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ABSTRACT: Ultraviolet physics typically induces a kinetic mixing between gauge singlets
which is marginal and hence non-decoupling in the infrared. In singlet extensions of the
minimal supersymmetric standard model, e.g. the next-to-minimal supersymmetric stan-
dard model, this furnishes a well motivated and distinctive portal connecting the visible
sector to any hidden sector which contains a singlet chiral superfield. In the presence of sin-
glet kinetic mixing, the hidden sector acquires a light mass scale in the range 0.1 — 100 GeV
induced by electroweak symmetry breaking. In theories with R-parity conservation, super-
particles produced at the LHC cascade decay into hidden sector particles. Since the hidden
sector singlet couples to the visible sector via the Higgs sector, these cascades produce a
Higgs boson in an order 0.01 — 1 fraction of events. Furthermore, supersymmetric cascades
typically produce highly boosted, low-mass hidden sector singlets decaying visibly, albeit
with displacement, into the heaviest standard model particles which are kinematically ac-
cessible. We study experimental constraints on this broad class of theories, as well as the
role of singlet kinetic mixing in direct detection of hidden sector dark matter. We also
present related theories in which a hidden sector singlet interacts with the visible sector
through kinetic mixing with right-handed neutrinos.
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1 Introduction

Physics beyond the standard model has been largely devoted to an emerging understanding
of the fundamental constituents of matter at ever higher energies. In more recent years,
however, some of the focus has shifted away from this “vertical” line of thinking towards
a more “horizontal” perspective concerned with the possibility of hidden sectors which
are weakly coupled to the visible sector but at the same time comprised of particles at
observable mass scales. Indeed, the existence of multiple separate sectors is quite plausible
in the context of string theory, which often predicts a number of geographically sequestered
sectors [1-6].

Theories with such light hidden sectors are particularly well motivated and exhibit rich
phenomenology if there is weak scale supersymmetry. With supersymmetry, mass scales
of these sectors can be naturally at or below the weak scale, since they can be dominantly
generated by supersymmetry breaking effects induced by interactions with the visible sector
or “mandatory” gravity mediation. Moreover, supersymmetry can offer a unique window
into hidden sectors via decay of the lightest observable-sector supersymmetric particle
(LOSP). As such, phenomenology depends crucially on specific operators connecting visible
and hidden sector particles.

In general, there may exist heavy mediator particles of mass M, which serve as a
bridge between the visible and hidden sectors. At low energies, this typically implies that
the two sectors couple only through higher dimension operators suppressed by M,. There



are, however, two exceptions to this expectation. First, if the hidden sector contains a U(1)
gauge field, loops involving heavy mediators can generate a marginal operator [7]

L= X/d20 WW!, +h.c., (1.1)

where W® and W), are U(1) hypercharge and hidden sector field-strength superfields. This
scenario has been extensively studied in literature, for example in [8-27]. In this paper
we discuss an alternative possibility: if both the visible and hidden sectors contain singlet
chiral superfields, S and S’, then a marginal kinetic mixing operator

L= e/d40 STS" +h.c., (1.2)

can persist at low energies, no matter the scale of new physics, M,. The size of the
coefficient e is typically a one-loop factor or less, O(S 1/1672). Note that any hidden sector
which interacts with the visible sector via a marginal operator will essentially dictate the
phenomenology — the effect of additional sectors interacting only through higher dimension
operators will be subdominant.

We assume that the visible sector singlet interacts with fields in the minimal super-
symmetric standard model (MSSM) through a superpotential term

W = ASH,Hy, (1.3)

where H, and Hy are the up-type and down-type Higgs doublets, and A is an O(S 1)
coupling. Indeed, assuming the existence of an R-parity under which S is even, this is

L' Our analysis will be largely

the only renormalizable operator which can be written.
independent of any additional interactions involving S—a special case is the usual next-
to-minimal supersymmetric standard model (NMSSM), AW = xS3/3.

The framework defined by egs. (1.2) and (1.3) leads to rich and distinctive phenomenol-

ogy. Three main features are

e Spontaneous Scale Generation. After electroweak symmetry breaking, singlet ki-
netic mixing induces an effective linear term for S’ in the superpotential, set by the
scale A2z = €(A\/2)v?sin2B + -+ =~ O(0.1 — 100 GeV), where v = \/(H,)2 + (Hy)? and
tan 3 = (H,)/(Hg). As a result, hidden sector fields generically acquire vacuum expec-
tation values (VEVs) of order A.g, yielding light degrees of freedom at this scale. (If the
contribution from gravity mediation is larger, the characteristic mass scale of the hidden
sector may be set by that.)

e Higgs Production with Supersymmetry. Since the hidden sector typically contains
an R-parity odd state which is lighter than the LOSP, a superparticle invariably cascades
into states in the hidden sector. Because the hidden sector communicates with the
visible sector only through S, which interacts with MSSM states only via the Higgs
fields, these cascades necessarily produce the Higgs boson in an O(10~2 — 1) fraction of
events, depending on A.g and the LOSP species. This leads to a minimum rate for high
transverse-momentum Higgs production associated with significant missing energy.

!The case where S is R-parity odd will be discussed in the final section.



e Hidden Sector Cascades Return. Hidden sector singlets produced by supersymmet-
ric cascades may decay back to standard model states, if they are even under R-parity.
Since this process occurs through off-shell Higgs fields, the decay product is typically the
heaviest possible state which is kinematically accessible. The decay rate scales roughly
as T o< €2y?(m/ /v)?m’, where y is the Yukawa coupling of the final state and m’ the mass
of the hidden sector singlet. Because of the suppression due to €2, y2, and (m//v)?, the
vertex is generically displaced. The decay, however, may still occur inside the detector
for natural values of €, so the decay products may be observed at colliders.

These features allow for distinguishing theories with singlet portal from alternative scenar-
ios such as U(1) gauge kinetic mixing.

