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Supersymmetry hidden in the continuum
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We study models where the superpartners of the ordinary particles have continuous spectra rather than
being discrete states, which can occur when the supersymmetric standard model is coupled to an
approximately conformal sector. We show that when superpartners that are well into the continuum are
produced at a collider, they tend to have long decay chains that step their way down through the
continuum emitting many fairly soft standard model particles along the way, with a roughly spherical

energy distribution in the center of mass frame.
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L. INTRODUCTION

In this paper we take the first steps in studying the collider
phenomenology of supersymmetric (SUSY) models that
have some approximate conformal symmetry, which is
reflected in the fact that the superpartners of the standard
model (SM) particles have a continuous spectrum [1] rather
than being discrete states. The superpartners can have con-
tinuous spectra when the supersymmetric standard model is
coupled to a conformal field theory (CFT) sector [1], which
givesrise to so-called “unparticle” behavior." A mass gap is
generated for the superpartners of (and also the excitations
of) the SM particles if the conformal symmetry is softly
broken in the infrared (IR). This scenario is most easily
modeled in a five-dimensional (5D) anti-de Sitter (AdS)
space using the AdS/CFT correspondence [6,7]. The 5D
AdS space is cut off by an ultraviolet (UV) brane where
supersymmetry (SUSY) is broken. In the absence of an IR
brane, the SM fields propagating in the bulk will have
continuous spectra. Such a theory would have been ruled
out if the spectra continue down to zero mass. However, a
mass gap for nonzero-modes can be generated by introduc-
ing a soft wall in the IR, which can be parameterized by a
position dependent bulk mass term or a dilaton field with an
appropriate profile. The boundary conditions on the UV
brane remove half of the fermion zero-modes so that the
SM chiral fermions can be obtained. In the supersymmetric
limit, the 4D theory consists of SM particles and their
superpartners as the zero-modes, plus a continuum of
Kaluza-Klein (KK) excitations starting from some gap for
each field. After SUSY-breaking is introduced on the UV
brane, the zero-modes of the superpartners are lifted while
the mass gaps of the continuum excitations are not affected
since they are determined in the IR. Depending on the
parameters, for large enough SUSY-breaking the zero-
mode of the superpartner can merge into the continuum
and only a continuous spectrum for the superpartner is left.

1Unparticles are fields with a continuous spectrum [2,3],
possibly with a with a mass gap [4,5], whose two point functions
exhibit a nontrivial scaling behavior.
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As one can imagine, the collider phenomenology could
be quite complicated with continuous spectra. Calculations
of production cross-sections have already been discussed
in [5], so here we will focus on decay processes. Imagine
that some highly excited mode in the gluino continuum is
produced at the Large Hadron Collider (LHC); it can decay
to a squark with an arbitrary mass in the continuum be-
tween the squark gap and the initial gluino mass (neglect-
ing the mass of the emitted quark). The squark can then
decay back to a gluino as long as the squark mass is above
the gluino gap. An obvious question is: Does a continuum
decay prefer to occur for small mass differences or large
mass differences? If the gluino prefers to decay to a squark
with an invariant mass close to its own, then the jet emitted
in the decay will carry a relatively small amount of energy,
and there will be many steps of decays before it reaches the
bottom of the spectrum. The events will contain a high
multiplicity of soft visible particles, which can be quite
challenging at Hadron Colliders. On the other hand, if the
gluino prefers to decay to the squark near the bottom of the
spectrum, then we expect only a few decay steps and hard
jets from the decays. The signal events in this case are more
like traditional SUSY models. Since the theory becomes
conformal at high energies, we expect that in the high
invariant mass limit we will be closer to the first picture
[8—11]. Here, we would like to make some more quantita-
tive statements.

Explicit calculations for continuum superpartner events,
however, are not straightforward. Because the initial and/or
final states are not particles, the usual Feynman rules for
particles are not directly applicable. One way to avoid this
problem is to introduce a regularizing IR brane, which
makes the extra dimension compact and the continuum
becomes discrete KK modes [12] that we can perform
calculations just as in the particle case. The continuum
limit is obtained by taking the position of the IR brane to
infinity. The physical results should not depend on this
position, as long as it is much larger than the length
scale of the inverse mass gap so that the KK modes are
dense enough to approximate a continuum. Even in this
case, one may worry about whether the usual narrow-width
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approximation of splitting a decay chain into steps with
independent decays is a good one, as there are an infinite
number of KK modes which can make virtual (*‘off-shell’”)
contributions, reflecting the fact that the continuum state
do not have a mass shell to be on. We will discuss the
validity of this approach and compare full calculations
with the narrow-width approximation.

This paper is organized as follows. We first review the
5D construction of continuum superpartners, then plough
into the details of the decay chains; showing that the
narrow-width approximation is generally valid in pertur-
bative theories. We then discuss the phenomenology and
the parametric dependence of the observable quantities and
give conclusions. A detailed check of the IR regulator is
included in the Appendix.

II. A REVIEW OF CONTINUUM SUPERPARTNERS

Let us recall the setup used in Ref. [1], which will be
the starting point of our collider studies. We consider a 4D
SUSY theory with approximate conformal symmetry.
Through the AdS/CFT correspondence [6] this can be
modeled by a 5D AdS space. We take the metric of the
AdS5 space to be

ds> = (%) (n,dxtdx* - d2? 1
s . (1 ypdx*dx z%). (D

The space is cutoff at z = zyy = € by a UV brane where
SUSY is broken. As is well known, such a theory can be
described in the language of 4D N° = 2 superfields, which
implies that for each matter field its 5D N = 1 hyper-
multiplet ¥ can be decomposed into two 4D N* = 1 chiral
superfields ® = {¢, x, F} and O, = {¢,, ¢, F.}, with
the fermionic Weyl components forming a Dirac fermion
[13]. In the case of gauge fields, a 5D N = 1 vector
superfield can be decomposed into an N = 1 4D vector
superfield V = {A,,, A, D} and a 4D /N = 1 chiral super-
field o = {(S + iAs)//2, Ay, F,).

