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New scalars from an extended Higgs sector could have weak scale masses and still have escaped
detection. In a type I two Higgs doublet model, for instance, even the charged Higgs can be lighter than the
top quark. Because electroweak production of these scalars is modest, the greatest opportunity for their
detection might come from rare top decays. For mass hierarchies of the type m, > my+ > myo o, the
natural signal can arise from top quark pair production, followed by the decay chain t — bH™,
HT = W®g0 ¢0 - bb, v77~, where ¢° = A°, HO. These final states largely overlap with those of
the Standard Model t7Hgy; process, and therefore can potentially contaminate ffHgy,; searches. We
demonstrate that existing t7Hgy; analyses can already probe light extended Higgs sectors, and we derive
new constraints from their results. Furthermore, we note that existing excesses in fHgy; searches can be
naturally explained by the contamination of rare top decays to new light Higgses. We discuss how to
distinguish this signal from the Standard Model process.
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I. INTRODUCTION

So far, LHC searches have not provided conclusive signs
of new particles, nor significant deviations from Standard
Model predictions. Generic limits on new colored particles
are particularly severe, with squarks and gluinos from
supersymmetry already tightly constrained if lighter than
1.3 and 1.9 TeV, respectively [1].

Exclusion limits on direct production of new electroweak
particles, in contrast, have not been as dramatic. Mass
limits on charginos produced via electroweak interactions,
for instance, do not extend beyond 400-500 GeV [2]. The
reason for this is straightforward: at a p-p machine such as
the LHC, electroweak cross sections are simply much
smaller than strong cross sections. Because of that, the
best means to search for new electroweak states is often in
cascade decays of copiously produced colored particles.
This approach however relies on the existence of heavier
colored particles within the reach of the LHC. As this
possibility becomes more and more remote, the only
realization of this scenario that can be concretely studied
is rare top quark decays, which unfortunately cannot probe
new particles heavier than about 170 GeV.

The range below the top quark mass is nonetheless a well
motivated region to search for states beyond the Standard
Model (BSM). One possibility of great interest would be
rare top decays to charged Higgs bosons, 1 — bH™. With
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the 77 cross section at the 13 TeV LHC being over 800 pb,
even small branching ratios Br(t — bH') ~O(1073)
would yield a H* production rate at the O(pb) level or
higher. Since direct electroweak production of these states
ranges from O(30-200) fb at 13 TeV, the rate from top
quark decays could easily dominate.

This scenario has not gone without scrutiny. Indeed,
there is a variety of independent constraints on new
charged scalars lighter than the top quark. In fype I
two Higgs doublet models (2HDM) in particular, flavor
changing observables, most notably b — sy, exclude
my: < 580 GeV [3,4], absent cancellations. Flavor bounds
are highly model dependent, however. To contrast, in type [
2HDMs, constraints from b — sy are mild at best, requiring
only that tan § = (1.5-2) for my+ < m,. Thus, at least for
type I 2HDM scenarios, there is a compelling case to
consider direct searches for new Higgs states at colliders, in
particular in rare top decays.

A critical point to consider here is that, in a type I
2HDM, one of the Higgs doublets is fermiophobic. This
can drastically alter the phenomenology of the charged
Higgs relative to a type II scenario. In particular, if a lighter
neutral scalar ¢°(= A°, H®) exists, the charged Higgs will
dominantly decay as H™ — ¢"W**) and the familiar
fermionic decays (e.g., Ht — v, 5, 1*b) will be sup-
pressed. In this region of parameter space, our process of
interest will be

pp = 11— (W) (bH™) = (bWH)(BW-Mg0)  (1.1)

with ¢° dominantly decaying as
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O > bb, 7" 1.2
¢ . .

if my < 110 GeV. The resulting final state, with rates of
O(pb) or higher, can lead to a large signal contamination in
searches for the SM Higgs boson produced in association
with top quark pairs, fHgy;, whose SM cross section is
about 0.5 pb. Indeed, existing and future measurements of
the /Hg); cross section can be used to constrain the type I
2HDM signatures in (1.1) and (1.2). A more exciting
prospect would be to explain recent excesses in existing
ftHgy searches as due to contamination from rare top
decays to charged Higgses. While the significance of
current excesses is mild, upcoming results with more data
will lead to a clearer picture of the excess pattern, would it
persist.

The layout of this paper is as follows: in Sec. II we
briefly review type I 2HDMs and describe the charged
Higgs phenomenology in the light mass region. Direct and
indirect bounds on the relevant region of parameter space
are reviewed in Sec. III. In Secs. IV and V, we discuss how
ftHgy; searches can be used to constrain charged Higgs
production, and describe the degree to which the claimed
excess in various channels can be explained by this model.
Finally, in Sec. VI we discuss the implications of these
results and comment on future searches that might help
better constrain this light region of type I 2HDMs.

