left panel, the reach in mass is
only around 450 GeV for most scenarios for tan § = 0.5. This moderate reach is mainly
due to the 82 suppression factor and the smaller value of the loop function. The restricted
reach for the CP-even scalar case is only overcome in the more aggressive scenario B at
3ab~!, probing mass scales up to 1 TeV. For the CP-odd scalar shown in the right panel,
the exclusion reach is much better in comparison with the previous case. Masses up to
450 GeV to 600GeV can be probed for tan 5 = 0.5 in most scenarios. For the more
aggressive performance scenario B, masses as high as 1 TeV can be probed with 3ab™!
of integrated luminosity. In all cases considering just one new heavy scalar at a time the
reach is limited to values of tan § < 2, with the small exception of M4 around 400 GeV
that can reach up to tan 8 = 3. For the scalar mass near the top-quark pair threshold
below 400 GeV, the 2HDM reach for the CP-even scalar is worse than the baseline model,
and this is due to the tf branching fraction suppression from the scalar decays into bb.

Given that the two heavy scalar bosons often have nearly degenerate masses in many
2HDMs. In figure 16 we study such case and show both the CP conserving (left panel)
and maximal CPV (right panel) situations for the heavy Higgs sector in Type II 2HDM.
For the CP-conserving case, we assume a mass splitting between the two scalars as in the
MSSM following, and hence the reach is equivalent to that of a CP-conserving MSSM in the
limit of heavy squarks, in which both scalar signals simply add, as discussed in section 3.1.
For the CPV case, we assume a constant splitting between the two scalars of 20 GeV, and
a new interference effect between the two scalars emerges. This effect slightly changes the
projected limits. We show the exclusion limits in the tan f-my4 (-mg,) plane for the CP
conserving (violating) case. The labels are the same as in figure 15. The reach increases to
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Figure 16. The 95% C.L. exclusion on the scalar mass-tan 8 plane for two nearly degenerate
heavy neutral scalars in a Type II 2HDM with bottom quarks effects included. The results for the
CP-conserving and maximal CP-violating (6cp of 7/4) cases are shown in the left and right panels,
respectively. The color coding, lines and legends are the same as in figure 15.

480 GeV and 600 GeV for tan 8 = 0.5 with 30 fb~! of integrated luminosity, for scenarios A
and B, respectively. In the HL-LHC environment masses as high as 1 TeV for tan 5 = 0.5
and tan 8 = 2 can be probed in scenarios A and B, respectively. Values of tan 8 ~ 4 may
be accessible in the restricted region of heavy resonance masses below 500 GeV.

5 Conclusions

Heavy scalars are well motivated in many extensions of the standard model. The typical
dominant production and decay mode of a heavy scalar at hadron colliders is via gluon
fusion with the subsequent decay to a top quark pair, gg — S — tt. In our baseline
model for which the gg§ effective vertex is dominantly mediated by the top-quark triangle
diagram, the signal amplitude interferes with the SM background in a complex way. The
total signal lineshape is mainly driven by the behavior of the loop-function evaluated at
V5 close to the heavy scalar mass. As a result one can obtain a lineshape that behaves
as a pure bump, a bump-dip, or a pure dip structure depending on the value of the scalar
masses. In many BSM models, additional corrections come, for example, from non-trivial
CP phases associated with the heavy scalar, the existence of nearly degenerate scalars, or
additional loop contributions from stops or vector-like quarks. In this paper we study the
relevant features of top pair production from heavy scalars and evaluate the LHC physics
potential in various BSM scenarios.

We first discuss the behavior of the loop-function and the resulting lineshapes in the
baseline model for a purely CP-even or CP-odd scalar, as well as a scalar that is a mixture
of CP eigenstates. We obtain different behaviors of the lineshapes parametrized by the
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additional phases generated by the loop function of the triangle diagram. We consider the
case of nearly degenerate heavy scalars that may exist in a 2HDM, and show that their con-
tributions add to each other in the lineshapes, resulting in an enhancement of the features
of the lineshape structure and providing a good opportunity for detecting the signal.

