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Abstract
We argue that it is possible to address the deeper LHC inverse problem, to
gain insight into the underlying theory from LHC signatures of new physics.
We propose a technique which may allow us to distinguish among, and
favor or disfavor, various classes of underlying theoretical constructions using
(assumed) new physics signals at the LHC. We think that this can be done with
limited data (5–10 fb−1), and improved with more data. This is because of
two reasons: (a) it is possible in many cases to reliably go from (semi)realistic
microscopic string constructions to the space of experimental observables, say,
LHC signatures, and (b) the patterns of signatures at the LHC are sensitive
to the structure of the underlying theoretical constructions. We illustrate our
approach by analyzing two promising classes of string compactifications along
with six other string-motivated constructions. Even though these constructions
are not complete, they illustrate the point we want to emphasize. We think that
using this technique effectively over time can eventually help us to meaningfully
connect experimental data to microscopic theory.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The start of the LHC will usher in a new era of particle physics. Hopefully, physics beyond the
standard model will be discovered. Many possibilities for new physics have been proposed
and their phenomenological implications have been studied in detail. When the LHC starts
accumulating data, one would like to answer the following little studied question—assuming
a signal for physics beyond the standard model, how can one determine the nature of new
physics from LHC data? This question, the so-called ‘LHC inverse problem’, has received
relatively little attention until very recently. The LHC inverse problem1 has actually multiple
questions: (a) is the new physics supersymmetry, or large extra dimensions or something else,
(b) what is the spectrum of particles and the effective theory at collider scales, and (c) What
is the structure of the underlying deeper, perhaps short distance, theory.

Recently, attention has been drawn to parts (a) and (b) of the LHC inverse problem with
encouraging results [1]. However, part (c) of the inverse problem has not even been addressed
in a systematic way. This paper is intended to be a step toward that goal. In order to even
have a shot at addressing the deeper inverse problem in a meaningful way, one has to answer
the following two questions in the affirmative.

• (A) Is it possible to reliably go from a ‘reasonable’ microscopic construction, such as a
specific class of string constructions, to the ‘real world’, say, the space of LHC signatures?

• (B) If yes, then are experimentally measured observables sensitive to the properties of the
underlying microscopic construction, or equivalently, is it possible to distinguish different
microscopic constructions on the basis of experimental observables?

We would like to propose and explore an approach which allows us to answer both questions
in the affirmative for many semi-realistic string constructions which can be described within
the supergravity approximation. The basic idea that this can be done was first proposed in [2].
Our study in this paper shows that the idea is very promising and it is possible to realize it in
a concrete way.

1 While we focus on the LHC here, if new physics is discovered at the Tevatron, the approach we advocate will be
still valid.
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By studying the pattern of signatures (signatures that are real experimental observables)
for many classes of realistic microscopic constructions, one may be able to rule out some
classes of underlying theory constructions giving rise to the observed physics beyond the
standard model, and be pointed toward others. Our results suggest that a lot of this can be
done with limited data and systematically improved with more data and better techniques.

A traditional way to approach new physics data is to construct an effective Lagrangian
that describes the data, in the context of a general framework. For example, in the case
of supersymmetry, one would write the full supersymmetric soft-breaking Lagrangian at the
electroweak scale, determine as many of its parameters as possible from the data, then try
to deduce or guess the shorter distance theory from the effective theory. This procedure has
many obstacles. One is that even though the underlying theory may have very few parameters,
the effective theory will have many, as is evident from the case of supersymmetry. A second
obstacle is the ambiguities and degeneracies in determining the effective theory parameters,
which are now well documented. Our approach can be viewed as an attempt to bypass many
of these difficulties by using the patterns of LHC signatures in conjunction with a systematic
analysis of string theory predictions. Of course, the two approaches in practice would be
pursued in parallel, and would strengthen each other.

For concreteness, in this paper we focus on traditional low-scale supersymmetry as new
physics beyond the standard model and the underlying theoretical framework of string theory
with different constructions giving rise to low-scale supersymmetry. While there exist other
possibilities for new physics beyond the standard model such as technicolor [3], large extra
dimensions [4], warped extra dimensions [5], Higgsless models [6], composite Higgs models
[7], little Higgs models [8], split supersymmetry [9], etc, low-scale supersymmetry remains
the most appealing—both theoretically and phenomenologically. In addition, even though
some of these other possibilities may be embedded in the framework of string theory, low-
scale supersymmetry is perhaps the most natural and certainly the most popular possibility
arising from string constructions. Having said the above, we would like to emphasize that the
proposed technique is completely general and can be used for any new physics arising from
any theoretical framework whatsoever.