The organization of this paper is as follows. In section 2, we describe our basic setup.
We study spontaneous scale generation in section 3, and interactions between the visible
and hidden sectors in section 4. In sections 5 and 6, we describe physics of the “portal
in” and the “portal out,” i.e. processes converting visible sector states into hidden sector
ones and vice versa. We discuss experimental constraints in section 7, and study possible
implications of this framework on dark matter in section 8. Finally, we conclude in section 9,
and present related theories of singlet kinetic mixing in which the hidden sector interacts
with the visible sector through right-handed neutrinos.

2 Basic setup

Let us consider a scenario in which there exist two “separate” sectors, for example those
geographically sequestered from each other along an extra dimension. These two sectors
may still be connected through physics at some high energy M, e.g. at the compactification
scale. This typically leads to a low energy effective theory in which the two sectors interact
only through higher dimension operators suppressed by M,.

However, if both sectors contain a singlet chiral superfield, S and S’, then the low
energy theory may in general contain the marginal kinetic mixing operator in eq. (1.2).
For example, this operator can be generated by loops of a heavy field ®/® that interacts
with S and S’ through the superpotential

W =ySoP + ¢/ S'®P. (2.1)
This yields a kinetic mixing operator with the coefficient

vy | M,
€~ In

~ 2.2
1672 Mg’ (22)

where Mg and M, are the mass of ®/® and the ultraviolet cutoff, respectively.

In general, the precise structure of the heavy-field sector and its couplings to S and S’
are unknown, so the size of € is model dependent. It is, however, reasonable to expect that
€ is of order a one-loop factor or less, and in this paper we mainly focus on the range

107°geg 107t (2.3)



visible hidden

Figure 1. A schematic depiction of our setup. Integrating out heavy states typically induces a
marginal kinetic mixing operator between singlet chiral superfields S and S’. The singlet S couples
with sizable strength to the MSSM, e.g. like in the NMSSM.

Since renormalization group evolution from Mg to the weak scale does not have a significant
effect on the size of €, we consider the operator in eq. (1.2) with eq. (2.3) evaluated at the
weak scale.

As described in the introduction, we assume that S interacts with the MSSM states
through the interaction in eq. (1.3). We therefore consider the following superpotential for
the visible sector:

W =ASH,Hqg+ poHuHq + f(S), (2.4)

where f(S) is a holomorphic function of S. The conventional NMSSM corresponds to
po = 0 and f(S) = xS3/3; but in general 1o may be of order the weak scale, and f(S) may
contain terms linear or quadratic in S with weak scale coefficients. We assume that S and
H, q obtain nonvanishing VEVs after supersymmetry breaking, which we denote by

x = (9), vy = (Hy), vg = (Hyg). (2.5)

The supersymmetric mass term for H, 4 (the p term) is then given by p = g + Az. A

schematic depiction of the setup described here is given in figure 1.

Note that S and S’ may not be elementary singlets — the relevant renormalizable
operators in egs. (1.2) and (1.3) may exist if there are singlets S and S at the weak scale.
However, if the compositeness scales for S and S’ are hierarchically smaller than the cutoff
scale, then the size of €, as well as other interactions of S and S’, are suppressed accordingly.
Below, we assume that this suppression is absent, either because S and S’ are elementary
or because their compositeness scales are sufficiently high.

Finally, let us comment on the possibility that the gauge hierarchy might be destabi-
lized in the presence of the visible sector singlet S. First, the problem may be avoided if the
scale of fundamental supersymmetry breaking is sufficiently low, such as in low scale gauge
mediation. On the other hand, if the scale of supersymmetry breaking is high, dangerous
Kahler potential operators will generically be induced, yielding an unacceptably large tad-
pole for S [28-30]. This problem can be solved if the theory possesses a (softly broken)
discrete symmetry, or if anthropic selection plays a role in determining the weak scale.
Because hierarchy destabilization is a generic pitfall of singlet extensions of the MSSM, we
will not address it further in this paper.



3 Spontaneous scale generation

The operator in eq. (1.2) spontaneously generates a scale of O(0.1 — 100 GeV) in the hidden
sector. To see this, let us denote the component fields of S and S by

S = s+ 205+ 0%Fg, (3.1)
S =5 + /205 + 0°Fg, (3.2)

and expand eq. (1.2) as
Lign = e(—0"s'9,s' +i57548,5 + FiFs) + h.c. (3.3)

After electroweak symmetry breaking, F ;: acquires a VEV which induces a tadpole
for Fss. This term is equivalent to adding an effective Polonyi term to the hidden
sector superpotential,

Weg = —A%S', (3.4)
where
A?sin23  df(z)
A2 = —e(Fl) =
off e(Fg) f( 9 T e )

~ 0(0.1 - 100 GeV)?, (3.5)

corresponding to the range of € quoted in eq. (2.3) and 1 < tan 8 < 50. Here the function
f was defined in eq. (2.4) and we have made the reasonable assumption that df /dz is not
much greater than the weak scale.

Note that if the df /dz term is a subdominant contribution to Agﬂc, then Agﬂ o sin 203
and may be significantly suppressed at large tan 3. This is an important difference from the
case of gauge kinetic mixing of hypercharge and a hidden sector U(1)’. There electroweak
symmetry breaking induces an effective Fayet-Iliopoulos term for the U(1)" gauge field
which goes as £ o« cos 23 and is thus largely insensitive to tan 3 unless tan 5 ~ 1 [27].