As in the usual case of extra-dimensional theories, one
can decompose the matter fields as:

X(p,z) = X4(p)<%)2h(p, ),
N 2
$(p.2) = ‘1’4(’))(5) fulp, ),
b(p,2) = ¢4(p)<ZUiV)2fR(p, ),
e 3)
belp o) = "’C““’)(ZU_V) Falp, ),

where the relationships between scalar and fermion pro-
files are provided by SUSY. With a fermion bulk mass
m(z) = ¢ + w sz, the bulk equations of motion give
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The solutions for f;(p, z) and fg(p, z) can then be ex-
pressed as linear combinations of the first order and second
order Whittaker functions:

= ! 2 2
fL(p; 7) = aM<K,§ + ¢, Z‘I'U’f - p Z)
1
2 2
+ bW(K, 5 + ¢, 2’\“‘9}‘ p Z), (6)
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p
1
_ / 2 _ 2
XM(K, §+c,2 My pz)
' 14

(ks +yu7—p?

1
_ / 2 _ 2
X W(K, 3 +c2 My =P Z), 7

K= ——————, (8)

where a and b are coefficients, which may depend on four-
momenta p and that are determined by boundary and
normalization conditions. We will take all SM fields as
left-handed, so we demand that the right-handed chiral
superfield ®_.(p, z) satisfies the Dirichlet boundary condi-
tion at z = zyy, i.e., P.(p, zyy) = 0. The left-handed chi-
ral superfield @, through the equations of motion, satisfies
modified Neumann boundary conditions. As a result, only
the left-handed chiral superfield has a normalizable zero-
mode. As shown in Ref. [1], the zero-mode profile for the
left-handed field is given by

f2p,2) = Ny, 00z e 7, ©)

where the normalization factor N'(uy, 0) is obtained
from [§ f(0,2)f(0,2)"dz = 1,

N(Mf’ O) — (2—1+2L'M;1+201"(1 _ ZC))_I/Z. (10)

In Fig. 1, we show the zero-mode profiles for two values
of ¢. As can be seen, when c is positive, the zero-mode is
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FIG. 1 (color online).
panel we take ¢ = 0.45 and u, = 0.4 TeV.

localized near the UV brane while for ¢ <0, the zero-
mode is repelled away from the UV brane.
Similarly, for gauge fields [1] we write:

z 2
Mlp2) = m(p)eltz(—) h,
Zuv

" (11)
Au(p2)= AM4(P)€“Z<E) hy,
2
A(p,2) = w(p)e“(zi) e
uv (12)

S

Iuv

where /1 p represents f; p evaluated at ¢ = 1/2 and u,
is related to the dilaton vacuum expectation value [7],
(D) = e 47/ gs.

After including SUSY-breaking on the UV brane, the
zero-mode of the superpartner will be lifted, and the
SUSY-breaking mass that it acquires depends on the over-
lap of its wave function with the UV brane. For c¢ close to
+1/2, the zero-mode of the superpartner will acquire a
SUSY-breaking mass near the full strength (i.e., compa-
rable to the SUSY-breaking on the UV brane). On the other
hand, if ¢ < 0, the SUSY-breaking mass of the zero-mode
superpartner is suppressed relative to the SUSY-breaking
on the UV brane. Because ¢ = 1/2 for the gauge field, we
will take all SM fields to have c close to 1/2 in this paper in
order to have similar SUSY-breaking masses.

The spectrum of nonzero-modes is continuous without
an IR cutoff. As mentioned in the introduction, it is con-
venient to introduce a regulating IR brane at a large dis-
tance z = zg = L so that we can deal with discrete
normalizable KK states [12]. The continuum limit is ob-
tained by taking L — +o0. The coefficients a and b of the
wave functions in Eq. (6) and (7) can be obtained by
imposing the boundary condition on the IR brane and the
normalization condition
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Normalized zero-mode profiles. In the left panel we take ¢ = —0.45 and p; = 0.4 TeV, while in the right

B 1
frp.2) = Np(uy, p)(M(K, st 2ui— pZZ)
1
+b- W(K,E + ¢, 21[,11,% — pzz)>, (13)

2(1 + 2c)yfuf — p°

Fr(p.2) = Ngluy, p)(

By = m;— P

‘M(K,—%‘l‘ c,2\/m
+b- W(K, —% + ¢, 2,/;@ - pzz>). (14)

Imposing the boundary condition fx(p, zyy) = 0 we de-
termine that,

. _M(K, —%4‘ c, 2‘“1412: - pZZUv)
W(K, —% + ¢, 2‘,,&? - pzZUv)

21+ 2e)yfus — p?

. (15)

Mf = M7= D

and k = —cpup/yp; — P

We are especially interested in the behavior of the super-
partners in the conformal limit at high energies. In the limit
of p > u, the normalization factor can be expressed as

23+4c

NL:_NR:<

arsec?(car) -1/2
The gluino profiles can be found similarly by making the
replacements ¢ — 1/2 and u; — u, in Eqgs. (13)—(15).
The KK spectrum is determined by the boundary con-
dition at the IR brane, fz(p, zir) = 0, which leads to
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FIG. 2 (color online).
parameters are chosen to be zjy = 1072 TeV ™!, ZIR =80 TeV™!,
the right panel are chosen to bezyy = 1072 TeV ™!, zg =

= . (17)

W(= syt 0.2k~ e

In the limits of interest, w;, u, <K p <K 1/zyy, the left-
hand-side of Eq. (17) tends to zero, which implies that the
numerator of the right-hand-side of Eq. (17) satisfies

M)

1
o COS(ZW - ‘[pz - Mém) =0. (18)

Solving Eq. (18), we obtain an approximate expression for
the KK masses,

1 2
z/_LZ%,+<Z~I-H> 77'2/11212 with n=0,1,2,---.
(19)

Some sample spectra are shown in Fig. 2, where we have
taken zyy = R = 1073 TeV~! and ¢ = 1/2. With mass
gaps on the order of half a TeV, a 20 GeV mode spacing is
quite a good approximation to a continuum.