II. MODEL AND SIGNALS

In a type I 2HDM, one of the Higgs doublets, H,, is
fermiophobic, and all fermion masses stem from Yukawa
couplings to H:

Lyuawa = H,QY, U + H| QY ;D

+ HILY,E® + H.c. (2.1)

The scalar potential can be generically parametrized as [5]

Veealar = A1 (|H\[> = v7)? + L (|Ho* = 03)?
+ 4 (([H P = 0]) + (|Hal* = 23))
+ A4(|H\ P|Ha* — |H H )
+25(Re(H | Hy) = v10,)°
+ d(Im(H | H,))?, (2.2)

where both doublets, H; and H,, have hypercharge
Y = 1/2, and for simplicity we assume that CP is con-
served and all parameters in (2.2) are real.
Conventionally, the mass eigenstates of this theory are
parametrized by two angles; @, the mixing angle between
the CP-even neutral states, and f, defined as tan f = v, /v,:
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Usually, the “SM-like” Higgs (corresponding to the state
discovered at the LHC with mass m; = 125 GeV) is the
lighter CP-even neutral scalar, H ﬁght. That does not need to
be the case though, and in principle the SM-like Higgs
could be the heavier CP-even scalar, ngavy. Since we are
interested in both regimes, we will adopt the following,

more generic parametrization [6], H(S)M

()= (1)) (D). 9

where

(2.3)

B —sinf cosp
Ry = < cosf} sin/}>' (24)

Ry s— ( sin(f — 6) (2.6)

—cos(f—96)
cos(ff —9) )

sin(f — 5)

Here, 6 is a parameter that describes the deviation from the
alignment limit. If the SM-like Higgs corresponds to the
lightest CP-even scalar, & is defined by 6 = — a — z/2.
Conversely, if the SM-like Higgs corresponds to the
heaviest CP-even scalar, then 6 = f# — a. The advantage
of this parametrization is that 6 quantifies the deviation
from a SM-like Higgs, and there is no discontinuity in our
description of fields as the mass hierarchy changes. That is,
HY,, is always the SM-like state, and H is always the state
with suppressed couplings to fermions.

In terms of the mass eigenstates, the Yukawa couplings
can be rewritten as &y

Cviana = Y Ly~ HyuS I+ &n =L Hf [
!

ym m
ig =LA =L UHE f

+H.c., (2-7)
where v=246GeV, U;p is a Cabibbo-Kobayashi-

Maskawa (CKM) matrix element if f, f’° are quarks,
and U;p = 1if f, f are leptons. Moreover,
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sin § . cos o
Sy =COSO=p g en = SNOE LG
1
d,e
u o _ —— 2.8
g A tan (2:8)

Likewise, the electroweak symmetry breaking couplings
of scalars to vector bosons are given by

2m3 m2
Lyvy == F¢W W™+, = 24022, (2.9)

where ¢° generically denotes HY,, H, A°, and

Chg, = COs 6, {y = siné, {a=0.  (2.10)

In type I 2HDMs, unlike type II, the couplings of A® and
H* to fermions are suppressed by tan /3, as shown in (2.7)
and (2.8), and so are the H° Yukawa couplings in the
alignment limit 6 — 0.

As we are especially interested in H* production
from top decays, we show in Fig. 1 the branching ratio
Br(r — bH™) as a function of my: and tanf. Note that
even at large tan 8 ~ O(10), branching ratios of O(107%)
are possible, while at low tan f < 3, the top branching ratio
to H* can reach the few percent level, Br(t — bH*) ~
O(3%)—roughly the limit where tension might arise with

measurements of the top pair cross section o; [7-16].

A. Charged Higgs decays

The decay patterns of the charged Higgs can vary
dramatically across the parameter space of 2HDMs, sig-
nificantly impacting the experimental strategies to search
for this state.

10

2

100 110 120 130 140 150 160
my+(GeV)

FIG. 1. Contours of Br(t - bH") in a type I 2HDM, as a
function of my= and tan S.
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Due to the large popularity of type I 2HDMs, the most
thoroughly explored H* decays, both in phenomenological
studies as well as in experimental efforts, have been the
fermionic modes. This is due to the tan # enhancement of
the H* couplings to down-type quarks and leptons, causing
the 7v, ¢s and bt* modes to dominate the H* branching
ratios. ATLAS [17,18] and CMS [19,20] have extensively
searched for signatures of 1 —» b(H" — z"v), and placed
upper bounds on the overall top branching ratio to this final
state at the subpercent level. Analogous searches [21,22]
for the H™ — 5, ch channels have also set percent-level
bounds on the corresponding branching ratios.

The same constraints are applicable in type [ 2HDMs if
the only kinematically open channels for H* decays are
light fermions, which is the case if mpy+ < mpyo, myo.
However, if the spectrum contains a lighter neutral scalar
with a large H, component, such as A or H’, the mode
H* - W*®A%/H® would naturally dominate the H*
branching ratio, even with the three-body phase space
suppression of an off-shell W*. This is due to the unsup-
pressed gauge couplings that mediate this decay mode,
and the large suppression of the competing fermionic
modes, stemming from the smallness of the Yukawa
couplings and from the 1/tanf dependence of the H*
coupling to fermions. This effect is illustrated in Fig. 2,
where we have set m o = myo = 100 GeV, tan f = 3, and
0 = 0. The suppression of fermionic modes is even more
pronounced for larger values of tan f, or lower masses of A°
or H°. This qualitatively different phenomenology of
charged Higgs decays has been previously noted in
phenomenological studies [23-29], but to the best of our
knowledge, no dedicated experimental analysis has explic-
itly searched for these signatures. A critical question is
then: could such a particle have contaminated studies of
other SM or BSM processes? And if so, what constraints
could existing searches place on these particular charged
Higgs signals?
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FIG. 2. Charged Higgs branching ratios in a type I 2HDM,
assuming mqo = myo = 100 GeV, tanf = 3, and 6 = 0.
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ITII. CONSTRAINTS ON A LIGHT
HIGGS SECTOR

While new scalars with sizable couplings to SM fer-
mions or gauge bosons are subject to constraints from LEP,
Tevatron, and LHC data, additional Higgs bosons with
suppressed Yukawa couplings are more elusive to existing
searches. In this section, we summarize the constraints on
the charged and neutral Higgs bosons of type I 2HDMs,
with a focus on the light mass region.