The effective Polonyi term in eq. (3.5) injects the scale Aog into the hidden sector. As a
result, the masses of hidden sector fields are typically of this order. For instance, consider a
simple hidden sector theory in which S’ has a trilinear superpotential interaction. Together
with eq. (3.4), the effective hidden sector superpotential is then

!
Whid = —AﬁﬂcS’ + I; S’ (3.6)

The scalar potential is

Viia = |/ — A%)2. (3.7)
Thus, 2’ = (5) = \/ A% /K, and the vacuum aligns to preserve supersymmetry.? Further-
more, s’ and § both acquire a mass m? = 4|x’A%;|. For O(S 1) values of «/, this implies
a hidden sector singlet mass in the range

m' ~ O(10 MeV — 100 GeV). (3.8)

2Despite the presence of an effective Polonyi term, the vacuum typically adjusts to preserve su-
persymmetry. A notable exception is O’Raifeartaigh-like constructions, such as the one defined by
Whia = —AZgS" + @/ T'U’ + X' S'T".



The spontaneous scale generation exhibited by this simple model is a generic feature of
models with kinetically mixed singlets.

Of course, m’ can exceed Aqg if the hidden sector has additional sources of mass
generation. In particular, this may occur if Wy;q contains explicit mass terms or if the hid-
den sector receives large supersymmetry breaking contributions, for example from gravity
mediation. These effects are highly model dependent — explicit mass terms are easily for-
bidden by any number of chiral, R, or discrete symmetries, and the scale of supersymmetry
breaking may be low, in which case gravity mediated contributions will be subdominant.
Nevertheless, as to be as model independent as possible, the remainder of our discussion
will be agnostic about the origin of m/, and will consider the possibility that m’ may be as
large as the weak scale, regardless of the value of Agg.

4 The portal

We now discuss the effective interactions between visible and hidden sector fields. To
simplify the discussion, we consider only a single field S’ in the hidden sector — the
existence of possible additional fields will not affect our basic conclusions. The most general
hidden sector superpotential is then written as

/ /
Whia = T;L S 4 ’; S, (4.1)

because we can always define the origin of S’ so that the linear term in the superpotential
vanishes (unless 0?Wh,iq/05" = 0 in the original basis). Note that Wyiq includes the effect
of the Polonyi term in eq. (3.4), as in eq. (3.6). For the model of eq. (3.6), for example,
eq. (4.1) is obtained after the shift S — S’ + 2/, so that m/ = 2v/k/A.g.

In what follows, we will assume m’, k" # 0, which indeed represents the situation for
generic hidden sectors. We will mostly ignore supersymmetry breaking effects in the hidden
sector, which is typically a good approximation. (It is indeed a very good approximation if
the dominant superparticle masses arise from gauge mediation in the visible sector.) The
case where the supersymmetry breaking effects are important will be discussed briefly.

In general, interactions between the visible and hidden sector fields can be obtained
by canonically normalizing fields, starting from the original Lagrangian containing kinetic
mixing terms of eq. (3.3). For small €, however, there is a simple way to obtain the leading
interactions between the two sectors, which we will present below.

Let us first consider the hidden sector fermion, 5'. At the leading order in ¢, the kinetic
mixing between § and §' in Ly, can be removed by the shift

§ — 3 —es. (4.2)

This induces interactions between visible and hidden sector fields, —e§(9/08")Lp;q, where
L1iq denotes the hidden sector interaction Lagrangian. For the theory defined in eq. (4.1),
the resulting term is 2¢x’s’5’5. Note that an interaction term generated in this way always
contains only a single visible sector field.



Another important effect of the shift in eq. (4.2) is to induce a mass mixing, em’s’s.
As a result, the fermion mass matrix takes the following schematic form

m ~ weak scale
Mfermion - / ) (43)
em
em’ m’

where the upper-left block corresponds to the neutralino mass matrix of the visible sector
in the {5, W, hy, by, 5} basis, and the bottom-right block corresponds to §'. Here m broadly
denotes quantities which are roughly of order the weak scale. After diagonalizing M ermion,
it is clear that mixing angles of § into visible sector fermions go as

ml

O3 ~ Oz ~ Oy, ~ Hgfﬁd ~ Oz5~ € m (4.4)
up to O(< 1) coefficients which are model dependent.® These mixings induce interaction
terms which involve more than one visible sector field. For example, if the visible sector
superpotential contains a term 52 /3, then this mixing leads to an interaction —20z5rs55".

We next consider the hidden sector scalars. As in the case of fermions, we can remove
the kinetic mixing between s and s” at the leading order in € via the shift

s — s —es. (4.5)

This induces interaction terms —es(9/0s")Ly;q, each of which contains only a single visible
sector field.

Interactions involving more than one visible sector scalar predominantly arise from the
F;EFS/ term in eq. (3.3). By expanding both F, bt and Fls to first order in field fluctuations,
we find

Liin D € ()\v(hu cos 3+ hgsin 3) + deJ;(;) s) (m's')T, (4.6)

which mixes h,,, hq, and s with s’ with coefficients of order emm/. Consequently, the scalar
mass-squared matrix is schematically

m? ~ (weak scale)?  emm/

M? ~ , (4.7)

scalar

emm’ m'?

where the upper-left block corresponds to the neutral Higgs fields of the visible sector, and

the bottom-right block corresponds to s’. Here, the basis of scalars is spanned by both CP

2

even and odd components. In the case that CP is conserved, MZ .

decomposes into CP
even and CP odd blocks. Interestingly, we find that the mixing angles of s’ with the visible

sector states scale as in the fermion sector:

m/

Hs/hu ~ Hs/hd ~ Hs/s ~ € ; (48)
m
3To be precise, the  parameters here represent the fractions of l;, W, fzu, fzd, § which contain the “mostly

3’ mass eigenstate,” which is purely 3’ at the leading order in e.



where hy, etc., collectively denote the CP even and CP odd components. Note that s’ does
not mix into (the longitudinal component of) the Z boson as dictated by gauge invariance,
which implies that 64y, /64, o cot 5 for the CP odd component of s'.