III. CONTINUUM DECAY CHAINS AND
NARROW-WIDTH APPROXIMATIONS

Now, we would like to study the decay of a continuum
superpartner. The questions are: What are the characteristic
features of the decay process? Does it prefer to decay
through multiple steps and emit soft particles during the
decays, or to decay directly down to the bottom of the
spectrum together with a hard particle? What is the typical
energy of the visible particles produced in the decay
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Spectra for the gluino (blue dots) and the squark (red dots). The plot shows mass vs KK mode number. The
c= O 5, e = 0.4 TeV,and uy = 0.5 TeV for the left panel while
100 TeV™

= 0.5, u, = 0.3 TeV, and p; = 0.4 TeV.

chain relative to the energy and other parameters of the
superpartner? As mentioned earlier, in order to use the
calculation techniques developed for particles, it is conve-
nient to include a regularizing IR brane to discretize the
continuum into KK modes [12] so that we can deal with
ordinary particles in the initial and final states. To study the
validity of the narrow-width approximation of the decay
chain, which splits the process into a sequence of indepen-
dent decays at each step, we compare the result from a
calculation of a sequence of two real 2-body decays with
that of the 3-body decay, which includes all the contribu-
tions from the virtual intermediate continuum superpartner.
We assume that we start with an initial state with an
invariant mass much higher than the mass gaps and the
SUSY-breaking mass. To simplify the calculations, we will
ignore the SUSY-breaking and the masses of the SM
particles. We find that, in the case that the calculations
are reliable (i.e., independent of zr = L as long as
L> p~' ur!, ug"), the virtual contributions are indeed

smaller than the real contributions so that the narrow-width
approximation is reliable.

A. The 2-body gluino decay calculation

Once we include a regulating IR brane to make the
spectra discrete, the calculation of a 2-body decay should
be straightforward. We consider an initial state of a gluino
of KK level m, decaying in its rest frame to a quark and a
KK squark of level n, §" — uii;". Since we ignore the
quark mass, the decay can occur to any KK squark lighter
than the initial gluino. The energy of the emitted quark
depends on which level of the KK squark the gluino decays
to. To calculate the decay rate, we need the coupling
between the gluino, squark, and the quark. The effective
interaction of the KK gluino, KK squark, and the quark in
momentum space is given by

py d*qn o
eff C(pm’qn)[ D) )4 (2 4ML(

— g7 (q,)8"(Pm),

(20)
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where c(p,, q,) is the vertex coefficient, which can be
computed by integration of the gluino, squark, and quark
5D profiles over the fifth dimension. The expression is

C(pm’ Qn) = Ng’(/""g’ pm)jvﬁ(lu‘ﬂ qn)*Nu(:u'f’ O)gS

% fZIR dZ<ZU_V)5(i)ze—wzz—c(i)yz
oy < <uv iUV
A
X fL(qn’ Z) euz(_) hL(pm’ Z), (21)
Zuv

where g5 is the 5D gauge coupling, which only enters the
calculation as an overall factor. The 4D gauge coupling g,
is related to the 5D gauge coupling g5 by integrating over
the zero-mode profiles in the kinetic term for the gauge
fields coupled with the dilaton. In that case, one finds [7]
that

83 1
g = :
Zuv log(l/(zZUV,U«g)) ~ YE)

(22)

where 7y is Euler’s constant. Since we are interested in the
gluino decay into a quark and a squark, we consider the
QCD gauge coupling which equals a,(m;) = 0.1184 at
the Z-mass. If we take zyy = 1072 TeV ™! and the nominal
value for the gluino mass gap of u, = 0.1 TeV,” the 5D
strong gauge coupling assumes the dimensionful value
gs = 0.108 TeV~1/2,

An immediate observation from Eq. (21) is that a finite
coupling in the limit zig — +o0 is obtained only for
Mg > pg. For py < u,, the integral is dominated by the
large z region and it blows up as we take z;g — +00. In this
case, we cannot perform a sensible calculation. One can
see that the exponentially growing factor comes from the
dilaton profile for the KK gluino, which is a result of zero-
mode gauge field having to be a constant along the fifth
dimension due to gauge invariance. A similar situation
happens in the Randall-Sundrum 2 (RS2) scenario [14].
If one calculates the self interactions among KK gravitons
in RS2 with a regulating IR brane, one also finds that the
coupling blows up as one takes the IR brane to infinity. In
the 4D CFT picture, these KK gravitons correspond to the
conformal bound states. (The large coupling just means
that these bound states are strongly coupled.) These diver-
gent couplings can never make any physical process in-
volving UV zero-modes infinite. As is well known, the KK
picture sometimes can give misleading results when local-
ity in the extra dimension is involved. The point is that any
process starting with zero-modes localized on the UV
brane will mostly be sensitive to the physics near the UV
brane due to the locality in the extra dimension. The *“‘non-
local” process of producing KK gravitons in the deep IR
region must be suppressed due to interference of various
diagrams even though each of them can have a large

>The dependence on the gluino mass gap u ¢ 1s only logarith-
mic, reflecting the gauge coupling’s running.
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coupling. In our theory, all zero-modes are localized near
the UV brane (for ¢ ~ 1/2), so all physical processes
originated from the zero-modes should also only be sensi-
tive to the physics near the UV brane. The divergent
coupling in the u, < u, case just means that the naive
calculations done in the KK picture are not valid. On the
other hand, for ;> u, the integral is dominated by the
region near the UV brane, and the calculations are trust-
worthy. For the same reason, the coupling between a KK
gluino, a KK squark, and a KK quark is also dominated by
the IR region and diverges when the IR brane is moved to
infinity. However, since the wave functions of the KK
quarks are suppressed in the UV region, the decay to a
KK squark plus a KK quark should also be suppressed if
the initial KK gluino was produced in the UV region in the
first place. To avoid such complications, we will restrict
our study to the p, > u, case and consider decays to the
quark zero-mode only.

