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Several ideas exist on how the stringent mass limits from LHC on new colored particles can be avoided.
One idea are the so-called “stealth” scenarios in which missing transversal energy (£r) is avoided
due a peculiar mass configuration. It is usually assumed that the cascade decay of the dominantly
produced colored particle finishes in a two-body decay, where this mass configuration leads to a very small
amount of £7. We discuss here the potential impact of other decay channels, either loop-induced or via off-
shell mediators. It is shown that those channels already become important even for moderate branching
ratios of 10%. Larger branching ratios, in particular, into a photon can completely wash out all benefits of
the stealth setup. We discuss this in a model-independent form, but also at the simplest supersymmetry
stealth scenario which can be realized in the next-to-minimal supersymmetric standard model.
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I. INTRODUCTION

The Large Hadron Collider (LHC) has now collected
data since more than eight years. While the long searched-
for Higgs boson of the standard model (SM) of particle
physics has been discovered after two years of runtime
[1,2], no clear signal for new physics has shown up so far.
This is surprising because there is overwhelming evidence
that the SM must be extended, e.g., to explain dark matter
or the baryon asymmetry in the Universe. Also, the
hierarchy problem is an unresolved question. Many ideas
to address these problems predict the presence of additional
scalars at—or at least close to—the electroweak scale.
Therefore, having only null results in the searches for
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beyond-the-SM (BSM) physics was unexpected, and sce-
narios which were considered to be likely have been ruled
out by now. The best example is minimal supersymmetry
with moderately light masses: benchmark scenarios devel-
oped for the LHC like SPSla used squark and gluino
masses of 600 GeV and below [3], while the exclusion
limits of these particles have reached up to 2.0 TeV under
specific conditions [4,5]. This has tremendous conse-
quences and many well-studied scenarios become disfa-
vored as solutions for the open issues in the SM. In order
not to give up the appealing aspects of these ideas,
approaches were discussed of how the strong exclusion
limits could be avoided. Since many searches for new
physics rely on large amounts of missing transversal energy
(Er), a promising ansatz is to reduce it as much as possible.
R-parity violation, which opens decay channels of the
lightest supersymmetric particle (LSP), reduces the mass
limits at least to some extent [6—8], but revives the problem
of a missing DM candidate. On the other side, compressed
spectra could also shrink the MET significantly [9-12], and
could be motivated by relic density requirements that can
be easily satisfied in the stop-neutralino coannihilation
region [13]. Therefore, one can study models in which
the lightest supersymmetry (SUSY) particle is very light,
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i.e., it has a mass of only a few GeV, and Er is significantly
reduced by a very specific kinematic configuration: the
second decay product of the next-to-lightest SUSY (NLSP)
particle almost fills the mass gap between the NLSP and
LSP completely. If this particle is not visible (or at least
hard to search for) at a collider, one has all ingredients for a
so-called “stealth” scenario [14,15]. It has been pointed out
in Ref. [16] that one does not need to introduce additional
particles or even a hidden sector to have such a setup. Also
in the next-to-minimal supersymmetric standard model
(NMSSM) one could arrange for the necessary mass
configuration: the bino NLSP can decay invisibly into a
singlino LSP and a singlet.

This is, of course, a very attractive idea to soften the
mass limits on the gluino in SUSY models. Since the
focus in literature was so far only on the two-body decay
of the NSLP, we study in this work the impact of
additional decay modes either via loops or off-shell
mediators. As we will show, one needs to consider these
decay channels in order to be sure that the stealth
mechanism is really working properly.

This paper is organized as follows. We start in Sec. II
with a model-independent study of the impact of three-
body or loop-induced decays on stealth scenarios.
Afterwards, we show in Sec. III two examples where these
additional decay modes become important. We summarize
our results in Sec. IV.

II. MODEL-INDEPENDENT ANALYSIS

A typical stealth mass configuration is depicted in Fig. 1.
The mass scale of the SUSY particles, in particular the
colored ones, is considered well above the Z mass scale but
still accessible at the LHC, i.e., at the TeV scale. The only
light BSM particles are the next-to-lightest SUSY particle,
the second-lightest neutralino )?(2’, as well a the singlet
superfield with its scalar and fermionic components §
and 7Y. The latter is the LSP. While 5 couples to the SM
gauge group (e.g., because it is a bino), the singlet fields
only couple very weakly through a small mixture with the
other Higgs or neutralino fields, respectively. The produc-
tion at the LHC therefore proceeds in the colored sector.
Here we assume a gluino pair which then each decays down
to the NLSP first, releasing only jets as side products. The
NLSP then decays—only through the small admixture—
into the NLSP and S. While S decays mainly into bb, the
LSP escapes undetected. More precisely, the typical pro-
duction and decay at the LHC will be

pr = §9 — 999975 = 9993SSP
S 4j+ b+ Ey. (1)