We finally comment on possible effects of supersymmetry breaking. If the scale of
supersymmetry breaking in the hidden sector, m’, is larger than the scale m/ in eq. (4.1),
then the mass scale of the hidden sector will be set by m/ (at least for the scalars). Moreover,
mixing angles between s’ and visible sector scalars receive an extra contribution of order

'\ 2
0041, ~ 004p, ~ 005 ~ € < ) , (4.9)
m
since the soft supersymmetry breaking mass-squared matrix obtains a nonvanishing s-s’
component of order emn/? after the shift of eq. (4.5). For m’ > m/, this contribution may
be larger than that in eq. (4.8).
To summarize, we find that the portal between the visible and hidden sectors takes

the form
Eportal = Eportal in T ‘Cportal out +h.c., (410)
where
_ 0 0
Eportal in — <—€5 93/ — €S 88') Ehid, (411)
Loortal out = §'ZH~~8—|—5'29/ 2 ¢, (4.12)
portal out é ) ({9(5 - s ¢>a¢ vis- .

Here, Lyiq and Lyis denote interaction Lagrangians of the hidden and visible sectors, re-
spectively, while é and ¢ run over the visible sector neutralinos and neutral Higgs states,
respectively.* The mixing angles 6., 5 and Oy are given by eqs. (4.4) and (4.8), and are all
of order em’/m (unless the contribution of eq. (4.9) is larger). As we will see, supersymmet-
ric cascades at colliders will mainly portal in to the hidden sector via Lyortal in and portal
out of the hidden sector via Lporal ous- Thus, these processes are controlled by interaction
terms with coefficients of order € and em’/m, respectively.

5 To the hidden sector

In this section, we discuss the collider signatures associated with the decay of the LOSP
into the hidden sector via the singlet portal. In theories with R-parity conservation, super-
particles produced at colliders will cascade down to lighter R-parity odd particles. Since

“The second term of eq. (4.12) is only schematic, as the mixing angles for CP even and odd components
differ in general. For the CP-conserving case, the precise expression is given by

0 0
[aportal out 2 <3lR (% 951R¢R 8¢R + S/] 2 95}(;5] 8¢]> Lyis,
R I

where s’ = (s +1is7)/v/2, and ¢r and ¢; represent real and imaginary components of the visible sector
Higgs fields, respectively. In the general case with CP violation, both of the sums run over ¢r and ¢y, i.e.
both s and s; mix with all the visible sector Higgs fields.
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Figure 2. Decays of the Higgsino, squark, or slepton LOSP, represented collectively by (;3 Here
¢ denotes a Higgs (or electroweak gauge) boson, quark, or lepton, while 2/ and #’ denote hidden
sector fields to which §' couples with sizable strength.

the hidden sector typically contains an R-parity odd state lighter than the LOSP, these
cascades produce hidden sector particles.

We first consider the case in which the LOSP is the lightest neutralino. Since the bino
or wino does not couple directly to the hidden sector, the singlino and Higgsino components
are most relevant.

The singlino component leads to an invisible decay 5 — 2%’ through an e-suppressed
coupling in eq. (4.11), where 2/ and 7’ are hidden sector particles to which § couples
with sizable strength. It also leads to a subdominant decay mode 5 — hi’, sz’ through
an em’/m-suppressed coupling in eq. (4.12), where h represents either a neutral Higgs or
Z boson. In particular, this leads to the (standard model like) Higgs boson in the final
state of the § decay with a probability of O(m'?/m?). Note that the singlino is produced
only through the interaction of eq. (1.3), so that the Higgs boson is also produced with a
probability of O(X 1/1672) when a heavier superparticle decays into the singlino.

The Higgsino component, on the other hand, leads to either a two-body decay through
h — h§',s§ via an em’ /m-suppressed coupling, or a three-body decay through h — h3* —
hx'z" via an off-shell 5 and an e-suppressed coupling. These processes have competitive
rates, with a ratio I'; ., ./T;_, - =~ 1672m’? /m?, which depends strongly on the size
of m/; see figure 2. Note that decay through the Higgsino component always leads to the
Higgs boson with an O(1) probability, regardless of the size of m’.

We next consider the case of a chargino LOSP. As before, the charged wino com-
ponent does not couple directly to the hidden sector, so that only the charged Higgsino
component is relevant. Similarly to the neutral component, the charged Higgsino decays
as h* — h*¥§, h*2/# with competitive rates, where h* represents either a charged Higgs
or W boson.

We now consider the case in which the LOSP is a squark, slepton, or sneutrino. In
this case, the LOSP decays to a quark, lepton or neutrino, plus invisible decay products,
as depicted in figure 2. If the Yukawa couplings of the LOSP are large, then the LOSP
decays to an off-shell Higgsino which then mixes into a hidden sector singlino §’, or an off-
shell singlino §* decaying into hidden sector states 2’7’. Alternatively, if the LOSP Yukawa
couplings are small, then the LOSP decays to an off-shell gaugino which is converted to the
Higgsino and then to either §’ or 2’%’. Either way, the rates to § and 2’7’ are competitive,

with the ratio again given by ~ 167%m/?/m?.



If the LOSP is the gluino or (almost) pure bino or wino, then it decays through an
off-shell sfermion. The final state is then the same as the corresponding sfermion decay,
with an extra quark, lepton, or neutrino.

In summary, the above analysis highlights a number of salient points. First, the visible
products of a supersymmetric cascade can be different from conventional supersymmetric
theories. For example, if the LOSP is the lightest neutralino in which the Higgsino fraction
is larger than the singlino one, then its decay leads to the Higgs boson with an O(1) fraction
of the time, even if the LOSP is not Higgsino-like. This leads to a distinct signature in
which an O(1) fraction of the supersymmetric events is accompanied by the Higgs boson.
While it is possible to mimic this in a conventional scenario, e.g. by having the Higgsino-
like next-to-lightest supersymmetric particle decaying into the gravitino, observing many
Higgs bosons may be an important first step in identifying the present scenario.