After obtaining the coupling, it is straightforward to
calculate the decay rate to each KK squark. To compare
with the continuum limit, we express the result in terms of
the differential decay rate as a function of the energy of the
outgoing quark:

iy AT gn_ o -
dEMg neu,<kE,<E, AEM(Z

(P @)t (s q1)
AE,

n€u,<E,<E,

2

23
47p,, 8 23)

where ¢ are the SU(3) generators in the fundamental

representation and p,, = +/p2,. From conservation of
energy-momentum we have,

_1 qn
Ey =3 pm(l -4 ) (24)
which implies

1 q>_ 1 q2
AEo=—-p,[1—22 1)—7 (1——”). 25
a=5r(1- 2 —5m(1-%) e

m m

A typical differential decay rate as a function of the
outgoing quark energy is shown in Fig. 4. We have nor-
malized the decay rate by a factor p - z;g as we do with all
differential decay rate figures hereafter, in order to cancel

uy uy uj
~m * ~m—1 ~ %
g ur, am ur,

FIG. 3 (color online).
gluino decay.

Feynman diagram for sequential KK
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FIG. 4 (color online). Gluino differential decay rate with re-
spect to the first quark energy. The initial KK gluino mass is
pg = 1.15 TeV, and we use gs = 0.108 TeV~1/2. We choose
zuyy = 1072 TeV~!, z;g = 100 TeV~ !, ¢ = 0.5, u, = 0.3 TeV,
and uy = 0.4 TeV.

the unphysical IR dependence Am, = 7/zjx in the con-
tinuum limit.* At small quark energies, the decay rate is
suppressed by phase space, while at large quark energies,
the decay rate is suppressed by the couplings due to the
small overlap between the gluino and squark wave func-
tions of large KK level differences. Overall, we see that
the suppression due to the coupling is stronger and the
outgoing quark has a relatively soft spectrum. The sup-
pression of high-energy emissions is exactly the behavior
that is expected in a CFT [8-11]. Starting with very high
KK modes leads to approximate spherical events [11]. A
more detailed discussion of the quark spectrum and its
parameter dependence will be presented in the next section
after the narrow-width approximation is justified.

B. The 5D mixed position-momentum propagator

From the previous subsection we see that the result of
the 2-body calculation shows that the gluino prefers to
decay to the squark with a mass not far below the gluino
mass. This means that the resulting squark is likely to
decay again back to the gluino and the whole process
will involve a long decay chain. An important question is
whether the sequence of decays can be treated indepen-
dently and correlations, implied by the full intermediate
propagator, can be safely neglected. This question is less
trivial for the continuum case than the usual particle case

31t is easy to see that the coupling is proportional to L from the
normalizations of the gluino and squark wave functions. The
differential decay rate of a single KK gluino is proportional to
(1/L)> X L = 1/L as the density of the final KK squarks is
proportional to L. This is related to the fact that the overlap of a
single KK gluino wave function with the UV region where the
zero-modes are located is also proportional to 1/L. In reality, the
initial KK gluino will be produced with some energy range and
the number of KK gluinos in that energy range is again propor-
tional to L, which cancels the unphysical 1/L dependence in the
differential decay rate of a single KK mode.
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because there are an infinite number, a continuum, of
intermediate states which can give contributions at each
step. To study this problem, we consider the 3-body gluino
decay process §" — u? u%* g", where the continuum squark
is in the intermediate state. We will calculate the contribu-
tion from the virtual (off-shell) intermediate squark while
using real KK modes for the initial and final states.

In the KK picture with a regulating IR brane, the inter-
mediate squark propagator is simply a sum of the particle
propagators of all KK levels [12]. The propagator of an
individual scalar particle is
i ) 1

= 78(q> — m2) + iP——7

— m2’

lim >
—m;, + i€ q m;,

e—0* g*
(26)

where P denotes the Cauchy principal value. The delta-
function (the real part) represents the phase space for a real
intermediate particle (the “on-shell”” contribution), while
the second term (the imaginary part) represents the con-
tribution of a virtual intermediate state (the off-shell con-
tribution). However, the KK picture is not the most
convenient one to perform calculations with virtual inter-
mediate states as it involves an infinite sum of singular
functions. We know that in the continuum limit, the infinite
sum of KK propagators simply becomes the unparticle
propagator [12], and the series of poles on the positive
real axis of p?> merge into a branch cut of the unparticle
propagator. Therefore, we will employ the full unparticle
propagator for the intermediate state in our calculation. In
this subsection, we derive the unparticle propagator in
mixed position-momentum space [15].

The left-handed scalar propagator satisfies the equation
of motion for the left-handed profile, with a delta-function
source,

3 15\1 2
(—a§+—az+(c2+c—z>—+ c“f+M}—p2>
<

22 z

X iP(p. 2 2) = (ifa(z — ), @7)

<uv

and the UV boundary condition for the propagator is

1 3
(az + E<_ Stet ,Lsz)>P(p, %)=y, = 0. (28)

To connect to the continuum limit, with outgoing boundary
conditions, we demand that the propagator is exponentially
damped [15] at large Euclidean momenta:

P(ip, ZIR» ZI)lP—’+°°,Z’<ZIR — ¢ PR, (29)

In order to solve Egs. (27) and (28) for P(p, z, z'), we look
for solutions in the regions z > 7/, P~(p, z,7'), and z < Z/,
P_(p,z 7'), and use matching boundary conditions at
=17,

P<(p; 2, Z/) - P>(p’ 2, Z/)|z=z’ = O; (30)
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[ z2\
azP<(p) 3 Z/) - 62P>(pr Z, Zl)lz:z’ = _l<—> . (31)
Zuv

We can write the general solution to Eq. (27) in terms
of two independent solutions to the homogeneous
Eq. (14), K(p, z) and S(p, 2):

2\ Wiki+e 21[;1,]2( - p*2)
K(p.2) = () ] L 3
wo Wik 5+ 2‘\//‘1‘]’ - p°zuv)

3/2 1 I'A+c—«)
S(p, Z) (ZUV) 2

/M} — 2 '+ 2c)
1 [ 2 2
X(M(K,E—FC,Z ,uf—pz)

1
(K’E c2 K7 — szv)

1
WK,E c2 ,uf P’z

1

Mg+ a2 = raw)) 63

which satisfy the following boundary conditions
Kp.zov) =1 K@ip Dl pieo — 7,
S(p, zuv) =0, S'(p, zuv) = L.