The paper is organized as follows. Section 2 argues that it is meaningful to do string
phenomenology at the present time, a point of view questioned by some people. This is
followed by examples of semi-realistic string vacua as well as examples of string-motivated
constructions. We then present a summary of results for the pattern table of these benchmark
constructions in section 5, so that the reader can see where we are heading. The details
of the procedure are spelled out in section 6. Section 7 describes the distinguishablility of
signatures, with detailed discussions of the connections of the signatures to the superpartner
spectrum in section 7.3, discussions of the connections of the spectrum to the soft parameters
in section 7.4 and discussions of the connections of the soft parameters to the theoretical
structure in section 7.5. Section 8 discusses how one can extract general lessons from the
analysis of specific classes of constructions and use them to distinguish theories qualitatively
in terms of a combination of phenomenologically relevant features. Section 9 discusses
possible limitations, followed by conclusions and suggestions for the future in section 10. In
the appendix, a description of the various string-motivated constructions used in our study is
provided.

2. Why string phenomenology?

Before proceeding to answering question (A) in detail, it is worthwhile explaining that it is
meaningful to do string phenomenology. Naively speaking, one could complain that string
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phenomenology is a useless exercise for the following reasons. (a) There is still no non-
perturbative or background independent definition of string theory. (b) We have a very poor
understanding of the full M theory moduli space of vacua.

However, the situation is not so hopeless as it may seem. For instance, even though we
may not have a good understanding of the full M theory moduli space, in recent years there
has been a lot of progress in understanding aspects of moduli stabilization and supersymmetry
breaking in various corners of the M theory moduli space, at least in the supergravity regime,
possibly with some stringy (α′) and quantum corrections. In addition, model building in
heterotic and type II string theories is a healthy area of research with many semi-realistic
examples, and new approaches to model building are emerging. Therefore, it is reasonable to
expect that it is possible to go from many classes of string vacua (at least in the supergravity
regime, with reasonable assumptions) to the real world. In the following sections, we explicitly
carry out this procedure for various examples. The idea, therefore, is to carry out this exercise
for as many classes of vacua for which it is possible to compute signatures for low-energy
observables in a reliable way and then use the correlations in experimental observables to
distinguish among them as well as learn about the microscopic theory.

In our opinion, with recent evidence for a landscape of string vacua and the absence of
a deep underlying principle which selects a special class of vacua or points to more general
classes of vacua, such a pragmatic approach is a sensible one if one is still interested in
connecting string theory to the real world. Of course, a better understanding of the structure
of the full theory would sharpen our approach further and make it even more useful.

3. The hierarchy problem as a motivation for realistic string vacua

Before moving on to discuss examples of realistic string vacua, it is important to understand
how one gets small mass scales in string theory. A priori, a string theoretical construction
naturally contains only the Planck scale and the string scale as inputs. All other mass scales
have to come out of various combinations of these scales. From experiment, we know that there
exists a scale governed by the mass of the Z and W bosons, known as the electroweak scale. In
addition, a weakly interacting massive particle (WIMP) dark matter favored by observations
works well if it is also at the electroweak scale. The origin and stability of the electroweak
scale are two of the most challenging problems in physics, known as the hierarchy problem.
In order to solve the hierarchy problem or at least accommodate the hierarchy, one has to obtain
a small scale (∼TeV) in string theory from an intrinsic high scale like the Planck scale. In
the context of a low-energy supersymmetry framework arising from a string compactification,
this means that the soft supersymmetry breaking parameters have to be around the TeV scale,
implying that they are in the observable range of the LHC.

Many string theory vacua do not have any mechanism to generate and stabilize the
hierarchy, but many do. The mechanism to obtain a small scale (generate the hierarchy)
varies among different classes of string vacua. If one wants a high string scale (�Munif), one
mechanism to generate hierarchies is by strong gauge dynamics in the hidden sector. Keeping
the string scale high, a second mechanism is to utilize the discretuum of flux vacua and obtain
a small scale by tuning the flux superpotential to be very small in Planck units. A third way of
obtaining a small scale is to relax the requirement of a high string scale, making it sufficiently
small2. The two examples of string vacua reviewed in the next section use the second and third
mechanisms mentioned above. We see therefore that although it is possible to accommodate
a small scale in many classes of string vacua, it is very hard to explain the precise value

2 The precise value will depend on explicit constructions.
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of the small scale by fundamental principles, at present. The precise values are governed
by experimental and phenomenological considerations. So, even though the situation is not
perfectly satisfactory from a theoretical point of view, it still allows us to look at experimental
predictions of these special classes of vacua.

Once one obtains a small overall mass scale in string vacua which have a mechanism
to obtain a small scale, the precise spectrum pattern of superpartners at the small scale is
determined by a possible little hierarchy among the various soft parameters as well as many
phenomenological and experimental constraints. The most important experimental constraints
are getting correct electroweak symmetry breaking, upper bound on the relic density, lower
bounds on superpartner masses, constraints from rare decays, etc. Even if we restrict to
studying only those classes of vacua which can give rise to roughly the same overall small
scale (∼TeV), the differences in the underlying structure of the constructions still cause them
to have different patterns of signatures at the LHC, thereby allowing us to distinguish among
them. How this actually works will be seen clearly in the following sections.