Second, since MSSM states interact with the hidden sector only through the Higgs
sector, supersymmetric cascades are required to pick up a Higgs VEV or emit a physical
(neutral or charged) Higgs boson (or the corresponding longitudinal electroweak gauge
boson). Given that the existence of cascades containing a charged Higgs boson typically

5

implies the existence of cascades containing a neutral Higgs boson,” we should expect a

Higgs boson in the visible products of supersymmetric cascades with

# of SUSY events with h _9
~O0O(107* -1 5.1
# of SUSY events ( ) (5.1)

where the Higgs boson is typically produced at the end of the visible sector cascade. This is
because any cascade decay process involving a Higgs VEV is necessarily accompanied by the
corresponding subleading process in which the Higgs VEV is replaced by a physical on-shell
Higgs boson, which is suppressed by an additional 1/1672 phase space factor. This implies
that there is a minimum rate for high transverse-momentum Higgs production associated
with significant missing energy, which may help to discover the Higgs boson through the
bb decay mode [31].

Finally, note that LOSP decays will produce hidden sector scalars (s’ or z’) in a
significant fraction of events, O(2 1/1672). Indeed, even if the LOSP has a dominant
branching fraction to &', there is typically a competitive decay mode to z’z’ through an
off-shell 5. This fact can have a significant implications for the “portal out” of the hidden
sector discussed in the next section.

6 From the hidden sector

As we have seen, the characteristic mass scale of the hidden sector is less than or of order
the weak scale. In fact, the dynamically induced scale Aeg in eq. (3.5) may be significantly
smaller than the weak scale due to sin 23 suppression. Here we assume that the hidden
sector scale is indeed below the superpartner threshold. In this case, hidden sector states

5An exception to this arises in a special case in which a light top squark can decay only to the bottom
and a charged Higgsino, which in turn decays into an (off-shell) charged Higgs boson. There is then no
corresponding process which yields a neutral Higgs boson.

,10,



will be produced in supersymmetric cascades, and may return via decays into standard
model particles.

Since the hidden sector couples to the visible sector through the Higgs sector, the
dominant final state is generically the heaviest standard model particles which are kine-
matically accessible. Whether these return processes indeed occur at colliders may depend
on the spectrum of the hidden sector. For example, if cascades produce only hidden sector
states which are stable, e.g. the lightest supersymmetric particle, then there will be no
return process. However, as we have seen in the previous section, supersymmetric cascades
typically produce hidden sector scalars with a significant fraction, which in turn decay back
to the standard model. In particular, in the minimal theory defined in section 4, s’ scalars
are directly produced via portal in. Since s’ couples to the standard model through mixing
with the Higgs field, it necessarily decays to standard model particles.”

Let us now consider decay of the s’ scalars. For definiteness, we assume that the Higgs
sector preserves CP and consider the CP even component (real part) of s’. We assume that
the mass of s, which we denote here by m’ regardless of its origin, is below 100 GeV; the
case m’ 2 100 GeV will be discussed later. The terms relevant to the decay are then

0 0
‘Cportal out 2 s' <as’hu Ay + Hs/hd 8Ud> Lsm- (6'1)
Here we have defined
Loy = — ! P — ! G G
4e2(vy,vg) M 492 (vy,vg) M

— Uy (Z yulﬂzuz>
— Vg (Z ydlczldz —+ Zy&&&> R (62)

which is simply the standard model Lagrangian at the scale m’ written as a function of the
Higgs VEVs. Here e and gy are the electromagnetic and QCD couplings renormalized to
the scale m’. These couplings depend on v, and v4 due to one-loop renormalization effects
from standard model fermions which are heavier than s’, since the masses of these heavy
particles depend on v, and v4. The sum over up-type quarks u;, down-type quarks d;, and
charged leptons /; runs over states which are lighter than s’ and thus kinematically allowed
in the s’ decay. As expected, s’ couples to light fermions through Yukawa couplings, and
to gauge bosons via loops of heavy fermions.

When m' is above the QCD scale Aqgcp, it is reasonable to compute decay rates to
gluons and quarks at the partonic level using Lgv. However, for m’ < Aqep, s’ no longer
decays to constituent partons but to hadrons. To estimate the hadronic branching ratio

S1f &’ is heavier than &, then s’ may decay into § and the gravitino. For gravity mediation, the decay
rate is very small T, .5 =~ m®/167F?, where V'F is the scale of fundamental supersymmetry breaking.
For gauge mediation, s’ and & are nearly degenerate, dm’ ~ max{e*m’, ¢>m?/167*m’} < m/, so that
the decay rate I', _ .5 ~ m/dm’* /mF? is again suppressed. In either case, the partial decay rate to the
gravitino is much smaller than the dominant one to standard model particles.
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Figure 3. Decay length yer of the hidden sector singlet s” as a function of its mass m’. Here the solid
(blue) and dashed (purple) lines correspond to tan 8 = 1 and 40, respectively. For concreteness, we
have used a boost factor v = m/m’ and mixing angles 0y, = 055, = em’/m where m = 300 GeV
and € = 1072,

in this mass range, we replace the terms involving g/u/d/s in Lgy with the SU(3)y chiral
Lagrangian describing the dynamics of octet mesons. We interpolate between the partonic
theory and the chiral Lagrangian at the charm threshold m’ = 2m.. See [32] for the details
of this calculation.

Having obtained the couplings of s’ to standard model fields, we can now compute
the decay length and branching ratios of s’. In figure 3, we show the decay length cr
multiplied by a boost factor v as a function of m/. For illustrative purposes, we have taken
v = m/m' and Oy, = Oyp, = em’/m where m = 300 GeV and € = 1072, (Of course,
quantities represented by m in vy, 0y, and 0y, are not the same; v even varies event
by event.) The scaling of the decay length with respect to these parameters is given by
yeT o 79;,2% Lo e 2(m/m')3.