If the LSP is very light, i.e., of O(few GeV), and the mass
gap Am = mysp — Mysp — Mg small, there is only little
momentum associated with the escaping LSP. Hence, the
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FIG. 1. The kinematic configuration necessary for the stealth
mechanism.

signal contains several jets but only very little £7. LHC
analyses for these kinds of scenarios (also including b-tags)
exist (see, e.g., Refs. [17-19]) but can place only relatively
loose constraints on the colored sector compared to typical
SUSY searches which require a large amount of E;.

The above decay chain contains the leading-order decay
of the NLSP. However, since the decay proceeds through a
small admixture and is, in addition, kinematically sup-
pressed by the small available phase space Am, it is natural
to ask which other decays can be possible, how large they
are, and how they affect the detection prospects. These
other decay channels consist of (tree-level) three-body
decays as well as (one-loop) radiative decays. While the
former will be mediated by an off-shell Z boson, the latter
proceeds via loops of charged particles, for instance, a
charged Higgs and a chargino. These extra decays are
therefore given by

n-=207 - Nff. (2)

where Z* denotes an off-shell Z boson, and

n-Ar (3)
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In both additional decay modes, the phase space is
considerably larger compared to the leading-order two-
body decay due to the larger mass gap between the initial
and final state. In addition, the coupling structure of the
new modes is different. As a consequence, they could make
for a significant branching ratio. Since the NLSP is boosted
significantly due to the large mass gap, both channels lead
to a potentially detectable £, signal.

In the following, we are going to assess how the
additional decay modes of the otherwise stealth scenario
can lift the discovery prospects—and therefore, the bounds
on the gluino mass. We will focus on prompt 79 decays
only. In order to do so, we will assume the following mass
hierarchy:

mg > my > my, My > My > Mg 3> My

with  mz > mgs +mp + (0.5 - 1) GeV, (4)
and vary the branching fractions into the two-body, the
three-body, and the radiative decay freely (from zero to
one) in order to access every combination of the three.
More precisely, the NLSP, LSP, and S masses are set to the
values in Table I, as inspired by Ref. [16]. We then test each
scenario—for different gluino masses—against current
LHC analyses.

For the numerical evaluation we make use of PYTHIAS
[20] in order to generate the Monte Carlo (MC) events with
the default parton distribution function NNPDF2.3 [21].
Hereby, we multiply the cross section by a k-factor as
obtained by NLLfast [22-28]. After that we confront the MC
events with the analysis tool CheckMATE [29-31] which
itself is based on the detector simulator Delphes3 [32] and the
jet reconstruction Fastlet3 [33,34]. CheckMATE is a recasting
tool which allows the user to test one’s model and
parameter points against a large number of implemented
experimental searches.

We have done scans over the branching ratios BR(75 —
#S), BRGZ — 217" = 70/7), and BR(Z — 77) with
the spectrum of Table 1. For each point of the grid we have
generated 2 x 10° MC events.

Once the events for each point are generated we analyze
them, making use of all the 13 TeV analyses within
CheckMATE. However, not all the searches are relevant
in our purposes and we summarize the ones that are

TABLE 1. Spectrum of the particles involved in the stealth
signal.

Particle Mass

g 1100-2000

b5 89

bl 5

S 83

TABLE II. Summary of the most relevant analyses for our
study. The analyses are referenced by their arXiv number, the
third column denotes the final state topology, and the fourth
column shows the total integrated luminosity. All analyses have
been performed with 13 TeV of center-of-mass energy.

Reference Final state L [fb 1]
1802.03158 [35] >1y + jets + Er 36.1
1712.02332 [5] 2-6 jets + Fr 36.1
1606.09150 [36] 2+ By 3.2
1709.05406 [37] >20 4+ Er 35.5

important in Table II. Now we want to give some details
about the searches.

Photon(s)+E (1802.03158) [35]: This search is moti-
vated by gauge-mediated supersymmetric breaking (GMSB)
models in which final states containing large values of Ep
and photons are present. Basically their searches can be
divided into two regions, the first one is focused on diphoton
events with large missing transverse energy while the second
one only asks for events with missing energy and the
presence of one isolated energetic photon. This search is
meant to cover gluino, squark, and wino/Higgsino produc-
tion and their subsequent decays to the NLSP that could
decay into a gravitino and a photon or a Z boson. In that
sense, the signal is identical to what we consider here, just in
our case instead of the gravitino as the LSP we have the
singlino.