In the case where the two quasi-degenerate eigenstates are CP admixtures, there is
also a small additional interference effect between them that further modifies the lineshape
structure.

We also study BSM scenarios with additional heavy particles contributing to the gluon
induced loop function, such as scalar-quarks or vector-like quarks. We have analyzed
different illustrative scenarios: one in which the heavy particle contribution dominates
over the SM top quark one, and two others in which the new heavy particle effects are
comparable or smaller to those of the top quark. In the case that the heavy particle
contribution dominates, the lineshape is given by the standard Breit-Wigner resonance
bump plus the off peak interference bump-dip structure, which is proportional to the real
part of the propagator. We exemplify the above behavior for a vector-like quark model
with VLQs heavier than half of the heavy resonance mass. Examples of moderate or
comparable effects to those induced by the SM top quark loop are shown in the case of
Supersymmetry. When the stops have a negligible left-right mixing, their effects are just a
small perturbation to the baseline model. In the case of sizable mixing, instead, the stop
loop may yield a visible contribution and change the lineshape significantly.

We provide a study for the search of a heavy scalar with additional contributions to
the production process in the context of EFT. The specific lineshapes could play a crucial
role in interpreting the results and projecting the discovery potential in the ¢t channel. We
find that if a scalar mass is in the 700 GeV ballpark and the gluon-gluon-fusion process
is dominantly induced through top-quark loops, the resulting lineshape is a pure dip. If,
instead, there are contributions from additional heavy colored particles comparable to those
of the top quark, the resulting lineshape is a bump-dip structure, where large cancellations
occur once smearing effects are taken into account. We define a ratio of the total signal cross
section, including interference effects, to the naive signal cross section without interference,
that serves as a penalty factor in deriving a crude estimate of the collider limits for a heavy
scalar particle decaying to top quark pairs.

In the final part of this paper we study the LHC sensitivity to the ¢t signal from
heavy scalars for two plausible LHC performance scenarios. The real challenge resides in
the systematic uncertainties in this channel and one should make use of the large amount
of accumulated data to reduce them through a better detector calibration and advanced
analysis techniques. We propose to complement the normal bump search with a lineshape
search that makes better use of the bump-dip structure by counting both the excess and
deficit as part of the BSM signal. We present the results of our proposed lineshape search
for various BSM cases. First we consider a heavy scalar in the baseline model and show
that a CP-odd scalar with a top Yukawa coupling y; = 2 can be excluded at the 95%
C.L. up to 500 GeV in both performance scenarios with 30fb~! of data. The reach can
be extended all the way up to 1TeV for both a CP-even and a CP-odd scalar, with a
top Yukawa coupling as low as y; = 1, for the most aggressive performance scenario with
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3ab~!. Next we consider 2HDMs for which the bottom quark effects in the loop-induced
production mode and the scalar total width become relevant in the intermediate and large
tan 3 regime. We derive the expected 95% C.L. exclusion limits for both the CP-even and
CP-odd scalars in the tan S-scalar mass plane. Considering one heavy neutral Higgs boson
at a time, values of tan 8 of order 1 can be probed for the whole mass range up to 1TeV
for the most aggressive performance scenario with 3ab™! of data. In the case that the
two heavy scalars are nearly degenerate in mass, we consider the combined search of both
particles decaying into t¢ and show the improved 95% C.L. exclusion limits both for the
CP-conserving and CPV cases.