A. Indirect bounds

As previously mentioned, indirect bounds on light type I
2HDMs are mild. Besides b — sy already discussed in
Sec. I, other competing constraints from flavor observables
are By —» uty~ and AM B,,» Which are only marginally
stronger, requiring that tan # 2 1.8-2.2 in the mass range
my+ < m; [3].

Another source of indirect constraints comes from
contributions to the electroweak oblique parameters, par-
ticularly T, induced by the mass splittings between H*, A°
and H°. For the light spectra considered here, however, we
have checked that AT constraints are easily evaded.

B. Collider bounds

LEP placed a robust lower bound on my+ = 78.6 GeV
by searching for the decay modes H* — ¢5, 7" v, assuming
the absence of any nonfermionic decays [30]. The DELPHI
and OPAL collaborations also considered the bosonic
decay H* — W+*AY [31,32]. In type I 2HDM scenarios,
the tan #-independent limits obtained were m - 2 77.6 GeV
(DELPHI) and my: Z 65 GeV (OPAL), provided that
myo 2 12 GeV.

The OPAL collaboration has searched for the associated
production e*e”™ — A°HY, with A°, H® - ¢g, gg, and 777~
[33,34]. While the resulting mass limits vary across the
parameter space, they essentially turn off for either A® or
H° heavier than ~80 GeV.

LEP, Tevatron and LHC searches for the SM Higgs
are also potentially sensitive to the neutral scalars, A and
HO. If A°, HO are lighter than ~110 GeV, however, these
states decay dominantly to bb final states (with 77~ as the
subleading mode), and are challenging to probe at the
Tevatron and LHC due to the large backgrounds and
suppressed cross sections relative to the SM Higgs. While
SM Higgs searches at LEP cannot constrain A° due to the
absent A°Z%Z° coupling [see Egs. (2.9) and (2.10)], they are
sensitive to eTe” — H°Z" production, and constrain ¢% <
0.01-0.3 in the range myo=(15-115)GeV [35].

Furthermore, LHC measurements of the SM Higgs
properties provide nontrivial constraints on the parameters
of the scalar potential (2.2). If ¢° (= A° or HY) is lighter
than mpy /2, the decay channel Hgy — @°¢° can easily
dominate the SM Higgs width for generic values of the

PHYSICAL REVIEW D 96, 075032 (2017)
160F =~~~ ~ " T T

140 |
120 [

100 [

myo(GeV)

80 |

60|

40|

P

P

120 130 140 150 160

my+ (GeV)

FIG. 3. Reinterpretation of the 8 TeV CMS limits on
Br(t —» bH™) x Br(Ht — 77v) [19] as lower bounds on tan /8
in a type I 2HDM, assuming that myo > my-=.

quartic couplings in (2.2). In order to avoid conflict with
observations, in the mass range mg o < 62 GeV the triscalar
coupling Ay, must be suppressed, 4,4, < (2-6) GeV.
While this condition is not generically satisfied, it is a
parameter that can be adjusted independently of the
physical masses and mixing angles 6 and . Since the
charged Higgs phenomenology we will consider is not
directly affected by A4pmg,,, we will include the region
myo < 62 GeV in our study, with the implicit assumption

that T(Hgy — ¢°¢°) is not in conflict with observations.

Another parameter that is directly constrained by SM
Higgs measurements is 0—current data pushes the model
towards the alignment limit where & is small and the
properties of the 125 GeV Higgs are SM-like. For a more
thorough discussion on that, see [6,36-38].

Previously mentioned upper bounds on Br(r—
b(H* —>7"v)) from ATLAS and CMS are sensitive enough
to be relevant even if the decay mode H™ — ttv is
subdominant, as is the case of the type I 2HDMs we are
considering. We recast the 8 TeV CMS constraints on the
branching ratio Br(+ - bH') x Br(H" - z7v) [19] as
lower bounds on the value of tanf, displayed in Fig. 3
as a function of my: and m 4o, assuming for simplicity (and
without loss of generality) that mgo > my-.

To summarize, the light mass region of type I 2HDMs is
still experimentally viable in a vast swath of parameter
space. In what follows, we investigate how this region can
be constrained by existing LHC searches for the Standard
Model ftHgy; process.

IV. SIGNALS IN #fHg,; SEARCHES

Although the parameter space of type I 2HDMs with
mass hierarchy,
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FIG. 4. Signal from rare top decay to hH™ in a light type I
2HDM, whose final states overlap with those of SM 7Hgy;.

M¢°=A°orH° <MH(S)M,MH1 <Mt, (41)
is still experimentally viable, its phenomenology remains
relatively unexplored in comparison to that of heavier
2HDM spectra. A striking signal of models with (4.1)
are rare top decays that can contaminate t7Hgy; searches,
particularly those targeting leptonic or bb decays of the SM
Higgs, as illustrated in Fig. 4. Given the very large top pair
cross section, and the fact that Br(r — bH™) can be as high
as a few percent, this contamination can lead to observable
excesses in tfHgy, measurements relative to the SM
expectation.1 The excess pattern, however, would appear
inconsistent across different channels if interpreted as an
enhanced ffHg)y; signal strength. Generically, no excess
should appear on yy channels, since searches typically
require m,, ~ 125 GeV (within resolution) to specifically
target the SM Higgs. On the other hand, one would expect
excesses in channels targeting bb and 777~ final states,
albeit with different strengths. Many of these analyses use
multivariate discriminants (MVAs), such as boosted deci-
sions trees, neural networks, etc., which may be tuned to
the specific final state kinematics of t7Hgy;. In those cases,
the contamination from rare top decays may be partially
filtered out, depending on how well the MVAs can
discriminate between the two processes. Normally, details
of MVA based studies are not public, and the extraction of
limits on contaminant signals is unfeasible.