Multijet + F (1712.02332) [5]: This search is focused
on squark/gluino production and their subsequent decays
into quarks giving rise to jets and Fy. Different signal
regions are used, which are divided depending on the
number of jets they require. In our case, our signal can
mimic this kind of search when the S and the Z decay into
quarks so that the relevant signals are jets plus £7r.

Diphoton + E+ (1606.09150) [36]: In this search, events
with two photons and large missing energy are required.
The motivation is as in Ref. [35] GMSB where a pair of
gluinos is produced, decaying to quarks and a neutralino
NLSP. This neutralino decays into a gravitino and a
photon—Ileading to a final state reminiscent of what we
are looking for here. However, since this search was
performed for low luminosity, £ = 3.2 fb~!, it is less
sensitive than Ref. [35] which searches for the same signal.

Leptons + Er (1709.05406) [37]: This search focuses on
events with more than two leptons and £ in the final state.
It is motivated by the production and subsequent decay
into leptons and the LSP of electroweakinos. In our case,
Higgsino pairs can be produced decaying into the NLSP
that could also decay through the Z boson giving the same
result. The search is divided into three main regions
according to the number of leptons in the final state,
two leptons, three leptons, or more.

In order to determine whether a point is excluded by a
search or not, we compare the estimate of signal events with
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FIG.2. Excluded model space depending on the branching ratio of 73 into the three-body and the radiative two-body final state. In the

left-hand plot, we fix mg

= 1.6 GeV while we set my; = 1.7 GeV in the right-hand panel. We display the respective most restraining

analyses in dots and dashes. They are summarized in Table II. The total exclusion is shown in solid black. The dark grey shading
corresponds to regions with 1.5 < r < 0.67 and therefore ambiguous exclusion, whereas the light grey regions are ruled out.

the observed limit at 95% C.L. of the search in the
following way:

s—196- As
r=——gp—. (5)

Sexp

s denotes the number of signal events, As the uncertainty of
MC events that we consider to be only the statistical
uncertainty, and As = /s. This quantity is calculated for
every signal region of every search. Then, in order to calculate
the best exclusion limit we choose the “best” signal region,
which we define as the one with the best expected exclusion
potential. As aresult, the total exclusion limit could be weaker
than the limits from a single signal region. In CheckMATE it is
not possible to combine searches, so the limits which we
calculate are conservative. One can define a point as excluded
when the r value is greater than » > 1. However, as we do not
control higher-order corrections or systematic errors we
define a region where exclusion is inconclusive. This region
is the one between 0.67 < r < 1.5. When one of the points
is placed in this region we cannot tell if it is excluded or not
since a fluctuation in the estimate of the signal number of
events due to missing correction could change the result.
According to this we define a point as allowed when it
presents a value » < 0.67 and excluded when r > 1.5.

A. Gluino searches

In Fig. 2, the corresponding exclusion limits for gluino
masses of m; = 1.6 TeV (left) and m; = 1.7 TeV (right)

are depicted.1 In both panels the exclusion contour line is
plotted as a function of the different branching ratios of the
neutralino NLSP, 7). In the x axis we plot the branching
ratio into the Z boson, BR(73 — #VZ* — 7Vff), while in
the y axis we show the branching ratio into a photon and the
neutralino LSP, BR(79 — #y). The third branching ratio,
corresponding to 7 — S7Y, is given for each point as

BR(7) = 71S) = 1 = BR(73 — 7{ff) = BR(7 - Zir).
(6)

We have covered in purple color the nonphysical area where
the total sum of branching ratios is greater than 100%.
We see in Fig. 2 that the exclusion lines from the
analyses in Refs. [35,36] are horizontal, meaning that they
only depend on the branching fraction into the photonic
final state as expected. Reference [5], in turn, tags F7 and
jets, which are provided by both final states on the x and y
axes, leading to almost diagonal lines. Correspondingly,
for low BR(;?g - )?‘l)y), the jets + F7 search sets the best
exclusion limits, while for large branching ratio into
photons, the photonic searches are most efficient, which
can be seen in the right-hand plot of Fig. 2. This is also seen
in Fig. 3 where we compile the bounds on the gluino

'Here the decay chain considered is the one of Eq. (1),
considering also that the singlet, S, decays mainly into a pair
of b quarks.
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FIG. 3. Upper bounds on the gluino mass depending on the

branching ratio of 7 into the three-body and the radiative two-
body final state.

masses as a function of the three branching ratios. It is
seen that, for BR(75 — 7VS) ~ 100%, only gluino masses
up to 1.2 TeV can be excluded; this quickly changes
with increasing branching ratio of the alternative decays,
leading to bounds up to 1.8 TeV for the case of
BR(7 = #l7) =~ 100%.