A few remarks before concluding: other BSM searches, such as those involving color
or weakly interacting scalar octets may also profit from the discussions in this paper.
Moreover, higher order corrections may affect the large destructive interference effects, due
to the possible reduction of the phase-space overlap between signal and background, as well
as the possible addition of new relative phases. For example, a next-to-leading-order study
on the 2HDM [69] showed some distortions of the interference effects and a more detailed
analysis focussing on the specific changes due to the higher orders corrections will be of
great interest. Finally, there may be other observables for which the interference effects are
reduced, providing additional information on the signal. For example, considering angular
distributions could provide additional sensitivity for the gg — S — tt search. However,
our preliminary investigation of these observables shows very limited gain, in agreement
with ref. [15], mainly due to large systematic uncertainties and smearing effects. Another
useful handle could be to consider top quark polarization to reduce the background without
significantly affecting the signal.'® Provided higher statistics, polarization may also help
to identify the CP properties of the heavy scalar. We intend to further explore these points
in a future study.
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Notes added. Upon the completion of this work, a study [71] on interference effects
partially overlapping with our discussion in section 3.3 and a numerical study [72] focusing
on the interference effects in the ¢t channel in the framework of a 2HDM appeared. ATLAS
has recently published a conference note using the LHC 8 TeV dataset to search for heavy
scalars in the ¢t channel with the interference effect taken into account [73]. The result
shows comparabale limits to our projections for the baseline model, however assuming a
better systematic control and a larger signal mass window.

3For some recent development and an overview of the top quark polarization tagger, see ref. [70].
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Figure 17. The blue line is the differential distribution for the signal before smearing and binning,

while the histograms are the same as defined in figure 13. The signal is chosen to be a 550 GeV
pseudoscalar with Yukawa coupling to the top quark, y; = 1.

A Additional formulae and benchmark information

The loop functions in eq. (2.3) and eq. (2.4) I1 (1) and I1 (¢) can be alternatively written as,
2 2

s 4m
Tt:72, ,BE t \/1—1/7',5

4m;

arcsin? < 1 ) , forrm <1,
f(r) = vI=EJ
—z <logﬂ—m) , form>1

Lijp(r) = 1= B2(1+ Bf(1), TLip(r)=V1-B2f(7 (A1)

Since the imaginary part of the loop functions come only from f(7) when 7 > 1, a direct
check using Cutkosky rules indicates that the coefficient in front of f(7) for I(7) should have
a factor 32 suppression with respect to the f(7) coefficient in I(7). Various closed-form
loop functions in this paper are cross-checked using the package Program X [74].

The energy-dependent heavy scalar partial width is,

5 - 3 9p2 -2p 8
Tq(8)(S = @) = 75— (v, 5" + yq)ﬁmfs, (A.2)
with 8 = /1 — 4723. The energy dependence of the width has negligible effect for the

narrow width case but becomes more relevant for the intermediate to large width case.

The tree-level expressions for the SM QCD parton level differential cross sections for
the tt background are

do(gg — tt)  ma? <§2 9) 0% + 2

dz o128 \at 4 32
dé(qq — tt) _ 27‘(’?[3 02 :}— t2 (A.3)
dz 9s §2

— 35 —



where §, t, 4 are the Mandelstam variables and z is the cosine of the scattering angle
between an incoming parton and the top quark. For collider analyses with detector accep-
tance, the events from different regions of the phase space cannot be used in equal manner,
especially for light jets, we thus provide the differential distributions. However, as the
top quark is not very boosted and even forward events with z = 41 can be detected, in
practice, we integrate z over the full range [—1,1] in our simplified analysis.

For the scalar quarks the following abbreviations are used in the main text (in partic-
ular X, 4 and Y,, 4 are defined in the alignment limit),

1 1
D} = §ml2/v (1 —3 tan? 9W> cos 23

2
Dy, = §m‘2/V tan? Oy cos 23

1 1
D} = ——m?, (1 + = tan? 0W> cos 23

2 3
1
D% = —gm%{/ tan Oy cos 23 (A.4)
7
Xy =A, —
“ Y tanp
Xd = Ad - Mtanﬂ
Ay
Y, —
“ tanf

Yy = Aptan 8 + p,
where fy is the Weinberg angle. The stop parameters used in figure 10 are,

zero LR mixing :  mg, = 900GeV, my, =400GeV, X;=0
mh? mg, = 900GeV, my, =540GeV, Y, =2X; =3415GeV (A.5)

max :
and the corresponding stop mass eigenstates are,

zero LR mixing :  m; =436 GeV, m;, = 916 GeV
mh’ mz, = 433 GeV, mg, = 987 GeV

max °
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