4. Examples

As mentioned in section 2, in recent years there has been a lot of progress in understanding
dynamical issues of moduli stabilization and supersymmetry breaking in string/M theory
compactifications within the validity of the supergravity approximation. In order to have
the possibility of generating small masses compared to the Planck scale, to make them
stable against radiative corrections and to be interesting phenomenologically, all such
compactifications preserve N = 1 supersymmetry in four dimensions3. When combined
with gravity, this gives rise to N = 1 supergravity in four dimensions. The vacuum structure
of N = 1 supergravity is completely specified by three functions—a holomorphic gauge
kinetic function (f ), a holomorphic superpotential (W) and a real analytic function called
the Kähler potential. These functions determine the effective scalar potential and depend
on moduli in general. It has been shown in recent years that in particular classes of string
compactifications, this scalar potential can be reliably minimized leading to stabilization of
most (all) moduli and the breaking of supersymmetry in a regime in which the supergravity
approximation is valid. It is this class of string compactifications which we particularly want
to turn our attention to, as these classes of constructions are most amenable to generating a
hierarchy between the Planck and electroweak scales thereby allowing us to connect these
constructions to real experimental observables. In addition,superpartner masses and gauge
couplings, which determine production and decay rate,depend on moduli, so if the moduli
are not stabilized the values chosen may not be reliable. To illustrate our approach, we analyze
two particular classes of type IIB string theory vacua in detail—KKLT compactifications
[10] and large volume compactifications [11], where the issues of moduli stabilization and
supersymmetry breaking have been well understood. Other classes of string/M theory vacua
which also have the above desirable features should also be studied in the future.

4.1. Type IIB KKLT compactifications (IIB-K)

This class of constructions is a part of the IIB landscape with all moduli stabilized [10]. Closed
string fluxes are used to stabilize the dilaton and complex structure moduli at a high scale
and non-perturbative corrections to the superpotential are used to stabilize the lighter Kähler
moduli. One obtains a supersymmetric anti-deSitter vacuum and D-terms [12] or anti D-branes

3 Compactifications preserving higher supersymmetry in four dimensions are uninteresting phenomenologically as
they do not give rise to chiral fermions.
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are used to break supersymmetry and to lift the vacuum to a deSitter one. Supersymmetry
breaking is then mediated to the visible sector by gravity. The flux superpotential (W0) has
to be tuned very small to get a gravitino mass of O(1–10 TeV). By parameterizing the lift
from a supersymmetric anti-deSitter vacuum to a non-supersymmetric deSitter vacuum, one
can calculate the soft terms [13]. The soft terms depend on the following microscopic input
parameters: {W0, α, ni} or equivalently {m3/2, α, ni}, where α is the ratio FT /(T +T̄ )

m3/2
and ni are

the modular weights of the matter fields [13]. In addition, tan(β) and sign(µ) are fixed by
electroweak symmetry breaking. A feature of this class of constructions is that the tree level
soft terms are comparable to the anomaly mediated contributions, which are always present
and have been calculated in [14].

4.2. Type IIB large volume compactifications (IIB-L)

This class of constructions also form part of the IIB landscape with all moduli stabilized. In this
case, the internal manifold admits a large volume limit with the overall volume modulus very
large and all the remaining moduli small [11]. Fluxes again stabilize the complex structure and
dilaton moduli at a high scale, but the flux superpotential W0 in this case can be O(1). One also
incorporates perturbative contributions to the Kähler potential in addition to non-perturbative
contributions to the superpotential to stabilize the Kähler moduli. This class of vacua is more
general and includes the KKLT vacua as a special case, in which W0 is tuned very small
[15]. However, when W0 is O(1), the conclusions are qualitatively different. We will analyze
such a situation, since then there will be no theoretical overlap between the two classes of
vacua. Now one gets a non-supersymmetric anti-de Sitter vacuum in contrast to the KKLT
case, which can be lifted to a de Sitter one by similar mechanisms as in the previous case.
Since the volume is very large, the string scale turns out to be quite low. Assuming a natural
value of W0 to be O(1),4 to get a gravitino mass of O(1–10 TeV), one needs the string scale
of ∼1011 GeV. Since the string scale is much smaller than the unification scale, one cannot
have standard gauge unification in these compactifications with W0 as O(1). Supersymmetry
breaking is again mediated to the visible sector by gravity and soft terms can be calculated [16].
Anomaly mediated contributions turn out to be important for some soft parameters and have
to be accounted for. The soft terms depend on the following microscopic input parameters:
{V, ni} or equivalently {m3/2, ni}, where V denotes the volume of the internal manifold and ni

denote the modular weight of the matter fields. tan(β) and sign(µ) are fixed by electroweak
symmetry breaking.

These two classes of compactifications are good for the following two reasons.

• These compactifications stabilize all the moduli, making them massive at acceptable
scales. This is good for two reasons: (a) light scalars (moduli) are in conflict with
astrophysical observations, and (b) since particle physics masses and couplings explicitly
depend on the moduli, one cannot compute these couplings unless the moduli are
stabilized. Therefore, unless one stabilizes the moduli, one does not obtain a vacuum.