The braﬁching ratios for s’ decay as a function of m’ are shown in figures 4 and 5 for
tan § = 1 and 40, respectively. Here, we have taken 0y}, /6y, = 1; all the dependencies on
other free parameters cancel in the branching ratios. We can see that s’ decays generically
to the heaviest possible state kinematically available, although there are some exceptions,
e.g. see 2m, < m’ < 2my for small tan 3. The dependence on tan (3 appears clearly in
the leptonic branching ratios for m’ > 2m,,, which arises from the fact that the ratios of
the Yukawa couplings v, /ys, depend on tan 5. Note that these branching ratios, however,
are not uniquely fixed by tan 3; they also depend on 64, /0y, which we have taken to
be unity for illustrative purposes. The rare branching ratio into photons is also strongly
affected by tan 5.

Figure 3 shows that for m’ < O(10 GeV), s’ is long-lived in collider timescales, leading
to a displaced decay vertex from which standard model particles originate. The decay
product typically consists of two particles, e.g. ete™, ut ™, or 77—, with a small opening
angle of O(m//m). The direction of these particles point almost to the decay vertex, since
the intermediate s’ is highly boosted with v ~ O(m/m').
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Figure 4. Branching ratios of the hidden sector singlet s’ into {e, u,7,g/u/d/s,c,b,~v}, corre-
sponding to the {red, orange, yellow, green, blue, purple, black} lines, as a function of m’. Here,
we have taken 045, = 0yp, and tan 3 = 1. Below the 2m,. threshold, decays to partonic g/u/d/s
are replaced by decays to octet mesons.
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Figure 5. The same plot as in figure 4 except for tan § = 40.

The decay of s’ may be measured if it occurs inside a detector. To obtain a sufficient
number of events, e.g. Nyin ~ a few, we need

L
neosysy JL min {1, } 2 Nmin, (6.3)
~yer

where n, €, osusy, and [ are the effective number of s’ per supersymmetric event, signal ac-
ceptance after cuts, total superparticle production cross section, and integrated luminosity,
respectively. The last factor in the left-hand-side represents a fraction of s’ decay occurring
inside a detector with size L. Taking ne ~ 0.1, ogysy ~ O(10 pb), and [£ ~ O(100 fb~1),
for example, eq. (6.3) gives yer < O(105 — 107 cm) for L =~ 1 m. We therefore expect that
the s’ decay can be seen at the LHC for a significant parameter region of m’ 2 O(1 GeV),
assuming that the background is under control.

If most of s’ decays inside a detector, i.e. yer < L, then we may get a large number
of s’ decay events Ngo. = neosysy L. In this case, a rare decay mode into two photons
may be observable if Ny 2 O(10° — 10%).
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For heavier s’ with m’ 2 O(10 GeV), the s’ decays promptly. For m’ < 130 GeV,
many supersymmetric events will be accompanied by one or two pairs of standard model
particles — mostly bb, cé, or 7H77, but also u*pu~ with O(10~%) probability. In contrast
to the small m’ case, opening angles for these pairs are not very small. For m’ 2 130 GeV,
s decays (often dominantly) into a pair of electroweak gauge bosons (on- or off-shell),
although it may also decay into ¢t or two Higgs bosons. The branching ratios into these
modes depend on tan 3 and Oyy, /0sp, -

Finally, we discuss decays of the CP odd component of s’. The CP even and odd
components of s’ typically have comparable decay lengths and branching ratios for Aqcp <
m’ < 130 GeV (except that the CP odd mixing angle 0, has a cot 3 suppression at large
tan 3). For m’ 2 130 GeV, however, the CP odd component decays dominantly to either bb,
tt, or the Higgs and Z bosons, instead of two electroweak or Higgs bosons. For m’ < Aqcep,
the leading hadronic decay of the CP odd component is to three rather than two mesons,
and is thus suppressed by three-body phase space.

If CP is violated in the Higgs sector, the mass eigenstates are not the same as CP
eigenstates. In this case, both s’ mass eigenstates decay generically through the faster of
the CP even and odd decay modes.

7 Constraints

The hidden sector singlets and singlinos are additional neutral scalars and fermions which
feebly interact with visible sector fields. As such, they are constrained, albeit weakly, by
existing experimental bounds from light axion, Higgs, and neutralino searches.

Our discussion will largely hinge on the magnitude of the mixing angles 0y, , and

Qg/ﬁu’d, as defined in egs. (4.4) and (4.8). Parametrically, these mixing angles scale as

ml

Hslhu,d ~ Hg'ilu,d ~e

_ 5 € m/ 300 GeV
e () () () o

Since they are naturally small, theories with singlet portal are constrained only weakly.
For m’ smaller than a few GeV, dominant constraints come from axion and light scalar
searches. In most cases, appropriate constraints can be estimated by replacing the axion
decay constant f, in the axion bounds (for tan 3 ~ 1) as
! — max { Osin , bs'na } . (7.2)
Ja Uy Uq
For m’ < 30 MeV, bounds from globular cluster stars, white dwarfs, and SN 1987A require
fa 2 10° GeV [33, 34]. We then find from eq. (7.2) that e needs to be somewhat small,
e.g. € $ 1073, for m’ =~ O(10 MeV).” The complimentary regions in m/, either < 10 MeV
or 2 100 MeV, is not constrained by astrophysics.
" Another possibility to evade the bounds for m’ &~ O(10 MeV) is to have large ¢ > 1/ tan 3, leading to
fa < 10°% GeV. In this case, s’ produced in SN 1987A is trapped inside the supernova, so that it does not

carry away significant energy. Constraints from other astrophysical observations are irrelevant for these
values of m/'.
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For m' < mg — my ~ 350 MeV, rare processes such as K* — 7ts’ may give a

constraint. Since s’ in this mass range is long-lived, the corresponding axion bound is
fa 2 100 TeV [35]. Given egs. (7.1) and (7.2), however, this constraint is easily evaded.