B. Higgsino searches

Apart from the colored sector, also the detection pros-
pects for electroweakinos can be reduced significantly by a
compressed NLSP decay. Although the corresponding
searches look for multilepton final states, the signal regions
are complemented with rather tight £; cuts in order to
enhance the separation from the background. Consider, for
instance, the CMS analysis of Ref. [37]: out of many signal
regions (depending on the number and signs of leptons),
only a few tag the missing transverse momentum as low as
50 GeV—most are a lot tighter.

In a natural SUSY environment, featuring rather light
Higgsinos, the Higgsinos and their decay products could
therefore be hidden if they decay down to a (gauge) boson
and the NLSP, with its subsequent stealth decay. In the
following we briefly show how this Higgsino-stealth
scenario is washed out by the effect of the alternative
decay modes considered before.

For that purpose we have performed a scan over the mass
of the Higgsinos. In this scenario we consider the direct
production of the Higgsinos and their subsequent decays
into the second lightest neutralino, ;?(2),

PP = 84 = WSZ/
1

pr = 7k = WEAWEY
pr = 843054 = Z/WSZ) by

(7)
that will decay as we described above. We take the
leading-order cross section from PYTHIAS and apply a
conservative flat JC-factor of 20%. Here we perform the
scan over the branching ratios as in the case of the gluino,
and we also scan over the lightest neutral Higgsino mass,
My, while we consider the following hierarchy: My =

Mys = My + 5 GeV. For the numerical evaluation we

proceed as in the gluino case. We have split the scans in
two different scenarios depending on the decay of the
neutralino, 3 into a Z boson (3 — ¥97) or a Higgs
boson (¢ — x9h).

In Fig. 4 we can see the exclusion limits for the
Higgsino-like neutralino masses of My = 150 GeV (left)

and My = 400 GeV (right) assuming that the third neu-

tralino decays totally into the second neutralino, x93, and the
Z boson. The axes correspond as in the gluino case to the
branching ratio into a Z boson and into a photon and
the neutralino LSP, while the corresponding branching ratio
into the singlet scalar and neutralino LSP is obtained with
Eq. (6). As we did with the gluino plots, we have covered in
purple color the nonphysical area for the branching ratios.

In the left panel of Fig. 4 the exclusion limits for a
Higgsino mass of my = 150 GeV is depicted. The total

exclusion rate is depicted as a solid black line, and it is
constructed from the different searches. There are two
sensitive searches in this scenario that are the multileptonic
analysis of Ref. [37] and the photonic search of Ref. [35].
The first one, depicted as a green dashed line, is able to
exclude all the points whose branching ratio into a Z boson
is greater than 20%-30%. It is almost insensitive to the
other branching ratios except for large values of the decay
into a singlet, S, while the photonic decay is low. In this
case the exclusion can cover smaller values of the branch-
ing ratio into a Z up to 15%. This search is really powerful
in the low mass region since the requirements of the search
are designed to prove these electroweakino masses are also
due to the large cross section. The second search, shown as
a dashed purple line, is only able to test the regime of large
values of photonic decays, larger than 60%. One has to say
that in this scenario the photonic search is less sensitive
since the cuts applied in the analysis required large values
of transverse variables that are typical from particles with
larger masses. This search is insensitive to the other
branching ratios and the value from which it is sensitive
is almost constant, as it happens for the gluino case. The
total exclusion area for a neutralino of mass mpn =150 GeV

is rounded by a solid black line. The exclusion power is
really high since the allowed region left after applying the
analysis is reduced to large values of the decay into singlets.
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FIG. 4. Excluded model space depending on the branching ratio of 79 into the three-body and the radiative two-body final state
assuming BR(y3 — Zy9) = 1. In the left-hand plot, we fix m, = 150 GeV while we set mz = 400 GeV in the right-hand panel. We

23

display the respective most restraining analyses in dashes. They are, in this case, the multileﬁton plus £, analysis [37] (green) and the
photons plus £ search [35]. The total exclusion is shown in solid black. The dark grey shading corresponds to regions with 1.5 <
r < 0.67 and therefore ambiguous exclusion, whereas the light grey regions are ruled out.