• They have a mechanism for generating a small gravitino mass (O(1–10) TeV). This is
essential to deal with the hierarchy problem. The mechanisms available for generating
a small gravitino mass may not be completely satisfactory though. For example, the
KKLT vacua require an enormous amount of tuning, while the large volume vacua (with
W0 = O(1)) do not have standard gauge unification at 2 × 1016 GeV. Recently, a class of
M theory vacua have been proposed which stabilize all the moduli, naturally explain the
hierarchy and are also consistent with standard gauge unification [17].

4 we actually varied it roughly from 0.1 to 10.
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There do not exist MSSM-like matter embeddings in the KKLT and large volume classes
of vacua at present. However, since many examples of MSSM-like matter embeddings have
been constructed in simpler type II orientifold constructions, one hopes that it will be possible
to also construct explicit MSSM-like matter embeddings in these vacua as well in the future.
Therefore, we take the following approach in our analysis: we assume the existence of an
MSSM matter embedding on stacks of D7-branes5 in these vacua and analyze the consequences
for low-energy observables. Having said that, it is important to understand that the assumption
of an MSSM-like matter embedding has been made only for conceptual and computational
simplicity: (a) any model of low-energy supersymmetry must at least have the MSSM matter
spectrum for consistency, so assuming the MSSM seems to be a reasonable starting point,
and (b) in addition, most of the software tools and packages available are optimized for the
MSSM. In principle, the approach advocated is completely general and can be applied to any
theoretical construction. The main point we want to emphasize is that is possible to answer
questions (A) and (B) (in the introduction) affirmatively for many classes of realistic string
constructions. Choosing a different class of vacua or the above vacua with a different matter
embedding will change the results, but not the properties that it is possible to go from classes
of semi-realistic string vacua to experimental observables and that classes of string vacua can
be distinguished on the basis of their experimental observables.

In order to illustrate better the fact that our approach works for any given theoretical
construction, we also include some other classes of constructions in our analysis. A brief
description of these constructions can be found in the appendix. These constructions are
inspired from microscopic string constructions and include some of their model building
and some of their moduli stabilization features, although not in a completely convincing and
comprehensive manner. Also, in these constructions the supersymmetry breaking mechanism
is not specified explicitly, it is only parameterized. These constructions serve as nice toy
constructions making it easy to connect these constructions to low-energy phenomenology
quickly and efficiently. Therefore, even though from a strictly technical point of view they
only have educational significance, they are still very helpful in bringing home the point we
want to emphasize.

All the string constructions studied in this work have a thing in common—the soft
supersymmetry breaking terms at the string scale are determined in terms of a few parameters.
This is in stark contrast to completely phenomenological models such as mSUGRA or minimal
gauge mediation, where the soft supersymmetry breaking terms are chosen by hand instead of
being determined from a few underlying parameters.

Although for all studied string constructions the soft terms are determined in terms of a
few underlying parameters, the KKLT and large volume constructions differ from the others
in the sense that for these constructions, the parameters which determine the soft terms are
intimately connected to the underlying microscopic theoretical structure compared to the other
constructions. From a practical point of view though, once the soft terms are determined, then
one can treat all the constructions at par as far as the analysis of low-energy observables is
concerned. This also applies if one is only interested in understanding the origin of the specific
pattern of signatures of a given construction from its spectrum and soft parameters, as is done
in sections 7.3 and 7.4. However, in order to understand the origin of the soft parameters from
the structure of the underlying theoretical construction, it makes more sense to analyze the
KKLT and large volume constructions as they are microscopically better defined6 and because

5 For concreteness.
6 In the sense that they provide an explicit mechanism of supersymmetry breaking and moduli stabilization.
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Table 1. The string pattern table results.

HM-A HM-B HM-C PH-A PH-B II-A IIB-K IIB-L

HM-A – PY PY Yes Yes Yes Yes Yes
HM-B – PY Yes Yes Yes Yes Yes
HM-C – PY Yes Yes PY PY
PH-A – Yes Yes Yes PY
PH-B – Yes Yes Yes
II-A – Yes Yes

IIB-K – Yes
IIB-L –

A ‘Yes’ for a given pair of constructions indicates that the two constructions are distinguishable in
a robust way, while a ‘No’ indicates that the two models are not distinguishable with available data
(5 fb−1 in this case). A ‘Probably Yes (No)’ means that the two models are (are not) distinguishable
in large regions of their parameter spaces.

they provide a better representation of phenomenological characteristics of classes of string
vacua. This will be done in section 7.5.

The string-motivated constructions considered in the analysis are the following:

• HM-A—Heterotic M theory constructions with one modulus.
• HM-B—Heterotic M theory constructions with five-branes.
• HM-C—Heterotic M theory constructions with more than one moduli.
• PH-A—Weakly coupled heterotic string constructions with non-perturbative corrections

to the Kähler potential.
• PH-B—Weakly coupled heterotic string constructions with a tree level Kähler potential

and multiple gaugino condensates.
• II-A—Type IIA constructions on toroidal orientifolds with Intersecting D-branes.