In the region z < 7/(z > 7/), the general solution can be
written as

P<(>)(P, 7 7)) = a<(>)K(P; 7) + b<(>)S(p, 2). (35)

The boundary condition at the UV brane, Eq. (28), fixes
the ratio of a./b. to be proportional to the Kkinetic
function X (p) already encountered in Ref. [1]:

(34)

a< _ EF‘.(p)
b< Iuv
(Mf + K7 - pz)

p2

( —,hf;::yz J )

(36)

3
3k (p) = zuv - ( ) 1L (37)
p f R
The kinetic function X (p) not only fixes the spectral
density, but it is also essential in determining the phase
space. Using the required IR behavior of P(p, z, z), we
conclude that P-(p,z z') can only be proportional to
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K(p, z), (i.e., b~ = 0). At this stage we use the match-
ing conditions at z = 7/, so that in the range z < 7/, the
left-handed squark propagator can be expressed as [15]

") = F (p)

<uv

———K(p, 2)K(p,7') — S(p, 2)K(p, ).

(38)

iP(p,zz

For the case z>7z/, we just interchange z < 7’ in
Eq. (38).

Obviously for p* > u7, ,/ p; — p* becomes imaginary,
so the propagator has a branch cut on the real axis for
p>> ,u]%, and the discontinuity is just twice the real part.
This discontinuity corresponds to a real intermediate un-
particle (the on-shell contribution). From the analogy of
the particle propagator (26) we interpret the imaginary part
of the unparticle propagator as the virtual (off-shell) con-
tribution to the 3-body decay process, while the real part
(the discontinuity) corresponds to the phase space of the
unparticle. In fact, one can use this phase space to calculate
directly the real 2-body differential decay rate considered
in the previous subsection, instead of summing over KK
modes in a discretized theory. In the Appendix we show the
equivalence of the two pictures in the limit that the IR
regulator is removed, L — oo. The numerical results for the
2-body differential decay rates using the two approaches
also agree well for large L.

C. The 3-body gluino decay

With the unparticle propagator derived in the previous
subsection, we can compute the virtual contribution to
the 3-body decay process, §" — ufu%*g", as shown in
Fig. 3. We take both the initial and final gluinos to be
KK states in an IR regularized theory but use the un-
particle propagator for the intermediate state with only
the imaginary part corresponding to the virtual contribu-
tion. It is straightforward to find the amplitude squared
for the virtual 3-body process by integrating the imagi-
nary part of the propagator P(q, z, z') derived in Eq. (38)
over the positions of the two vertices in the extra
dimension,

|Mm(g™ _’”L” *g")|?
= 4g5|v(p5’") C]; pg )l (pg”‘ pu )(puo pg”) (39)

We have labeled the 4-momenta of the initial, final, and
intermediate states as follows: pg» for the initial gluino
g", pg for the outgoing gluino g", p, for the quark,
p,o- for the antiquark, and ¢ for the intermediate
squark. The factor v(p,,, g, p,) is given by the integra-
tion in the extra dimension of the respective profiles
and the propagator:
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FIG. 5 (color online). Gluino decay rate with respect to the first quark energy. The yellow-dash line represents the virtual
contribution from three body decay which is rescaled by a factor of 3.24 X 102, while the blue line represents two body decay
results. In both plots, the initial KK gluino mass is p; = 1.15 TeV and we use g5 = 0.108 TeV~'/2. In the left one, we choose
gy =107 TeV™!, zrp =80 TeV ™', ¢ = 0.5, u, = 0.4 TeV, and u, = 0.5 TeV;in the right one, we choose zyy = 107 TeV ™!,
zr =100 TeV™!, ¢ = 0.5, u, = 0.3 TeV, and pu; = 0.4 TeV.

v(pl, g, p1) = N2, ON 31 PPN 2120 P2

Xj'ZIR dz [ZIR dz’e(“g‘“ﬂzzl/z“'
uv 2uv

X h(p, DzgyPlg, 2, 2/)elte w7

where E o is the energy of the (first) outgoing quark in
the initial gluino rest frame and § Tr[r*"1°1] =
§CaC} = 2/3 for SU(3). The range of E o is determined
by the masses of the initial and final gluinos

X V2 (pt, 2), (40) E, g min = 0, (42)
here we use a rescaled scalar propagator, I3(q, 2 7) = ()2
z\=3/2(7 \-3/2 / . Iy 1 P
(Zév) (wa) P(q,z 7'), and we can write the differ Ep max = Epgl(l _ ( i)z)' (43)
ential decay rate as Pg

The contribution to the differential decay rate as a

dl’s function of the outgoing quark energy from the virtual

ww(py, q ppv(py, g, k3t

dE,

E;QE.py — (p§)* + (pp)*)* 1 T[]
32p7(2E, — pg)ﬁ3 8 ’

(41)
Pgzrr dI'/dEu’y
0.004
0.003
0.002
0.001
— Eu’, (TeV)

0.1 0.2 0.3 0.4 0.5

FIG. 6 (color online).