In the right side of Fig. 4 we show the exclusion limit for
a Higgsino mass of myy = 400 GeV. The color code is the

same as in the other case. The leptonic search here is less
powerful since it can only constrain large branching ratios
into Z bosons, i.e., BR(75 — 79[Z* - ff]) > 75%. The
photonic search for this mass seems to be most powerful
constraining branching ratios greater than 35%. This fact is
due to the strong cuts imposed in the photonic analysis [35]
that require large values of transverse variables typical from
larger masses.

In Fig. 5 the same scenario is shown as in Fig. 4 but
assumes that the third neutralino decays totally into Higgs
bosons, BR(79 — 79h) = 100%. In the left panel of Fig. 5
the results for a mass My = 150 GeV are depicted. As we

can see, the exclusion limit is weaker than in the previous
case of Fig. 4 where we assume decay into Z bosons for the
third neutralino. This is the reason why here the leptonic
search is not as powerful as in the previous case. Since the
third neutralino decays into a Higgs boson, the leptonic
rate is smaller; now only the second neutralino provides
leptonic events. In this scenario the photonic search is also
weaker than in the previous one for larger values of the
decay into singlets. In the right panel of Fig. 5 we present
the results for the same scenario for a mass of the third
neutralino of My = 400 GeV. In this case the only search
that is able to constrain this scenario is the photonic one.

As in the case where the third neutralino decays into Z
bosons the limit is constant and fixed in a value of

BR(73 — #9) > 40%. However, now we do not have the
exclusion area given by the leptonic searches. This fact is
because now the third neutralino decays into a Higgs boson
giving fewer leptonic events.

The limits for different Higgsino masses in both scenar-
ios are summarized in Fig. 6. In the left panel of Fig. 6, the
scenario of BR(7) — Z79) is depicted. We can see that with
increasing neutralino mass the leptonic search loses sensi-
tivity until we reach masses greater than my > 450 GeV

where this search becomes totally insensitive. On the
contrary the photonic search becomes more stringent
once we reach masses greater than my > 200 GeV.

These searches can constrain branching ratios of about
BR(7S = #y) 2 35%40% in the range of masses
my = 300-600 GeV. In the case of BR(7§ — h79), shown

in the right panel of Fig. 6, the leptonic search is much less
efficient since it drops quickly for masses greater than
my > 150 GeV. This is due to the lack of leptonic events

since the third neutralino decays into the Higgs boson
only. For larger masses, the photonic search becomes the
most stringent one and it is as sensitive as in the previous
case, excluding BR(?) — 7Vy) 2 40%-45% for masses
my = 300-600 GeV.

It is important to note here that in these stealth spectra
where the only production comes from the Higgsino sector,
a usual configuration, where the branching ratio of the
second lightest neutralino into singlets that do not exceed
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FIG. 5. Excluded model space depending on the branching ratio of 7 into the three-body and the radiative two-body final states
assuming BR(y} — hy9) = 1. In the left-hand plot, we fix My = 150 GeV while we set My = 400 GeV in the right-hand panel. We
display the respective most restraining analyses in dashes. They are, in this case, the multllepton plus £ analysis [37] (green) and the
photons plus £ search [35] (purple). The total exclusion is shown in solid black. The dark grey shading corresponds to regions with

1.5 < r < 0.67 and therefore ambiguous exclusion, whereas the light grey regions are ruled out.

values greater than 70%—-80%, is totally invisible to the III. STEALTH SCENARIO IN SUSY MODELS

LHC. So a typical second lightest neutralino that decays We now turn to the discussion of concrete (SUSY)
mainly into a singlet and the LSP could be totally invisible  models which, in principle, provide all ingredients for a

even if the Higgsino masses are close to the LEP limit. stealth scenario.
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for X3 — Zx5
0.8 0.8

< 06 < 06
1< 1<
T T
= =
= =
£ 04! =

0.2 0.2

0.0 : — : : 0.0 : :

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
BR(XS = X2 = ff]) BR(XS = X{[Z* = ff])

FIG. 6. Upper bounds on the Higgsino mass, my, depending on the branching ratio of 79 into the three-body and the radiative two-
body final states for BR(73 — Z79) = 100% (lefts and BR(7 — h7)) = 100% (right).
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A. Stiickelberg extension of the MSSM

We start with a model which was, to our knowledge, not
yet discussed in this context. As we will see, there are good
reasons for this because the three-body decays are crucial
and rule out this idea immediately. Nevertheless, it might
serve as a nice example to show how dangerous it is to
rely on the calculation of only two-body decays. The
model which we want to discuss briefly is the minimal
Stiickelberg extension of the MSSM [38] which extends
the SM gauge sector by a new Abelian gauge group
U(1)y. The superpotential is just the one of the standard
MSSM