5. The ‘string’ benchmark pattern table results

Before we explain, we briefly summarize the results so that the reader can see the goals. The
results for the pattern table are summarized in table 1. The rows and columns constitute eight
‘string’ constructions7 analyzed in our study.

For each construction, we go from the ten or eleven-dimensional string/M theory to its
four-dimensional effective theory and then to its LHC signatures. For the string constructions
we study, the task of deducing the effective four-dimensional Lagrangian has already been
accomplished. Therefore, we use results for the description of the effective four-dimensional
theories from literature. However, barring the KKLT constructions8, none of the other
constructions have been studied to the extent that predictions for LHC observables can be
made. In this work, we have studied the phenomenological consequences of each of these
constructions in detail, and computed their LHC signatures. An LHC signature by definition
is one that is really observable at a hadron collider, e.g. number of events for n leptons, m jets
and E/T , and various ratios of numbers of events, but not (for example) masses of superpartners
or tan β. Signatures are typically of two kinds: counting signatures, as mentioned in the
examples above, and distribution signatures, e.g. the effective mass distribution, invariant
mass distribution of various objects, etc.

7 One should be aware of the qualifications made in the previous section.
8 The collider phenoemnology of large volume constructions had not been studied at the time of writing, it was
studied soon afterwards.
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Table 2. The string pattern table.

Signature A B C D E F G

Condition >1200 >25 >1.6 >0.54 >0.05 >160 GeV >0.58
HM-A OC OC OC OC OC Both OC
HM-B Both Both Both Both Both Both Both
HM-C Both Both OC Both Both Both Both
PH-A ONC N.O. OC Both ONC ONC Both
PH-B N.O. N.O. N.O. N.O. N.O. Both N.O.
II-A ONC N.O. ONC OC ONC ONC ONC
IIB-K ONC ONC OC ONC Both OC ONC
IIB-L ONC N.O. OC Both ONC ONC Both

An ‘OC’ for the ith row and j th column means that the signature is observable for many models
of the ith construction. The value of the j th signature for the ith construction is (almost) always
consistent with the condition in the second row and j th column of the table. An ‘ONC’ also
means that the signature is observable for many models of ith construction. However, the value
of the signature (almost) always does not consistent with the condition as specified in the second
row and j th column of the table. A ‘Both’ means that some models of the ith construction have
values of the j th signature which are consistent the condition in the second row and the j th column
while other models of the ith construction have values of the j th signature which are not consistent
with the condition. An ‘N.O.’ for the ith row and j th column implies that the j th signature is
not observable for the ith construction, i.e. the values of the observable for all (most) models of
the construction are always below the observable limit as defined by (1), for the given luminosity
(5 fb−1). So, the construction is not observable in the j th signature channel with the given amount
of ‘data’.

The results shown in table 1 are deduced by calculating signatures for the various
constructions and looking for signatures that are particularly useful in distinguishing different
constructions, shown in table 2. The details of the procedure involved and the kind of signatures
used will be explained unambiguously in later sections. The results are shown here so that the
interested reader can see the goals. The rows depict the string constructions used in our study
while the columns consist of useful signatures, which will be defined precisely later. The
pattern table (table 2) has been constructed for 5 fb−1 of data at the LHC, which is roughly
two years’ worth of initial LHC running. Since everyone is eager to make progress, we focus
on getting early results. More data will allow doing even better. From table 1, it can be seen
that most of the pairs can be distinguished from each other, encouraging optimism about the
power and usefulness of this analysis.

The logically simplest way to distinguish constructions on the basis of their signature
pattern would be to construct a multi-dimensional plot which shows that all constructions
occupy different regions in the multi-dimensional space. Since this is not practically feasible,
we construct two-dimensional projection plots for various pairs of signatures. For simplicity
in this initial analysis, each observable signature has been divided into two classes, based on
the value the observable takes. The observable value dividing the two classes is chosen so as to
yield good results. For a given two-dimensional plot for two signatures, we will have clusters
of points representing various constructions. Each point will represent a set of parameters
for a given construction, which we call a ‘model’. The cluster of points representing a given
construction may form a connected or disconnected region. To distinguish any two given
constructions, we essentially look for conditions in this two-dimensional plane which are
satisfied by all (most) models of one construction (represented by one cluster of points) but
not satisfied by all (most) models of the other construction (represented by the other cluster of
points). In this way, it will be possible to distinguish the two given constructions.



2002 G L Kane et al

Signature A

Si
gn

at
ur

e 
B

Condition

Construction a

Construction b

Figure 1. Cartoon to illustrate the method used to distinguish constructions.

The cartoon in figure 1 illustrates the above point in a clear way. In a given two-
dimensional plot with axes given by signatures A and B, we will in general have two clusters of
points for two given constructions a and b, as shown by the light and dark regions respectively.
If we define a condition � on the signatures A and B such that it is given by the line (or
curve in general) shown in the cartoon, then it is possible to distinguish constructions a and
b by the above set of signatures. To be clear, the above method of distinguishing theoretical
constructions has some possible technical limitations, which will be addressed in section 9.
Since the purpose here is to explain the overall approach in a simple manner, we have used the
above method. One can make the approach more sophisticated to tackle more complicated
situations, as is mentioned in section 9.