3-body process can be compared with the real 2-body
contribution by summing over all final KK gluinos and
outgoing antiquark energies, which are kinematically al-
lowed. The result is shown in Fig. 5. The virtual 3-body
process is the cut of a two-loop diagram while the real

Pszrr AU /dEu’y

0.004

0.003

0.002

0.001

Eu’ (TeV)
0.1 0.2 0.3 0.4 0.5 0.6

2-body gluino differential decay rate as a function of the outgoing quark energy E,o in TeV. We have taken in

this example zyy = 1073 TeV™!, zp = 80 TeV~!, ¢ = 1/2, and g5 = 0.108 TeV~ /2. In the figure on the left, we fixed the initial
gluino KK mass at p; = 1.26 TeV, its mass-gap to u, = 0.3 TeV, and vary the squark mass-gap by u, = 0.40, 0.43, 0.46, 0.50,
0.56 TeV. As can be seen from the figure, the peak position decreases in magnitude and shifts towards larger values of Eyp.In the figure
on the right, we fixed u, = 0.4 TeV and u; = 0.5 TeV, and vary the initial gluino KK mass by p; = 0.83,0.97, 1.15, 1.29, 1.52 TeV.
In this case, the peak increases in magnitude with increasing p and its position remains roughly constant as a function of Eu;{ .
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FIG. 7 (color online).
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Same as Fig. 6 for different sets of energies and mass gaps. In the plot on the left, we fixed p; = 2.4 TeV and

e = 0.2 TeV. We vary the squark mass-gap by u, = 0.36, 0.40, 0.43, 0.46, 0.5 TeV. As can be seen, the peak decreases in magnitude
and moves slightly towards larger values of E W - In the figure on the right, we fixed u, = 0.2 TeV and u; = 0.3 TeV, and vary the

initial gluino KK mass by p; = 1.24, 1.62, 2.01, 2.21, 2.4 TeV. In this case, the peak magnitude increases and its position remains

roughly constant with respect to Eu2 .

2-body process is the cut of a one-loop diagram, so we
expect that the 3-body decay rate should be suppressed
with respect to the 2-body decay rate by a 4D loop factor as
long as the theory remains perturbative. The shapes of the
two contributions are also similar, but with the 3-body
contribution being slightly harder. Thus, we can conclude,
in this case, it is reasonable to use the narrow-width
approximation to calculate the energy distributions of the
visible particles coming from the continuum decays by
treating each decay step going to real states that subse-
quently decay independent of the details of the previous
decay.

IV. PHENOMENOLOGY OF THE CONTINUUM
SUPERPARTNER DECAYS

The comparison of the differential decay rate calcula-
tions for a real 2-body process and a virtual 3-body process
in the previous section, shows that it is reasonable to
calculate the energy distributions of the visible particles
coming from the continuum superpartner decays using the
narrow-width approximation. This greatly simplifies the
phenomenological study of continuum superpartners. As
mentioned earlier, the continuum states tend to decay to
other continuum states that are nearby in invariant mass,
and so the ordinary particles tend to be emitted with soft
energies. This is the behavior that is expected in a CFT
[8—11]. Thus, if the decay chain starts fairly high up in the
continuum, then there is usually a long decay chaining
with an approximately spherical distribution of energy
[11]. In this section, we examine how the energy distri-
butions of the visible particles depend on the parameters
of the theory and the process.

As the energy of the emitted quark Eu(z increases (or

what is the same, the squark mass g,, decreases), the phase
space of the final particles increases while the vertex
c(p,, q,n) decreases. It is the competition between these
two factors that makes the differential decay rate maxi-
mum at an quark energy around E,o . ~ (p — mg) as

can be seen in Figs. 6 and 7. As a consequence, for a high-
energy initial state (p; > wmyp, u,), we expect order
ps/(ms — w,) particles coming out a decay chain. For
fixed g4, ¢, zir, and zyy, there are only three parameters:

Eu®;,, max
Mg — Hg

Mg — Hg
0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 ©9
(PgZ1R) ar | max
95 GEu’,
0.00754
0.007
0.0065
0.006
0.0055
0.005
de ~ g o 3085 (v 1 Log[2 g zw]) @
0.0045 f(T), 0.207g,%e ] e Tog (2 e ae )
He — lg
0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
FIG. 8 (color online). L™ vs #Hx an ar_|
. 8 (color online). &, Vs T an (PgZIR)m max VS
Bi#:  eyaluated at the peak positions. e use

2oy =103 TeV™!, 7z =80TeV™!, ¢=0.5 and gs=
0.108 TeV~'/2 and fix p, = 2.40 TeV, pu, = 0.2 TeV while
the squark mass-gap is varied from u, = 0.3 TeV to pu, =
0.75 TeV. The plots display the fitted functions.
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the initial gluino energy p; and the two mass gaps us, u,.
Since there should be little dependence on zig and zyy, as
long as they are far away from the energy scale interested,
physical quantities can be expressed as functions of the two
dimensionless ratios of pg, ws, and u, up to an overall
normalization. In Fig. 8 we show the dependence of the
peak position and magnitude of the differential decay
rate on the initial energy p; and the mass-gap difference
Mg — Mg From these figures we can determine an approxi-
mate behavior for the peak position, £ 0 max in the differential
decay rate as a function of ;s — u, and p,. We find that it
can be parameterized by an exponential decaying function
with an overall normalization A and a numerical exponent B,

Ep o = Alpy — pg)e Bl md/vd (a4

u, ,max

The numerical values of A and B are obtained by fitting
numerical data points, as shown in Fig. 8, where we find
that A = 1 and B = 3/2. Using the plane wave approxima-
tion for the wave functions of the incoming gluino and out-
going squark, the coupling squared is proportional to
le(py qn)|? m Then one can substitute Eq. (44)

into Eq. (23) using AEug =~ 77/ 7R to obtain an approximate
analytical expression for (dI'/ dEu{II)l £,  asa function of
uL.max

pypand p,
dar 5 e 2Bl(ky— 1)/ pgl
(PgZIR —) | =C g——
dE,» o 4

uy,max
L

(log(l/(ZMgZUV)) -)
(log(l/(zlu‘fZUV)) -

where the overall normalization C compensates for the in-
accuracy of the plane wave approximation when writing
everything in terms of 4D quantities. The dependence on
Zyy 1s only logarithmic and, therefore, mild. To give an idea
of the validity of the approximation, we plot against numeri-
cal data in the second plot of Fig. 8. We see that (44) and (45)
provide reasonably good estimates for the functional
dependence.