In fact, SM Higgs searches as early as the Tevatron’s could
have been contaminated by rare top decays. The CDF
collaboration has searched for 17(h° — bb) over the mass
range m; = (100-150) GeV [44,45], and observed an O(20)
excess above expectations at mo ~ (100-105) GeV. The
reported best fit for the signal strength was piz,0 = 7.40755
for mu =100 GeV, and pz0 = 8.567352 for my =
105 GeV. This would correspond to a rate of roughly
(65 £ 40) fb, or, in terms of the inclusive top pair cross
section, (0.003-0.015) x o;;. This analysis was MVA based,
and its mass resolution was limited due to the presence of four
b-quarks in the signal final state, leading to a combinatoric

'See also [39-43] for studies of other BSM models contami-
nating t7Hgy; searches.
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ambiguity in identifying the b-jets originating from h°
decays, and therefore to a broadening of the expected m,;,
peak. All these factors preclude us from inferring any
concrete implications regarding a potential contamination
from BSM processes, but the results are nonetheless in-
triguing, and, if corroborated with further deviations at the
LHC, could warrant a reanalysis of the Tevatron’s data.

At the LHC, existing fHgy; results from ATLAS and
CMS do seem to suggest a pattern of excesses inconsistent
with the hypothesis of enhanced #7Hgy production,
although with small statistical significance. At 8 TeV,
the uncertainties in Hg,; measurements are too large to
offer any indication of an excess or lack thereof,2 with a
combined best fit of ., = 2.3707 (ATLAS + CMS, all
channels) [47]. Existing 13 TeV data is inconclusive as
well, showing no excess in CMS bb (MVA) [48] and
ATLAS yy [49], and O(16) excesses in CMS multileptons
(MVA) [50,51], CMS yy [52], ATLAS bb (MVA) [53], and
ATLAS multileptons [54]. Of all 13 TeV searches to date,
only the latter, ATLAS multileptons, employs a traditional
cut-and-count procedure,3 and therefore is amenable to
recasting in terms of our charged Higgs signal. We shall do
so in the following section.

We end by commenting on our choice of spectrum
when reinterpreting the ATLAS multilepton results. As
previously discussed, if (4.1) is realized, the charged
Higgs will dominantly decay to W*)¢°, where ¢° is the
lightest neutral scalar. Since LHC measurements of the
125 GeV Higgs push this model into the alignment limit,
(sin§)? £ 0.1, the signals in Fig. 4 will be essentially
independent of whether ¢° = A° or H®, since

Br(H* - W+ HO)
BI'(Hi - Wi(*>AO) m,o=mg

=1-(sins)%.  (4.2)

0

Moreover, if lighter than ~110 GeV, A® and H° will have
the same leading branching ratios, namely, Br(¢° — bb) ~
0.8 and Br(¢® — 7777) ~0.08. For practical purposes,
therefore, we will choose A” as the lightest neutral scalar
and decouple H° (i.e., set myo > my-) for the remainder of
the paper. None of the results that follow change in any
significant way if A — HY. The only loss of generality that
comes with this assumption is the possibility of two
independent decay modes. However, [54] does not rely
on a mass peak, the efficiencies do not vary dramatically
over the range of m o o considered, and, in the presence of
a mass hierarchy between A? and H°, the lighter mode

“One notable exception is the CMS measurement in the same-
sign dilepton channel [46], which gives the following best fit for
the signal strength: p,,; = 5.3774.

'The 47 category in the CMS multilepton analysis [51]
employs a cut-and-count procedure as well, but the final
measurement has uncertainties substantially larger than the ones

in ATLAS, and therefore, is less sensitive.
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dominates the bosonic decays of H*. Consequently,
even this complication should not impact our results
significantly.

V. RECAST OF THE ATLAS 13 TEV SEARCH
IN MULTILEPTONS

At the time of writing of this paper, [54] was the most
recent ATLAS search for iHgy; production in the multi-
lepton channel, corresponding to 13.2 fb~! of 13 TeV data.
It targeted leptonic decays of the SM Higgs in WW*, tt 77,
and ZZ*, by looking into four exclusive signal regions,
namely, same-sign dileptons and one hadronically decaying
T (2017y,4), same-sign dileptons vetoing hadronically
decaying 7’s (2£07y,,), 3 leptons (37), and 4 leptons
(4%). Rare top decays in Fig. 4, with A° — 777, can
contaminate all of these signal regions. We performed a
Monte Carlo (MC) study to obtain a quantitative estimate of
this contamination and the sensitivity of [54] to the type I
2HDM spectra of (4.1). Overall, we were able to validate
our MC simulation of [54] by reproducing the fHgy
efficiencies provided by ATLAS to within a factor of
2 (12 independent efficiencies in total). This translates
into a factor of ~2 uncertainty in our results for the signal
strength, and a ~50% uncertainty in our results for tan
(since our signal scales as tan #2). For a detailed descrip-
tion of our MC study, as well as our statistical treatment of
fits and exclusions, we refer the reader to Appendices A
and B. Throughout our study, we include the contribution
of the SM ffHg),; process, assuming pzy = 1.

We first obtain upper bounds on the contamination from
t — bH', so that the expected number of events in the
signal regions of [54] is compatible with observations. We
interpret these constraints as a lower bound on tan f in the
my+, myo mass plane, shown in Fig. 5. Our signal yield is
suppressed in the compressed regions m = —m 40 <30 GeV
[where Br(H* — W*(A%) is small], and m, — my- <
20 GeV [where Br(t —» bH™) is small]. In these regions
of suppressed signal yield, the inferred lower bounds on
tan # are innocuous.