The counting signatures in table 2 denote numbers of events in excess of the Standard
Model (SM). A description of some of the SM backgrounds included is in the next section.

5.1. Simple criterion for distinguishing constructions

Based on the above pattern table, our criterion for distinguishing any given pair of constructions
(a ‘Yes’ in the pattern table) is that their respective entries are very different in at least one
column, such as an OC for one construction while an ONC or N.O. for another construction.
A Both for one construction while an OC or ONC or N.O. for another does not distinguish the
constructions cleanly. If there is only a small region of overlap between the two constructions
for all signatures, then the two constructions can be distinguished in the regions in which
they do not overlap. This would give a ‘Probably Yes (PY)’ in the pattern table, otherwise
it would give a ‘Probably No (PN)’. Similarly, an ONC for one construction and an N.O. for
another also does not distinguish the two constructions cleanly, and would give a ‘PY’ or ‘PN’
depending on their overlap. Carrying out this procedure for all constructions and signatures
gives the result in table 1. It should be kept in mind though that the result shown in table 1
is only for a simple set of signatures. Using more sophisticated signatures and analysis
techniques could give better results. Also, there are typically other useful signatures present
than what is listed in the table. We have only shown the most useful ones. In section 7, we give
a description of the useful signatures and explain why these particular signatures are useful in
distinguishing the various constructions in terms of the spectrum, the soft terms and in turn
from the underlying theoretical structure.
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6. Procedural details

In this section we enumerate the procedure to answer question (A) in the introduction, namely,
how to go from a string construction to the space of LHC signatures.

The first step concerns the spectrum of a given construction. Many of the string-motivated
constructions considered give a semi-realistic spectrum which contains the MSSM, and perhaps
also some exotics. However for simplicity, in this initial analysis we only consider the MSSM
fields because mechanisms may exist which project the exotic fields out or make them heavy.
As already explained, for the KKLT and large volume vacua, we just assume the existence of an
MSSM matter embedding. The weakly and strongly coupled heterotic string constructions are
naturally compatible with gauge coupling unification at Munif ∼ 2 × 1016 GeV, but type II-A
and type II-B constructions are not in general. One can however try to impose that as
an additional constraint even for type II constructions since gauge unification provides a
very important clue to beyond-the-Standard Model physics. Therefore, all constructions
except the large volume compactifications (IIB-L) used in our analysis either naturally predict
or consistently assume the existence of gauge coupling unification at Munif . The IIB-L
construction does not have the possibility of gauge coupling unification at Munif compatible
with having a supersymmetry breaking scale of O(TeV) [11]. The string scale for the IIB-L
constructions is taken to be of O(1010–1011) GeV in order to have a supersymmetry breaking
scale of O(TeV), making it incompatible with standard gauge unification.

In order to connect to low-energy four-dimensional physics, one has to write the effective
four-dimensional action at the string scale/eleven-dimensional Planck scale, which we will
denote by Ms . Ms will be equated to Munif for all constructions except for the large
volume compactifications (IIB-L). The four-dimensional effective action for each of these
constructions is determined by a set of microscopic ‘input’ parameters of the underlying
theory. Soft supersymmetry breaking parameters for the MSSM fields are calculated at Ms

as functions of these underlying input parameters. A description of these input parameters
can be found in section 4 for the KKLT and large volume vacua, and in the appendix for all
the string-motivated constructions. The input parameters are taken to vary within appropriate
ranges, as determined by theoretical and phenomenological considerations. In a more realistic
construction, some of these parameters may actually be fixed by the theory. Our approach
therefore is broad in the sense that we include a wide range of possibilities without restricting
too much to a particular one.

Each of the ‘models’ for a particular construction is thus defined by a list of input
parameters which in turn translate to a parameter space of soft parameters at the unification
scale. In other words, the boundary conditions for the soft parameters are determined by the
underlying microscopic constructions. As emphasized earlier, this is very different from an
ad hoc choice of boundary conditions for the soft parameters, as in many models like mSUGRA
or minimal gauge mediation.

Once the soft parameters are determined from the underlying microscopic parameters,
then the procedure to connect these soft parameters to low-scale physics is standard, namely,
the soft parameters are evolved through the renormalization group (RG) evolution programs
(SuSPECT [18] and SOFTSUSY [19]) to the electroweak scale, and the spectrum of particles
produced is calculated. For concreteness and simplicity, we assume that no intermediate scale
physics exists between the electroweak scale and the unification scale, though we wish to
study constructions with intermediate scale physics and other subtleties in the future.

Of all the models thus generated, only some will be consistent with low-energy
experimental and observational constraints. Some of the most important low-energy
constraints are
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• electroweak symmetry breaking (EWSB);
• experimental bounds for superpartner masses;
• experimental bound for the Higgs mass;
• constraints from flavor and CP physics, and
• upper bound on the relic density from WMAP [20].