For 2m, < m' < mp —mg ~ 4.8 GeV, the leading constraints come from rare
decays of B mesons, B — Ks' — Kpu'"pu~. These decays place a stringent bound on
the corresponding effective axion decay constant f, = few x 10* TeV [36, 37]. Since
the processes occur mainly with s’ emitted from internal top quarks, this translates into
Os1,, < 1074, obtained with 1/f, replaced by 6y, /vy, rather than eq. (7.2). In view of
eq. (7.1), this bound is satisfied in most of natural parameter regions.

If the hidden singlet is heavier, m’ > mp — mg, then constraints may still arise from
LEP results, e.g. from bounds on s’-strahlung and gauge boson fusion into s’. However, the
cross sections for these s’ production processes relative to the corresponding neutral Higgs
boson production go roughly as 93, hy g0 SO that they are typically very small. Constraints
from anomalous Z boson decays are also casily satisfied, since Z — h*s’ — bbs’ goes as
92/hu,d while Z — s's’ and 5’5" as eglhu,d and Héfzu,d’ respectively.

s

8 Dark matter

So far we have focused our attention on a simple hidden sector consisting of a single
superfield S’. In general, however, the hidden sector may have a much richer structure.
In particular, if it contains a particle which is stable on cosmological timescales, then that
particle may comprise all of or a component of dark matter. In this section, we discuss
possible implications of such hidden sector dark matter.

As a simple example, let us consider the theory defined in eq. (3.6), augmented by Zo
stabilized dark matter, H':

/ )\/
Wiia = —A2gS" + ’; §%+7, S'H". (8.1)
This superpotential has a supersymmetry-preserving minimum at (S’) = \/ Agﬁ /K and

(H') = 0. After supersymmetry breaking is communicated to the hidden sector, (S’)
will shift but (H') can still be vanishing. The lightest component of H’ is then stable
dark matter, whose mass, mpy, is given by the larger of M (S') ~ O(Aeg) and gravity
mediated contributions.

Which component of (H') is the lightest depends on details of supersymmetry breaking.
In high-scale mediation scenarios, e.g. gravity mediation, both scalar and fermion compo-
nents may receive sizable masses from supersymmetry breaking, which can be as large as the
weak scale. In gauge mediation, all components of H' are nearly degenerate, as supersym-
metry is approximately preserved in the hidden sector. Small mass splittings, however, can
be generated at order 2. The largest effect typically comes from (Fg) ~ O(e?m3/167%m/)
induced by a supersymmetry breaking tadpole for s’, in which case dark matter is a real
scalar field which is lighter than the other components by O((Fs/)/mpn). While these
mass splittings are small, typically of O(100 keV — 10 GeV) for € = 1072, heavier compo-
nents may still decay into lighter before today, depending on parameters (emitting either
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a gravitino or a pair of standard model particles). If the decay into the gravitino is not
kinematically allowed, then both the fermion and lighter scalar components are absolutely
stable (due to Zs x R-parity).

The precise relic abundance of dark matter depends on the hidden sector spectrum,
including mass splittings among components of H'. For ' < ), it is roughly controlled
by the thermally-averaged annihilation cross section into fields in the S’ multiplet (ov) ~
N /64mm2,, giving

0.1 4 mpM 2
O ~ 0.1 < ) . 8.2
th ( N ) 10 GeV (82)
Thus a stable particle(s) residing in the H’ multiplet can comprise all or a significant

fraction of the dark matter in the universe.®

The scattering cross section of H' dark matter with a target nucleus is dominated by
t-channel exchange of CP even s’ [38], and is given by
2
i N 2
oT = D — (Z.gs rpp + (A Z)gs nn) ) (83)
for both fermion and scalar components, b’ and h. Here, Z and A are the atomic number
and weight of the target nucleus, ur is the dark matter-nucleus reduced mass, and gy yn
for N = p,n is the coupling of s’ to the proton and neutron:

gs/NN— O Sy Oon AN (8.4)

QU sin B q=u,c,t COS ﬁ q=d,s,b
Using the following nucleon parameters [39]
P — 0.023, 2 =0.034, P — (.14, f7,, = 0.059,
£ =0.019, £ =0.041, £ =0.14, 7, = 0.059, (8.5)

we obtain the spin-independent dark-matter scattering cross section per nucleon, defined

by or|a=z-1,°

o~2x1

2 2
048 oy (14 1.6tan ) €
sin?3 102

/N 2 2 2
" A 10 GeV 300 GeV . (8.6)
0.1 m/ m

Here, we have taken 6y, = 0y, = em//m for illustrative purposes. The cross section of
eq. (8.6) is typically beyond the reach of current experiments, but it can be significantly
enhanced at large tan 5 (and large A" and 0yp,).

8We assume that § annihilates into s’ with a sufficiently large cross section or decays into s’ and the
gravitino so that it does not overclose the universe. Indeed, this condition is satisfied in most of natural
parameter regions.

9 An alternative definition for the dark matter-nucleon cross section is sometimes used, see e.g. [40], but
the difference is negligible for g/,,, & gs/nn and the dark matter sufficiently heavier than the nucleon.
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9 Discussion and conclusions

If the standard model is merely one of many sectors embedded in some fundamental theory
— as is often the case in string theory — then these additional sectors may be “hidden”
in the sense that at low energies they interact only weakly with standard model particles.
In theories with weak scale supersymmetry, the characteristic mass scales associated with
these hidden sectors can be naturally at or below the weak scale, generated through su-
persymmetry breaking effects. Moreover, supersymmetry may offer a unique window into
these hidden sectors via the decay of the LOSP, which can provide a rich phenomenology
at colliders.

In this paper, we have considered a scenario in which the visible and hidden sectors
both contain singlet chiral superfields, S and S’, which, through a marginal kinetic mixing
operator, connect the otherwise sequestered sectors. This operator spontaneously induces
a light mass scale Aeg =~ O(0.1 — 100 GeV) in the hidden sector. Supersymmetric cascades
necessarily produce Higgs bosons in an O(0.01 — 1) fraction of events, and typically exhibit
displaced decays of a light hidden sector state into standard model particles.