These limits would be stronger but for the presence of
excesses in the data. Consequently, it behooves us to see
whether we can understand these excesses as arising from
rare top decays. In Fig. 6 we show the best fit for tan  at
each point in the parameter space of my+ and m 4. Notably,
the efficiencies for the process t—bH " — bW (A’ > 7777)
(before folding in branching ratios) do not vary dramati-
cally across the my+, m40 mass plane.

In Fig. 7, we show the preferred regions of parameter
space, defined from the goodness of fit to the data in [54].
Here, the values of tanf are profiled at each mass point
to yield the best fit (see Fig. 6). Under this assumption,
some regions of parameter space are excluded by other
measurements. In particular, the compressed region
my+ —my <40 GeV is in tension with the CMS bounds
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160 1 ower bounds on tan/'i (95% CL.
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e
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my+ (GCV)
FIG. 5. Recast of the ATLAS fiHg), search in multileptons,

showing lower bounds on tanf inferred from limits on
t = bHY — bWH(A® - ¢777),

on Br(t - b(H" — 7'v)). Likewise, the compressed
region m, —my+ <10 GeV is in tension with b flavor
observables discussed in Sec. III A.

Finally, we select two benchmark points to illustrate the
pattern of contamination across the four signal regions of
[54]. The first benchmark point, B1, is at low mass,
my= = 130 GeV, myo =40 GeV. For this benchmark,
H* can decay to an on-shell W*, yielding a harder charged
lepton. Direct production of H*H~ and H*A is several
hundreds of femtobarns at 13 TeV, and in principle
dedicated searches in final states with one or two leptons
plus three or more b-jets could be sensitive to this point.

160

| Best fit values for tang

140
120

100

m,0(GeV)

80

60r

40t

120 130 140 150 160 170
my-+(GeV)

FIG. 6. Values of tan S that best fit the data, assuming that the
excesses in [54] originate from contamination of r— bH™,
H —» W (A" - 7777).
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Preferred regions by the ATLAS excess

160} ‘
% benchmark B1

% benchmark B2

140+

120+

100+

m,0(GeV)

80,

60

40

140 150 160 170

my+(GeV)

liO 13|0
FIG. 7. Preferred regions from the fit to the data in [54], at
68% C.L. (green region), and 90% C.L. (yellow region). Also
shown: regions in tension with indirect flavor observables, and in
tension with CMS limits on Br(t - b(H" — 7tv)). These

tensions only apply if the best tan f fit is assumed for each mass
point.

The second benchmark, B2, is at high mass, and close
to the excluded compressed regions, my= = 160 GeV,
myo =95 GeV. Because of the small mass splitting
between 7 and H™, the b-jet from r — bH™ is relatively

PHYSICAL REVIEW D 96, 075032 (2017)

soft and has a lower probability of passing the b-tagging
requirements. Overall, B2 predicts that roughly 72% of its
signal in the 2£17,,q4 region has only one b-tagged jet.
Indeed, the data in the 2£ 17,4 channel seem to indicate that
the excess appears exclusively in the one b-tag category.
Since current statistics is very low, this might be due to
Poisson fluctuations, and only more data will be able to
settle this matter.

A final comment on B2 regards our choice of m 40 for this
benchmark. This was motivated by an excess at mpo ~
(90-100) GeV in the combination of LEP seaches for the
SM Higgs [35], which could be interpreted in our scenario
as a signal of HY, if this were the lightest neutral scalar with
¢4 ~0O(107!) [see (2.9) and (2.10)].

In Fig. 8, we show the predicted signal strength from
benchmarks B1 and B2, measured in units of the SM 17H g
signal strength, for each of the four signal regions of [54].
Both the combined best fit as well as a selected range of
tanf are shown. Specifically, this range is chosen so it
encompasses the 1o range favored by data in the 21 1y,,4
channel. We point out that for B2, it is not possible to reach
the 1o upper range of 217,y without violating flavor
observables. For this reason, we cut off the range of B2 at
this exclusion boundary.

We can see that the typical excess pattern seen by [54] is
well explained by the hypothesis of contamination from
rare top decays. At this point, however, the uncertainties
are still large enough that even the no signal hypothesis
is marginally consistent with observations. Upcoming

21r, ;
——
200, had —
S
e—  ATLAS best fit 1o
= o
: -
3¢ | ‘ < ATLAS 20 upper limit
fo=l e B1 combined best fit
—— Bl varying over 2¢ 17, range
[ e il 1 ° B2 combined best fit
; —oi| .
4 : | —— B2 varying over 217, , range
; |

-2 0 2 4 6 8

;g (signal strength relative to SM ttH,

FIG. 8.

sm)

Signal strength measured by ATLAS in each of the four signal regions, as well as the predictions from our two benchmark

points, B1 and B2. The prediction from the best tan f fits of B1 and B2 are shown as red and blue dots, respectively. Moreover, tan f is
varied to encompass the 1o range favored by data in the 2£'17y,,4 channel. Only values of tan § consistent with flavor constraints are used,
leading to a shorter allowed range for B2. Note that the signal strengths displayed here are subject to up to a factor of 2 uncertainty,

stemming from our MC estimation of signal efficiencies.
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analyses with more data will either tighten the exclusions of
our model, or, optimistically, corroborate the deviations
from the SM expectation.

VI. DISCUSSION

While the LHC has so far found no compelling evidence
for new physics, tremendous possibilities still exist for
discovery of new particles, including light electroweakly
charged ones.