Wyssm = Y, H,Q 0 +Y,H,0d+Y HyL e +uf H,
= WY +:ul:1u1:1d (8)

where all fields are uncharged under U(1)y. The additional
particles compared to the MSSM are a vector superfield B
and a gauge singlet p. Even if p is a complete singlet, it
can nevertheless generate a mass term for the new gauge
boson B’. The Stiickelberg Lagrangian is given by

[,5, = / d®2d®2(m1f9/ + mzé + ﬁ +ﬁ)2 (9)

where B is the vector superfield of the hypercharge group.
The new physical states are two additional neutralinos from
the gauge eigenstates B’, S, one CP-even scalar which
mixes with the CP-even Higgs from the MSSM but which
mainly consists of R(p) = ¢, and one new gauge boson Z’
which is mainly a B’. Up to small mixings, the masses of
the bosonic states are given by

2 2 4 2 2 2
my = mi+ m, mz =~ mj, (10)

while the Z — Z' mixing is proportional to

my
==, 11

e=" (1)
Also the mixing between ¢, and the other CP-even scalar
is O(e€). The neutralino mass matrix for this model reads in

the basis (p, B, B, W°, H, HY)

0 m m 0 0 0
m. M, 0 0 0 0
v m@ 0 M, 0 _qu ‘“2“2
0 0 M, 2 _obL
0 -4 w0y
0 g 127/':4 _ .(]221"14 —u 0

(12)

Here, M; are the gaugino soft SUSY-breaking terms.
Considering only the 3 x 3 submatrix of S, B, B in the
limit m, — 0, one finds that the three eigenvalues are

1 /

Thus, for M, > m; one state becomes very light. So, we
see that without much tuning one can find a kinematic
configuration with

myisp = My = My < my, (14)
Mygp = My = 0. (15)
My, My S Mgo = M. (16)

However, the vertex responsible for the NLSP two-body
decay is highly suppressed because the p field interacts
neither via gauge interactions nor superpotential terms.
Therefore, the vertex is proportional to the mixing of the
involved scalar with the Higgs doublets. An additional
suppression comes with the small Higgsino fraction of
the mainly p-like LSP. The interaction strength can be
approximated as

€%g; tan pv?

Vi ~ AM u(1 +tan ) (17)
One can compare this now with the 79 — 7! — Z vertex
which triggers the three-body decays of the NLSP via an
off-shell Z boson. This vertex is also suppressed by the
Higgsino fraction of the LSP and the second suppression
factor is due to the bino-Higgsino mixing. However, this
suppression is not proportional to e but can be much
weaker. All in all, we find

gimetan’pv? (g, cos Oy + gy sin Oyy)

0 18
nnz 8M 12 (1 + tan®p) (18)
Thus, the ratio of both is
V;(g;;?hl _m tan (19)
Viwz e

Since the usual suppression of three-body decays compared
to two-body decays is also compensated by the much larger
phase space for the three-body decays in this case, one can
expect that the three-body partial width clearly dominates.
Since e can be at most O(0.01) because of precision data
and current Z’ searches for such light Z’ bosons [39], one
would need Higgsino masses in the multi-TeV range to
make the two-body decays at least competitive with the
three-body decays. For Higgsino masses of a few hundred
GeV, the branching ratio of the two-body decay is only of
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the level of 107* — 107°. Therefore, we consider this
scenario as not very attractive and turn directly to a more
interesting example.

B. NMSSM

Let us consider the MSSM extended by a singlet
superfield S, commonly known as the NMSSM. We are
going to investigate a slightly altered version, where the
main difference with respect to more common versions of
the NMSSM is that we explicitly allow for a Z3-breaking
u-term. The superpotential then reads

W = AH,H,8 + §;<S3 FufH Wy, (20)
where Wy contains the standard Yukawa interactions as

in the MSSM, cf. Eq. (8). In addition to the MSSM soft
SUSY-breaking terms, we consider the following terms:

T B
~Loi D <T2HL,HdS +S TSI HES H-c-)

+ m2[S]2, (21)
where we defined the trilinear soft terms 7, = A,4,
T.=Ax. After electroweak symmetry breaking, the
scalar doublets H, ; as well as the singlet scalar S receive
vacuum expectation values (VEVs) v, ;¢ according to
(¢;) = v;/\/2. Therefore, the “effective u-term” reads
Hefr = H —I—’%. The ratio of the doublet VEVs is defined
as tanf = v, /vy.