The theories discussed here may be easily discriminated from theories in which the
lightest hidden sector particle is a hidden U(1) gauge boson kinetically mixed with the
photon. If the mass of the hidden sector singlet is greater than the muon threshold,
m' > 2m,,, then the singlet portal gives the branching ratio to electrons versus muons
Br(s' — ete™)/Br(s’ — utu~) & (me/my,)? < 1, while the hidden gauge boson case leads
to a comparable branching ratio [26]. For m’ < 2m,, the singlet portal yields a sizable
decay rate to photons Br(s’ — v7) 2 1073, while the rate to (three) photons is negligibly
small in the gauge kinetic mixing scenario.

On the other hand, it may not be trivial to distinguish the singlet portal from a generic
theory in which the lightest hidden sector particle is a scalar, ¢’. In such a theory, the
two-body decay of the lightest hidden sector particle typically yields heavy standard model
fermions, Br(¢' — ff) m?e, since this process requires a helicity flip in a final state
fermion. However, in the case that the visible and hidden sectors are connected via a
U(1) gauge kinetic mixing — the only alternative to singlet kinetic mixing involving a
marginal portal interaction — the two-body decay of ¢’ (via a loop of the hidden gauge
boson, 7/, and f) is always accompanied by a four-body decay (via a tree diagram with two
off-shell 7). The branching ratio of these two processes scales as Br(¢' — ff)/Br(¢' —
VENE— FEFf) = m}mff/ /mg/, so that the four-body decay rate may be significant, giving
a different set of signatures for the portal out. In more general cases, a detailed analysis
of supersymmetric cascades may be required — for example, to discriminate from other
theories, e.g. the ones considered in [41]. In those cases, other characteristic features of
the singlet portal, e.g. Higgs bosons arising from the end of the visible sector part of the
cascades, will be important for identifying the underlying theory.

The analysis of the present paper can be straightforwardly extended to the case of
multiple hidden sectors containing singlet chiral superfields, all kinetically mixed. In this
setup, visible sector superparticles typically cascade into the hidden sector which has the
largest kinetic mixing with the visible sector. The produced states may then cascade decay
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into states in another hidden sector or perhaps back to the visible sector. These cascades
will in general terminate at stable final states which are either hidden sector or standard
model particles. Signatures of multiple hidden sector theories are, therefore, similar to the
ones discussed in this paper.

Finally, let us present another class of singlet portal theories in which the hidden sector
singlet is odd under R-parity. We consider a hidden sector singlet N’ that kinetically mixes
with right-handed neutrinos, N:

L= e/d46? NN’ +h.c, (9.1)

where we have omitted the generation index of N. Here the fermionic components of
N D n and N’ D n' are the right-handed neutrino and the hidden sector singlino, respec-
tively. The right-handed neutrinos will have standard Majorana masses as well as neutrino
Yukawa couplings

M
W=, N?% 4y, LH,N, (9.2)

leading to small neutrino masses, m, = yZv2/M, through the seesaw mechanism. (Of
course, Dirac neutrinos, M = 0 and y,, < 1, are also an option.)

In this scenario, the kinetic mixing terms in eq. (9.1) do not induce an effective Polonyi
term for the hidden sector, since the sleptons do not acquire VEVs. Consequently, sponta-
neous generation of scales does not occur in theories of R-parity odd singlet kinetic mixing.

On the other hand, the neutrino portal in eq. (9.1) can lead to distinctive signatures at
colliders. As in the case of R-parity even singlet kinetic mixing, supersymmetric cascades
which originate in the visible sector invariably traverse into the hidden sector. This typically
yields a Higgs, lepton, or neutrino at the bottom of the visible sector part of the cascades.
Meanwhile, any hidden sector singlino n’ produced in the process will decay back via
n’ — (*h¥, vh with a macroscopic displacement, where h* and h represent on or off-shell
Higgs or electroweak gauge bosons. Whether these return processes indeed occur is model
dependent, as in the case of other kinetic mixing portals. For example, if Wyiq O N’H'? or
N'3, then the portal back may occur. (The latter breaks R-parity.) Here the mass scale of
the hidden sector can be generated by gravity mediated contributions, which are of order
or perhaps smaller than the weak scale.

The decay of n’ is mediated by operators induced via mass mixing between n and n/,
analogous to the §/§ singlino case. The mixing angles are

ml

Opim ~ € 9.3
e 0
where m/ is the mass of n’. This gives the decay width for n/ — (FWT
1 Ey?m 1 Emym”
Fn/_,g;twq: ~ 4 == g (94)

8t M2 8t vIM
assuming that the final state W boson is on-shell. (If not, the width is suppressed further.)
The decay length for the return process is then

1072\ ? /200 GeV\® M
7
~yer ~ 10 Cm< . ) ( o ) <108 GeV)’ (9.5)
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where we have used m, = 0.1 eV. This provides the possibility of observing the portal
out process at the LHC for M as large as ~ O(10% GeV)—close to the scale suggested by
thermal leptogenesis [42]. Unfortunately, the portal in process is often a slow, three-body
decay, reducing the reach of M by about two orders of magnitude, but the maximal reach
can be obtained, e.g., if a sneutrino is the LOSP. Note that the decay of n’ is not helicity
suppressed, so the final state lepton can provide direct information on the flavor structure
for €, y,, and M.

More generally, visible return processes arising from supersymmetric hidden sector
cascades can provide a unique and powerful probe of visible sector physics at very high
energies. The case of R-parity odd singlet kinetic mixing is a particular instance of employ-
ing highly displaced vertices to extend the reach of the LHC to extremely high energies.
Another example allowing for such a probe is given by a hidden sector U(1) gauge field
which kinetically mixes with a heavy U(1)g_1, or U(1)gayor gauge boson, but not with U(1)
hypercharge (although the reach is generically lower than the neutrino case). In fact, this
method can also apply to R-parity even singlet kinetic mixing, with the singlet S having a
large supersymmetric mass.
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