In type I two Higgs doublet models, a charged Higgs
lighter than the top quark can naturally be produced at
significant rates from rare top decays. Remarkably, if there
are additional light neutral scalars in the spectrum, the final
state for such signals has a substantial overlap with those of
SM (iHgy; processes. As a consequence, it is natural to
consider signals from light extended Higgs sectors as a
contaminant to existing SM searches.

Interestingly, many—but not all—of the existing 7H gy
searches show excesses, both at the Tevatron as well as the 8
and 13 TeV runs of the LHC. It is challenging to simulta-
neously reconcile these excesses with each other—significant
excesses in leptonic channels, and an inconclusive pattern in
yy and bb channels, for instance. If these excesses persist,
they could potentially be explained by the contamination of a
new, charged Higgs signal from top decays.

On general grounds, one would expect that the more
tuned a given analysis is to the specific final state
kinematics of the t7H gy, process, the less sensitive it should
be to BSM top decays. That would be the case of LHC
searches for 17(Hgy — y7), as these focus on a narrow m,,
window around 125 GeV; or of (post Higgs discovery)
MVA analyses in general. On the other hand, more
inclusive analyses should be more prone to contamination
from signals of extended Higgs sectors. Examples of more
inclusive analyses are the Tevatron’s CDF search for
1t1(h® — bb) [44,45], which considers a broader m,j
window of 100-150 GeV; and the 13 TeV ATLAS search
for leptonic #fHgy [54], which employs a more conven-
tional cut-and-count strategy, and might have non-
negligible acceptance to BSM signals in multileptons plus
two or more b-jets.

We have recast the 13 TeV ATLAS search for 17Hgy in
multilepton final states [54], and found that its signal
regions can be naturally contaminated by a light type I
2HDM spectrum at low tan . Our recast of the results of
[54] provides new limits on these models. Furthermore,
these models can also explain the excesses observed in
the data without exceeding null results from other mea-
surements. In principle, this signal could also show up in
other searches, such as those targeting Hgyy — bb, depend-
ing on the details of the MVA used, and the masses of
A°/HC. Indeed, considering the high branching ratio of
A%/H® = bb, final states with many b-jets may provide the
strongest tests going forward.

PHYSICAL REVIEW D 96, 075032 (2017)

Should the excesses persist, it is clear that light type I
2HDM spectra provide an attractive potential explanation.
Broadening search windows, especially for A°/ H® — bb at
lower m,j;, could further constrain this scenario, or,
possibly, provide the first evidence at the LHC of physics
beyond the Standard Model.
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APPENDIX A: RECASTING THE ATLAS
SEARCH FOR #Hg,; IN MULTILEPTONS

1. Overview

The production of a Higgs boson in association with two
top quarks is expected in the SM and has therefore been
searched for by ATLAS and CMS [48,50,53,54]. In our
study, we focus on the ATLAS 13 TeV search in multi-
lepton final states [54], since it is based on a traditional cut-
and-count analysis that is possible to recast. This search is
targeted at events where the Higgs decays to either WW*,
ZZ*, or tt7~. All these channels can lead to signatures with
up to four leptons, for which the backgrounds are extremely
low at the LHC. The potentially interesting events are
grouped into four different signal regions: two with a pair of
same-sign light leptons and either zero or one hadronic tau
(2707 and 2£17), one with three light leptons (37) and one
with four light leptons (4¢). The 13.2 fb~! data have shown
an excess in both the 2717 and the 2£07 regions, more
particularly for events with only one b-tagged jet. The
peculiar structure of this excess cannot be explained solely
by an enhanced 17H gy cross section and could be a sign for
new physics.

Naively, the (bW)(bW*77) final state associated with our
type I 2HDMs is similar to the 17(Hgy — 77) signal that is
looked for in this search. The kinematics of the final states
is however significantly different. Notably, only one W
boson arises from the direct decay of a top quark. The other
one is produced through the decay of the charged Higgs to
H°/A® and is therefore much softer or even off shell.
Consequently, when the mass splitting between H™ and
HO/AY is small, events with four leptons will have lower
efficiencies for trigger and preselection cuts. Similarly, the
efficiency of our signal in the 37 region should be lower
than that of ffHgy;. The observed rates for the 207 and
217 regions should however remain significant. Broadly
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speaking, this structure is similar to the excess observed
in ATLAS.

2. The recasting procedure

In the ATLAS ffHgy search, events are selected and
classified into four exclusive signal regions associated with
various cuts on the multiplicity and momenta of leptons,
hadronic taus, light jets and b-jets. In addition to these cuts,
vetoes against my, = m, as well as low mass leptonic
Drell-Yan are imposed in events with same-flavor lepton
pairs. Depending on the signal region, the light flavor
leptons can also be required to verify specific isolation
criteria. Although most of the selection cuts are straightfor-
ward, the tagging of hadronic taus as well as the isolation
requirements on the light leptons require a more careful
treatment that we detail in what follows.

In the 2707, 2717 and 37 regions, the light leptons have
to pass loose and tight isolation cuts. Since these cuts are
associated with efficiencies of 99% and 96% respectively
[55], we do not implement them in our analysis. In the 47
region, the electrons and muons are submitted to so-called
“gradient” isolation cuts, with a pr-dependent efficiency.
These cuts can have a significant impact at low pr and we
therefore take them into account when using DELPHES [56]
for detector simulation.