(45)

V. CONCLUSIONS

Supersymmetry is one of the best motivated scenarios
for new physics beyond the standard model at the TeV
scale. For the past two decades it has been intensively
searched for. Currently, the experiments at the LHC have
placed very strong limits on the masses of the squarks
and gluino to be above ~1 TeV in the standard scenario
[16—-18]. This means that either the superpartner spectrum
is unnaturally heavy or the superpartners decay in unusual
ways which escape the standard SUSY searches. As we
showed in this paper, if the superpartners have continuous
spectra, they tend to have long decay chains and produce
many soft SM particles. This is a challenging scenario at
the LHC because the soft particles may not pass the

PHYSICAL REVIEW D 85, 015019 (2012)

experimental cuts, and the signals could be buried in the
QCD backgrounds. It may require a more specialized study
to search for this kind of signal.

Naively, the phenomenological studies of continuum
superpartners at colliders may appear to be formidable as
the usual calculation techniques have only been developed
for particles. Here, we have seen that these methods can
still be used in continuum calculations. In particular, we
showed that the narrow-width approximation is still gen-
erally valid in the perturbative decay processes that we are
interested in. This greatly simplifies the calculations be-
cause processes with long sequences of decays can be
divided into individual steps involving real states and
each step can be calculated independently. The easiest
way to perform the calculations is to introduce a regulariz-
ing IR brane in the 5D picture which transforms the con-
tinuum into discrete KK modes, then one can carry out the
calculations as in the usual particle case. As long as the KK
modes have reasonably fine spacings, the results are basi-
cally independent of the position of the IR brane. In this
way, continuum superpartners can also be implemented in
the usual collider simulation tools in order for more de-
tailed studies to develop new strategies to search for such
kinds of exotic collider signals.

VII. EQUIVALENCE OF THE CONTINUUM
AND KK LIMIT

It is interesting to compare our expression for the
propagator, Equation (38), with the more familiar KK
representation of the 5D propagator which can be ex-
pressed as sum over the different KK level propagators,

fL(mn’ Z)f{(mn) Z/)

q> —m2 — i€

Pxk(q.2,2) =

n

: (46)

where f;(m,, z) is the normalized left-handed squark
wave function. This propagator corresponds to a real
particle when ¢> = m2 (aka going on-shell) for each
particular KK mode n. For momenta ¢ close to m,, we
can use the approximation,
i 1

m = 775(612 — m%) + ZT<—q2 — m%), a7
where P denotes the Cauchy principal value. As the mass
difference between adjacent KK levels n and m = n — 1
tends to zero (the continuum limit), Am, = m, —m,, —0,
the sum over KK levels in Eq. (46) becomes an integral in
the complex plane over “tightly squeezed” resonances
which form a branch cut in the limit z;g — 0. Thus, we
can identify the real (on-shell) contribution of the contin-
uum propagator, Eq. (38), by matching the continuum
limit of Eq. (46) with Eq. (39). For that purpose, we
consider Eq. (46) in the limit u, < ¢ < 1/zyy. Let us
take z = 7/ = zyy and using Egs. (13) and (17), in the
case ¢ = 1/2 for simplicity, we find that
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. M(O, O, ZingUV)
W(O, O, 2ingUV)

|fL(mn: ZUV)|2 - |NL(

By identifying Am, = 7/z;z and using Eq. (48), we find that

Im [Py (g, zuv, zuv)] — Z|fL(mn» zov)IPmd(g* — my) —

n

One can also see the equivalence between the KK picture
in the limit zjg — +o00 and the continuum picture by
comparing the differential decay rate for large zjz in the
KK picture versus the continuum case where one still keeps
the particle behavior for the initial gluino state, but repla-
ces the final state squark phase space by an unparticle
phase space [2].

For that purpose, let us calculate the continuum squark

w(o, 1, 2ingUV))

PHYSICAL REVIEW D 85, 015019 (2012)

T 1

R \/m_%ZUV((log(%) + log(zyy) + yg)* + #Tz).
(48)

—

77/2 F

Y
_—m| =] 49)
q*zuv((log(®) + log(zyy) + vp)* + %) [ZUv]

[

the squark correlator whose expression was calculated in
Ref. [1]. As was done in previous calculations, we are
interested in the case when the momenta involved are
much bigger than the squark’s mass-gap, p > u,. Using
the expressions of the correlator in the limit when
pzuy < 1, we then find that for —1/2 < ¢ < 1/2,

2B(p?)

2y
phase space for ¢ # 1/2 and ¢ = 1/2. In order to get the p(p7) = A(p»)? + B(p?)?’ (50)
phase space of the squark final state, we first calculate the
spectral function p(p?) = 2 - Im(iA(p?)), where A(p?) is  where
J
A = e 2712 pA(p? — pp) VP cos(m(— 5 + )I(1 = 20)T(c)
1—2c e’ —c) ’ 51)
B(p?) = 2712 p2(p? — ,ujzc)_l/Z“ sin(7r(— % + e)I'(1 — 2c)T(c)
P T2oT(1 - o) ’
[
and that for ¢ = 1/2,
/ M = [, — pa — p2mo (OGP
2 - d4p a’4p~
p(p?) = 2 . (52) X 0(pDO(p2 — p2) - Z L (55)
€ it i f 4 4
(v + log(§4/p* — u3)?p* + % p? (2m)* (2m)
We can perform the integral over the part of the quark
The continuum squark phase space is then given by phase space using that
d*p &’p
278(p2)6(pl) =L = u
T WIS S kLU v il B IR

where 6(p) is the Heaviside step function. On the other
hand, the phase space for the outgoing quark is just the
usual particle one,

d®, = 2mw0(p°)8(p?). (54)

With all this information, we are ready to calculate the
2-body phase space integral.* Let us name the momentum
of the incoming gluino as p; and of the outgoing quark and
squark momenta as p, and p;. Then the 2-body phase
space integral is given by

“Even though the vertex depends on the momenta of the
particles, it only ends up depending on the quark energy E,
and the initial gluino energy pg.