In this analysis, we use tan β as an input parameter and the RGE software package
determines µ and Bµ by requiring consistent EWSB. This is because none of the constructions
studied are sufficiently well developed so as to predict these quantities a priori. In the future,
we hope to consider constructions which predict µ, Bµ and the Yukawa couplings allowing
us to deduce tan β at the electroweak scale and explain EWSB. The models we consider are
consistent with constraints on particle spectra, b → sγ [21], (gµ − 2) [22] and the upper
bound on relic density. One should not impose the lower bound on relic density since non-
thermal mechanisms can turn a small relic density into a larger one. Also, the usually talked
about lower bound on the LSP mass (∼50 GeV) is only present for models with gaugino
mass unification. There is no general lower bound on the LSP mass, especially if one also
relaxes the constraint of a thermal relic density. In our analysis, we have not imposed any
lower bound on the LSP mass. In our study at present, we have generated ∼50 models for
most constructions (∼100 models for the PH-A construction)9. This might seem too small
at first. However from our analysis it seems that the results we obtain are robust and do not
change when more points are added. For a purely statistical analysis this could be a weak
point, but because in each case we know the connection between the theory and signatures and
understand why the points populate the region they do, we expect stable results. We simulated
many more models for two particular constructions and found that the qualitative results do
not change, confirming our expectations. This will be explained in section 9.

Once one obtains the spectrum of superpartners at the low scale, one calculates matrix
elements for relevant physics processes at parton level which are then evolved to ‘long-
distance’ physics, accounting for the conversion of quarks and gluons into jets of hadrons,
decays of tau leptons,etc. We carry out this procedure using PYTHIA 6.324 [23]. The resulting
hadrons, leptons and photons have to be then run through a detector simulation program which
simulates a real detector. This was done by piping the PYTHIA output to a modified CDF fast
detector simulation program PGS [24]. The modified version was developed by John Conway,
Stephen Mrenna and others and approximates an ATLAS or CMS-like detector. The output
of the PGS program is in a format which is also used in the LHC Olympics [25]. It consists of
a list of objects in each event labeled by their identity and their 4-vector. Lepton objects are
also labeled by their charges and b jets are tagged. With this help of these, one can construct
a wide variety of signatures.

The precise definitions of jets and isolated leptons, criteria for hadronically decaying taus,
efficiencies for heavy flavor tagging as well as trigger-level cuts imposed on objects are the
same as used for the ‘blackbox’ data files in the LHC Olympics [25]. In addition, we impose
event selection cuts as the following:

• if the event has photons, electrons, muons or hadronic taus, we only select the particles
which satisfy photon PT > 10 GeV, electron, muon PT > 10 GeV, (hadronic) Tau
PT > 100 GeV.

• for any event with jets, we only select jets with PT > 100 GeV.
• only those events are selected with E/T in the event > 100 GeV.

9 However, not all 50 (or 100) models will be above the observable limit in general.



LHC string phenomenology 2005

These selection cuts are quite simple and standard. We have used a simple and relatively ‘broad-
brush’ set of cuts since for a preliminary analysis, we want to analyze many constructions
simultaneously. As mentioned before, we have simulated 5 fb−1 of data at the LHC for each
model. A small luminosity was chosen for two reasons: first, in the interest of computing time,
and second, in order to argue that our proposed technique is powerful enough to distinguish
between different constructions even with a limited amount of data. Of course, to go further
than distinguishing classes of constructions broadly from relatively simple signatures, such
as getting more insights about particular models within a given construction, one would in
general require more data and could sharpen the approach by imposing more exclusive cuts
and signatures.

In order to be realistic, one has to take the effects of the standard model background into
account. In our analysis, we have simulated the t t̄ background and the diboson (WW,ZZ) +
jets background. We have not included the uniboson (W,Z) + jets background in the interest
of time. However, from [26] we know that for a E/T threshold of 100 GeV, as has been used in
our analysis, the t t̄ background is either the largest background or comparable to the largest
one (W + jets typically). Therefore, we expect our analysis and results to be robust against
addition of the W + jets background. The criteria we employ for an observable signature is

Nsignal√
Nbkgd

> 4; Nsignal

Nbkgd
> 0.1; Nsignal > 5. (1)

These conditions are quite standard. A signature is observable only when the most
stringent of the three constraints is satisfied.

Although the steps used in our analysis are quite standard, there are at least two respects
in which our analysis differs from that of previous ones in the literature. First, our work
shows for the first time that with a few reasonable assumptions, one can study string
theory constructions to the extent that reliable predictions for experimental observables can
be made, and more importantly, different string constructions give rise to overlapping but
distinguishable footprints in signature space. Moreover, it is possible to understand why
particular combinations of signatures are helpful in distinguishing different constructions,
from the underlying theoretical structure of the constructions. Therefore, even though we
have done a simplified (but reasonably realistic) analysis in terms of trigger and selection level
cuts, detection efficiencies of particles, detector simulation and calculation of backgrounds,
we expect that doing a more sophisticated analysis will only change some of the details but
not the qualitative results. In particular, it will not affect the properties that predictions for
experimental observables can be made for many classes of realistic string constructions, and
that patterns of signatures are sensitive to the structure of the underlying string constructions,
making it possible to distinguish among various classes of string constructions.