In addition to the MSSM spectrum, the extra singlet
superfield leads to one more CP-even and one CP-odd
scalar as well as one additional neutralino. Despite a small
admixture by the doublet states, we denote the additional
CP-even (odd) scalars as S (Ayg).

The region in parameter space which we are about to
consider is very much inspired by Ref. [16], with the
difference that we use the additional freedom which we
obtained by adding the p-term to (i) lift the mass of Ay with
respect to msz and (ii) add a A-independent term to pg,
and therefore the Higgsino mass. In order to arrive in a
stealth parameter region, we use the hierarchy of Eq. (4)
where 79 is binolike and 7! singlinolike. This corresponds
to the situation in Fig. 1 where ;?‘1)(2) is the (N)LSP.

Correspondingly, the leading-order production and decay
chain will be the same as in Eq. (1). So far, this is exactly
the situation described in Ref. [16].”

>The singlet mass mg is not the same as the soft mass term ;.

5Note that the constellation discussed in Refs. [40,41],
although very similar in principle, differs in an important detail:
in that case, the NLSP decay ends in the LSP and a SM Higgs
instead of S. Correspondingly, searches for two SM Higgs bosons
and hard jets become sensitive.

"l R
~0 ”
X2 A
AAA X;

o Y

Xi NN

FIG. 7. Radiative and three-body decay of the NLSP in the
stealth NMSSM scenario.

Let us, however, go one step beyond and look at the other
possible final states of 79 in the given scenario. Clearly, if
phase space and couplings are large enough, the decay
23 — S7) will dominate over all others. Departing from this
assumption, then three-body decays as well as radiative
decays, discussed in Sec. II, need to be taken into account.
Both of which have a much larger phase space available
and feature a different coupling structure. In Fig. 7 we
depict the dominant diagrams for these new decay modes.

Let us investigate in which cases these modes are
relevant. Quite obviously, for the tree-level decays to
happen, a mixing between the bino and the singlino states
is necessary—which mainly proceeds via their Higgsino
admixtures. The latter is controlled by A. The coupling
79— 7% — hg is governed by

MZya,Zpa, + Zpn2na,) (22)

where Z; j; is the H ; admixture within the ith neutralino.

This admixture must remain small in order to prevent direct
decays § — jj7? which would destroy the stealth setting
due to a strong boost to 79. Consequently, 2 must be small.

The coupling 7 — 7" — Z is dominated by gauge cou-
plings
(gacosOy + g, SineW)(ng,HdZ;z?.Hd —ZogZng). (23)
So, while the two-body decay requires a 4 insertion in both
the vertex and the neutralino admixture, for the three-body
decay only the latter is needed. Instead, for the loop decay
(proceeding via charginos and a charged Higgs), no
Higgsino admixture is necessary, and there is only a single
2 dependence through the 7= — H¥ — 79 vertex.

In summary, small A is required for a stealth NMSSM
scenario—but the smaller A, the more important the
otherwise subleading three-body and radiative decays
become. The other main dependence of the decay channels
comes through the mass of the Higgsinos, mz—and
therefore u, which (i) enters the bino-Higgsino as well
as the singlino-Higgsino mixture and (ii) determines the
size of the three-body decay since Higgsinos run in the loop
of the radiative decay.

We are going to check now how large the effects of the
new decay modes can become. For the numerical evalu-
ation we have used SARAH [42-46] to create a model-
dependent code based on SPheno [47-49]. The functionality
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| —— upper limit on mg
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FIG. 8. Upper bounds on the gluino mass (black solid line) in

the stealth NMSSM scenario as a function of x and A while
tan # = 10. The exclusion coming from Higgsino production is
the light grey-shaded region. The branching ratios of the second-
to-lightest neutralino are shown in green dashed contours for the
three-body decay and as a colored background shading for the
radiative decay. The mass of the third neutralino, m; 7 is shown in
blue dot-dashed contours. We keep Am = My — m)(o mg =
0.5 GeV while My 89 GeV and Mg = 5 GeV. The dark grey-
shaded area at the bottom of the plot indicates the region where
the total decay width of 7 becomes smaller than 1074 GeV.

of the automatic calculation of the one-loop radiative
decays is described in Ref. [50], which we will make
use of in the following. We have checked the benchmark
points against HiggsBounds [51-54] to be in agreement with
Higgs experimental searches.