To estimate the errors associated with our modeling of
the detector response, we use two different detector
simulators: DELPHES3 and PGS4 [56,57]. In DELPHES, we
set the b- and r-tagging efficiencies/mistag rates to the
values used by ATLAS in [54] and initially loosen
the electron and muon isolation criteria. The rest of the
parameters are set to the default values given in the ATLAS
13 TeV card from DELPHES. In order to take into account
the possible loss of low p; electrons or muons in the 4¢
signal region, we select the light leptons in this region with
efficiencies corresponding to the ones of the gradient
isolation cuts. When generating events with PGS, we use
the default lepton tagging algorithm and do not apply any
additional isolation cuts. For hadronic taus, however, since
the efficiency of the PGS tagging algorithm is much lower
than the one used by ATLAS, we modify the PGS code to
identify all jets within AR = 0.2 of a parton-level tau as
hadronic taus. We apply a flat tau-tagging efficiency ex post
facto, given by the branching-ratio-weighted average of the
one-prong and three-prong efficiencies given in [54].
Likewise, we modify the PGS b-tagging algorithm to better
represent the working point used in [54]. All the other cuts
besides the preselection cuts are implemented without any
change.

In order to validate our analysis, we generate ffH gy
events using MadGraphs [58], and study each of the Higgs
decay modes (z"z7, WW* and ZZ*) independently. We
match these events up to one additional jet and shower them
with PYTHIAG [59] using MLM matching [60] with the k7
shower scheme [61]. As mentioned above, we use both
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TABLE I. Expected signal yield from t7(Hgy — 77) in the
signal regions of [54], obtained using DELPHES and PGS for
simulation of the detector response, as well as the expected yield
provided by ATLAS.

2601 261t 3¢ 4¢
Necs 1.2 1.4 1.7 0.20
Npeiphes 1.0 1.1 2.1 0.55
Natias 1.7 0.73 1.2 0.11

TABLE II.  Expected signal yield from 7(Hgy —» WW*) in the
signal regions of [54], obtained using DELPHES and PGs for
simulation of the detector response, as well as the expected yield
provided by ATLAS.

2007 201t 3¢ 4¢
Nrcs 5.8 1.1 4.8 0.42
Nbeiphes 6.7 0.80 8.4 1.3

Natias 75 0.66 4.6 0.42

PGS4 [57] and DELPHES3 [56] to simulate the detector
response. The expected event yields obtained by our MC
study for each of the three Higgs decay channels are given
in Tables I, II and III. We observe that DELPHES and PGS
exhibit complementary performances. DELPHES gives a
better modeling of the ATLAS efficiencies in the 271z
region, whereas PGS shows better agreement in the 2£0z,
3¢ and 4¢ regions. Overall, PGS provides a better modeling
of the SM f7H ), efficiencies, and therefore we use pGs for
recasting the results in [54] in terms of rare top decays to
bH™. In our analysis, we use the recasting procedure as is.
That is, we do not apply any ad hoc correction factors to the
efficiencies, since we could not determine exactly the origin
of our small discrepancies. The overall uncertainties in our
detector simulation translate into a factor of ~2 uncertainty
in our results for the signal yields.

3. Signal generation

A charged Higgs can be produced along with a top quark
and a bottom quark through two distinct processes. First, as
highlighted throughout this paper, this final state can arise
from on-shell top pair production, with one of the tops
decaying to H*b. As the charged Higgs gets heavier than

TABLE III.  Expected signal yield from 7(Hgy — ZZ*) in the
signal regions of [54], obtained using DELPHES and PGS for
simulation of the detector response, as well as the expected yield
provided by ATLAS.

200t 201t 3¢ 4¢
Necs 0.25 0.06 0.17 0.021
Npeiphes 0.37 0.069 0.59 0.16
Natias 0.29 0.03 0.25 0.05
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FIG. 9. Feynman diagram for nonresonant production of H*7b.

about 155 GeV, however, the branching ratio Br(t - bH™)
gets suppressed, and off-shell production of the charged
Higgs must be included as it gives an important contribu-
tion to the signal rate. The dominant nonresonant H*
production process, pp — tbH™, is shown in Fig. 9. We
include this process in our study for all charged Higgs
masses above 150 GeV, and use the next-to-leading-order
(NLO) cross sections provided in [62].

We use MadGraph [58] to generate 7 + j events, decay
both tops to (bW~)(hH™) (and the corresponding charge
conjugate process), and decay the charged Higgs
H* — W) A% We match these events up to one addi-
tional jet and shower them using PYTHIA [59] with MLM
matching [60] and the k; shower scheme [61]. We use
PyYTHIA to decay the remaining W’s and A”’s. For the
detector simulation, we use PGS [57] with the same settings
as described above. The nonresonant process thH* —
(bW™)bH* and its charge conjugate are generated with
MadGraph. The subsequent steps are the same as for the first
process.

APPENDIX B: SIGNAL YIELDS
AND STATISTICAL PROCEDURE

1. Signal yields

As discussed in Appendix A, we use MC to obtain the
signal efficiencies in each of the four signal regions defined
by ATLAS, for both the 77 on-shell process,

pp = it = th(Ht - W (A" = ¢t77)),  (BI)
as well as the nonresonant process in Fig. 9,
pp = Ih(HY = WHH (A = 7477)). (B2)

We generically denote the respective efficiencies by €
and €IIOIII'CS'

The signal yield for a specific signal region is then
given by

S= Sres + Snonres’ (B3)

where

PHYSICAL REVIEW D 96, 075032 (2017)
Sres = €res X (th X ‘C) X (ZBr(t - bH+)

x Br(H" — W+(*)AO) X Br(A0 - 177)), (B4)
and
O-nom’es
Snonres = €nonres X <tanﬂ2 X ‘C>
x (Br(Ht = Wt A%) x Br(A° - rt77)).  (BS)

For the total cross sections, we use 67|53 rey = 830 pb,
and the following approximate fit for o, extracted
from [62]:

M+
Gnonres(mHi)|13 TeV — <2253_0]06C}6H\/> pb (B6)
in the range my= ~ [150-175] GeV.