Using the 4-dimensional delta function to perform the
integrals over d*p; and in the center of mass frame of
the gluino, we can trivially perform the angular integration,
d*p, = E2dE,d(), so that we obtain

1 B

=

27?2E,

p((pY)* —2pYE)O(pY)* —2pYE, — n7)dE,.
(57)

Once we have the expression for the phase space integral,
we can write the differential decay rate as

e

dl' = ——
0
Zpg

Il,. (58)

Averaging over the initial and summing over the final
spin and color, we find that
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FIG. 9 (color online). We use zyy = 1073 TeV ™!, zp =
80 TeV~!, ¢ =0.5, and g5 = 0.108 TeV~"/2 and fix Pz =
2.40 TeV, u, = 0.2 TeV, and u, = 0.3 TeV. The plots com-
pare the continuum method (red, dashed curve) with the KK
mode method (blue curve); they are almost identical.

|MP = 21e(py, E,, o)1 pYE, ult“1]/8,  (59)
where

~ 1 (Y E, )
C(Pg, E, c) = 5 e w7

= 60)
Zyv f(q’ ZUV) (
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is the 4D effective vertex obtained from integrating over

the profiles in 5D, divided by the normalized squark profile

evaluated at the UV brane, and multiplied by zl% to be
UV

dimensionless, with c(pg, E,, ¢) shown in Eq. (21). Thus
we arrive at the formula

dl’y Ef, ~( 0 2 0)2 0 0)2
B = 12 1E0h B P p((p))? — 203E,)6((pY)
- 2ngu - Iu*jzf) (61)

In Fig. 9 we plot the KK differential decay rate, Eq. (24)
and the continuum decay rate, Eq. (61) as a function of the
final quark energy E,. They are in excellent agreement for
large enough zpR.

ACKNOWLEDGMENTS

We thank Jack Gunion and Markus Luty for useful
discussions and comments. We also thank the Aspen
Center for Physics and the Kavli Institute for Theoretical
Physics where part of this work was completed. The au-
thors were supported by the US Department of Energy
under contract DE-FG02-91ER406746.

[1] H. Cai, H.C. Cheng, A.D. Medina, and J. Terning, Phys.
Rev. D 80, 115009 (2009).

[2] H. Georgi, Phys. Rev. Lett. 98, 221601 (2007).

[3] H. Georgi, Phys. Lett. B 650, 275 (2007).

[4] P.J. Fox, A. Rajaraman, and Y. Shirman, Phys. Rev. D 76,
075004 (2007).

[5] G. Cacciapaglia, G. Marandella, and J. Terning, J. High
Energy Phys. 01 (2008) 070.

[6] J.M. Maldacena, Adv. Theor. Math. Phy. 2, 231 (1998);
Int. J. Theor. Phys. 38, 1113 (1999); S.S. Gubser, I.R.
Klebanov, and A.M. Polyakov, Phys. Lett. B 428, 105
(1998); E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).

[7]1 G. Cacciapaglia, G. Marandella, and J. Terning, J. High
Energy Phys. 02 (2009) 049.

[8] M.J. Strassler, arXiv:0801.0629.

[9] J. Polchinski and M. J. Strassler, J. High Energy Phys. 05
(2003) 012.

[10] D.M. Hofman and J. Maldacena, J. High Energy Phys. 05
(2008) 012.

[11] C. Csaki, M. Reece, and J. Terning, J. High Energy Phys.
05 (2009) 067.

[12] M. A. Stephanov, Phys. Rev. D 76, 035008 (2007).

[13] D. Marti and A. Pomarol, Phys. Rev. D 64, 105025 (2001).

[14] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690
(1999).

[15] A. Falkowski and M. Perez-Victoria, Phys. Rev. D 79,
035005 (2009); A. Falkowski and M. Perez-Victoria,
J. High Energy Phys. 12 (2009) 061.

[16] J.B.G. da Costa et al. (Atlas Collaboration), Phys. Lett. B
701, 186 (2011); ““Search for squarks and gluinos using
final states with jets and missing transverse momentum
with the ATLAS detector in sqrts=7TeV proton-proton
collisions, ATLAS CollaborationReport No. ATLAS-
CONF-2011-086, arXiv:1109.6572v1.

[17] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
698, 196 (2011).

[18] S.  Chatrchyan et al
arXiv:1107.1279.

(CMS  Collaboration),

015019-12


http://dx.doi.org/10.1103/PhysRevD.80.115009
http://dx.doi.org/10.1103/PhysRevD.80.115009
http://dx.doi.org/10.1103/PhysRevLett.98.221601
http://dx.doi.org/10.1016/j.physletb.2007.05.037
http://dx.doi.org/10.1103/PhysRevD.76.075004
http://dx.doi.org/10.1103/PhysRevD.76.075004
http://dx.doi.org/10.1088/1126-6708/2008/01/070
http://dx.doi.org/10.1088/1126-6708/2008/01/070
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1088/1126-6708/2009/02/049
http://dx.doi.org/10.1088/1126-6708/2009/02/049
http://arXiv.org/abs/0801.0629
http://dx.doi.org/10.1088/1126-6708/2003/05/012
http://dx.doi.org/10.1088/1126-6708/2003/05/012
http://dx.doi.org/10.1088/1126-6708/2008/05/012
http://dx.doi.org/10.1088/1126-6708/2008/05/012
http://dx.doi.org/10.1088/1126-6708/2009/05/067
http://dx.doi.org/10.1088/1126-6708/2009/05/067
http://dx.doi.org/10.1103/PhysRevD.76.035008
http://dx.doi.org/10.1103/PhysRevD.64.105025
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://dx.doi.org/10.1103/PhysRevD.79.035005
http://dx.doi.org/10.1103/PhysRevD.79.035005
http://dx.doi.org/10.1088/1126-6708/2009/12/061
http://dx.doi.org/10.1016/j.physletb.2011.05.061
http://dx.doi.org/10.1016/j.physletb.2011.05.061
http://arXiv.org/abs/1109.6572v1
http://dx.doi.org/10.1016/j.physletb.2011.03.021
http://dx.doi.org/10.1016/j.physletb.2011.03.021
http://arXiv.org/abs/1107.1279