In Fig. 8, we plot the branching ratios of the three-body
as well as the radiative decay as a function of 4 and 1. Here
we kept the mass gap of the two-body decay fixed at

My — My — Mg = 0.5 GeV. This was achieved by fitting

this combmatlon while adjusting vy, M, L for each point
in parameter space. As expected, in this region of small 4,
the importance of the alternative decay modes is huge as
they sum up to almost 100% in regions of small |x|. When
increasing |u| towards larger values, the branching ratio of
the radiative decay is reduced due to the increase in
chargino mass. Throughout the plane, however, we find
that the stealth decay mode is only subleading so that the
signal at the LHC would indeed feature significant £, and
photons, providing completely different prospects of dis-
covery. Indeed, while the recasted LHC analyses of Sec. II
only exclude gluino masses of ~1.4 TeV in the upper left
part of the plot, the exclusion power reaches m; = 1.8 TeV
in the lower right corner with small A and |u|. We see when
comparing the contour lines of the radiative decay and the
gluino exclusion lines that for large m;, the LHC exclusion
power is dominated by the photon searches of the likes
of Ref. [35], analogous to the corner of Fig. 3 where the
photonic decay dominates. For smaller gluino masses and

therefore larger production cross sections, however, also
the upper left region of Fig. 8 where the three-body decay
dominates is covered by jets + Er searches like Ref. [5].

Finally, we also show the exclusion line from electro-
weakino searches due to the presence of light Higgsinos as
the light grey-shaded area surrounded by a black dotted
line. By our choices of y and 4, the Higgsino mass varies
from roughly 150 GeV to 600 GeV throughout the plot
(blue dashed lines), leading to large differences in the
production cross section of the Higgsino. In combination
with the varying branching ratios, we observe two areas
where the Higgsinos are excluded. The first one is in the top
right corner where the second neutralino branching ratio
into the Z boson is enhanced and we have a third neutralino
with masses equal or less than My <200 GeV. The second

interesting region is found in the bottom half of Fig. 8. Here
the excluded area tells us that the photonic search [35] is
sensitive to the larger branching ratio of the second lightest
neutralino into photons. If we compare the range of masses
and values of the branching ratio into photons for which the
exclusion rate is higher we can see that they match with the
ones obtained in Fig. 6. We find the best exclusion signal
rates for masses between my = 250-600 GeV and branch-
ing ratios into photons greater than 70%.

A comment about the total decay width " of 79 is in order.
In the shown plane, Fig. 8, I" reaches down to 10714 GeV
and slightly lower. The region where this happens is shaded
in grey and is located at the bottom left of the plot. Because
of this small width and the associated time-delayed decay,
one might ask whether searches for nonpointing photons
might be relevant. However, while the readout (at ATLAS)
features a time resolution of ~70 ps [55], exclusion results
are only presented for lifetimes of 250 ps and more since for
lower photon lifetimes, background rejection proves to be
too difficult [56]. Consequently, a conservative estimate is
that lifetimes below 107! GeV could indeed be resolved as
nonpointing photons whereas above, they have to be tagged
conventionally.

As a final comment, even if these results are given for a
configuration similar to the one appearing in Table I,
similar results are obtained for other values of the masses
when the stealth hierarchy is conserved.”

IV. CONCLUSION

We have examined the possibility that additional decay
channels contribute to otherwise stealth SUSY scenarios.
These are constructed such that the LSP is very light while
the phase space of the tree-level NLSP two-body decay is
very small. Colored production at the LHC then eventually
leads to signals of several jets but almost no £ ;. Because of
the reduced phase space, however, other suppressed decay

“For a further study of where the parameter changes we refer
the reader to Fig. (3) of Ref. [57].
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channels of the NLSP, such as three-body and radiative, can
also become relevant and even dominate. We have shown
that already for small contributions to the branching
fraction, these extra decays weaken the appealing features
of stealth scenarios, meaning that the limits on the colored
sector become significantly stronger. Furthermore, we have
also compared the electroweakino production in stealth
SUSY scenarios finding that the presence of the new decay
rates could make them invisible. We have demonstrated this
by recasting relevant LHC searches and calculating the
limits on the gluino and Higgsino masses depending on the
NLSP branching ratios. We have then shown at the example
of two realistic models that these extra decay modes are
indeed relevant. In the Stiickelberg extension of the MSSM,
the stealth two-body decay is almost nonexistent. In the
NMSSM, we find regions of parameter space which are

stealth directly next to regions which feature dominating
three-body decays as well as dominating photonic final
states. We have finally presented the gluino and Higgsino
mass limits in this NMSSM scenario and find differences
of 400 GeV and more between the different regions of
parameter space.
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