2. Branching ratios

Throughout our study we set Br(A° — 7777) = 0.083.
The top branching ratio to bH™ is given by [5]

RH+
Br(t - bHY) = —"—, B7
tt = bHY) =k (B7)
where
['(t—» bH")
Ryt =———=
I'(t— bwWt)

_pue L (mi A mp — mp ) (mi A mp) — 4mpmg
pw+ tan 2 miy (mi 4+ mj = 2miy) + (mi —mj)* -

(B8)

Above, py+ is the momentum of H™ in the top’s rest
frame,

2 \2 2 2 4

m, My mj, My mj,

=— 1———) -2—2(1 —
put 2 < m%) m?( +mt2>+mf

(B9)

and py+ is defined in an analogous way.

The branching ratios of the charged Higgs are computed
from its various widths. For completeness, we list all of
them below.

The charged Higgs width to a pair of light on-shell SM
fermions is given by

GF mpg+

4+/2rtan

where N, = 3 and U is an element of the CKM matrix if
f, f' are quarks, and N, = 1 and Uip = 1 otherwise; my,
my above are the running masses at y = my-.

L(HY > f]') = N |Ugp*(m}+m3,).  (B10)
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Since we are interested in spectra where my+ < m,, the
width T(H" — r*b) goes via an off-shell top quark, and is
given by [23]

[(H* — W*bb)
_3GEm} my: Ky (K, —1)
= 4 Axe)log (ST )
6473 tanfs? ( Kk + 3k, = i) log K;— Ky

K, —1 5
+(3x? — 4k, — 31<W—|—1)10g<K _KW> -3

+1—1<
K7

W (313 — ki —2K,K%, +4K3,) +KW(4—3KW/2)> ,
(B11)

where k, =m}/m?., and ky = m},/m%.. Above, we
neglect the contribution from the bottom Yukawa coupling.
The bosonic widths of the charged Higgs,
[(Ht = WH)¢0), depend on whether the final state
W is on shell or off shell. In the former case, we have

T(HT — Wt¢?)

GF mW

— 2
== 8V 27 Mmy+ \//1 m¢°’mW’mH*)

X /,{(m¢0’ m%ﬁra m%V)’

(B12)

where ¢ for ¢° = Hgy, H°, A? are given in Sec. II, and

2
Ax,y.z) = <1—§—X> —42—;}.

Z

(B13)

On the other hand, if the W™ is off shell, we have [23]

= W0 _ 9G;my, méo m%V)
C(H™ > WH¢%) = (1 C¢)mH+ Py G<m%1+’miz+ ,
(B14)
where
G(x,y) = ! <2 -1=x+y) /IG(x y)
X <ﬂ+ArcTan[ (1+x-y) —A6(x, y)])
2 (1 =x)v/Ag(x,y)
+ (A (x, y) — 2x) log(x)
+(13—_yx) (Sy(1+x) —4y* + 2ﬂc(x,y))),
(B15)
and
Ag(x,y) =—=1+2x+2y—(x—y)>.  (B16)
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3. Statistical treatment of fits and exclusions

For each signal region in [54] with N observed events,
Upe £ ABg, expected background events, and S, expected
signal events, we define the likelihood function:

LSI’(‘S'SI”BSI) :P(NSI’|SSI+BSI’> S G<BSr|ﬂBSl”ABSl’)’ (B17)

where P and G are Poisson and Gaussian distributions,
respectively. The likelihood for the combination of all four
signal regions is given by the product of the individual
likelihoods:

ﬁ(/isﬁB) (B18)

= Hﬁsrj (Ssrj’ Bsrj)’

stj

where HB = (Bsrl ’Ber’Bsr3 vBsr4)’ and Hs= (’/nH+ > 1M 40 ’tanﬂ)
uniquely specifies a point in the model parameter space,
and unambiguously determines the signal yield S; in each
signal region. Since the correlations between background
uncertainties in the four signal regions were not provided in
[54], we treat these uncertainties as uncorrelated. We note,
however, that the post-fit backgrounds in [54] did not
change substantially relative to their prefit counterparts.
This, combined with the factor of 2 uncertainties in our MC
modeling of signal efficiencies, leads us to expect that our
results would not change substantially were we to properly
include all background correlations in our fits.

For obtaining limits, we use a profiled log-likelihood
analysis. First, we define

Aus) = log L(us, 93) —log L(jis, 93),

where the unconditional likelihood estimators fig, 6 maxi-
mize the global log £(us, 6p), and the conditional estimator

(B19)

0 maximizes log £ (ug, 05) for a given ug. Since there are
3 independent degrees of freedom in pg, namely, mg+, m 40,
and tan f, the p-value for a specific model defined by pg is
determined by

p = 1—CDF(y3. -24(us)).

where CDF(y3, —2A(us)) is the cumulative distribution
function for a y2-distribution with 3 degrees of freedom,
evaluated at —21(ug). From the p-value we can determine
the exclusion confidence level for all points in the studied
parameter space.

Finally, we note that when finding the goodness of fit of a
given mass point p's = (mg+,myo), we profile over the
value of tan f that maximizes the log likelihood, i.e., we use

Apls) = log L(p, tanﬁ, 2’3) —log L(ji§, tan 3, 0p).
In this case, we define the p-value in an analogous way,
p =1 = CDF(y3. —24(uj)). (B22)

but instead use a y>-distribution with only 2 degrees of
freedom.

(B20)

(B21)
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