7. Distinguishability of constructions

7.1. General remarks

For convenience, we present the signature pattern table again. As was also mentioned in
section 5, each signature has been broadly divided into two main classes for simplicity. The
value of the observable dividing the two classes is chosen so as to yield the best results. A
description of the most useful signatures is given below.

(A) Number of events with trileptons and �2 jets. The value of the observable dividing the
signature into two classes is 1200.
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(B) Number of events with clean (not accompanied by jets) dileptons. The value of the
observable dividing the signature into two classes is 25.

(C) (Y/X),10, Y = the number of events with 2 leptons, 0 b jets and �2 jets, X = the number
of events with 0 leptons, 1 or 2 b jets and �6 jets11. The value of the observable dividing
the signature into two classes is 1.6.

(D) (Y/X); Y = the number of events with 2 leptons, 1 or 2 b jets and �2 jets, X = the number
of events with 2 leptons, 0 b jets and �2 jets. The value of the observable dividing the
signature into two classes is 0.54.

(E) The charge asymmetry in events with one electron or muon and �2 jets
(
A(1)

c =
N(l+)−N(l−)

N(l+)+N(l−)

)
. The value of the observable dividing the signature into two classes is

0.065.
(F) The peak of the missing energy distribution. The value of the observable dividing the

signature into two classes is 160 GeV.
(G) Y/X; Y = the number of events with same sign different flavor (SSDF) dileptons and

�2 jets, X = the number of events with 1 tau and �2 jets. The value of the observable
dividing the signature into two classes is 0.5.

The signatures A–F turn out to be the most economic and useful in distinguishing all
constructions considered12. We have also listed signature the G as an example to show that it
is possible to construct other signatures which can distinguish among some of the constructions.
We understand that some of these signatures are not very realistic. For example, the signature
which counts the number of events with 0 leptons, 1 or 2 b jets and �6 jets is not very
realistic initially because of difficulties associated with calibrating the fake missing E/T from
jet mismeasurement in events with six or more jets. However, we have used this signature
in our analysis at this stage because it helps in explaining our results and the approach in an
economic way. Also, the fact that there are other useful signatures13 which distinguish these
constructions gives us additional confidence about the robustness of our approach. These
signatures were hand-picked by experience and by trial-and-error. Once the set of useful
signatures was collected, the next task was to understand why the above set of signatures
were useful in distinguishing the constructions based on their spectrum, soft parameters and
their underlying theoretical setup. This is the subject of sections 7.3, 7.4 and 7.5 respectively.
We hope that carrying out the same exercise for other constructions can help build intuition
about the kind of signatures which any given theory can produce. This can eventually help
in building a dictionary between structure of underlying theoretical constructions and their
collider signatures.

The above list of signatures consists of counting signatures and distribution signatures at
the LHC. The counting signatures denote number of events in excess of the Standard Model.
Naively, one would think that the number of signatures is very large if one includes lepton
charge and flavor information, and b jet tagging. However, it turns out that not all signatures
are independent. In fact, they can be highly correlated with each other, drastically decreasing
the effective dimensionality of signature space. Thus, in order to effectively distinguish

10 The ratio (Y/X) is computed only when both signatures X and Y are above the observable limit.
11 This signature is not very realistic in the first two years. Please read the discussion in this subsection as to why this
signature is still used.
12 It is important to understand that these signatures were useful in distinguishing constructions which have at least
some models giving rise to observable signatures with the given luminosity (5 fb−1).With more luminosity, many
more models of these constructions would give rise to observable signatures, so one would in general have a different
set of useful distinguishing signatures.
13 Although they may be less economical in the sense that one would need more signatures to distinguish the same
set of constructions.
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signatures, one needs to use signatures sufficiently orthogonal to each other. This has been
emphasized recently in [27]. We will see that having an underlying theoretical construction
allows us to actually find those useful signatures. Even though we have only listed a few
useful signatures in table 2, there are typically more than one (sometimes many) signatures
which distinguish any two particular constructions. This is made possible by a knowledge of
the structure of the underlying theoretical constructions.

7.2. Why is it possible to distinguish different constructions?

In view of the above comments, one would like to understand why it is possible to distinguish
different constructions in general and why the signatures described in the previous section are
useful in distinguishing the various constructions in particular.

To understand the origin of distinguishability of constructions, one should first understand
why each construction gives rise to a specific pattern of soft supersymmetry breaking
parameters and in turn to a specific pattern of signatures. This is mainly due to correlations
in parameter space as well as in signature space. Let us explain this in detail. A construction
is characterized by its spectrum and couplings in general. These depend on the underlying
structure of the theoretical construction, such as the form of the four-dimensional effective
action, the mechanism to generate the hierarchy, the details of moduli stabilization and
supersymmetry breaking, mediation of supersymmetry breaking etc. At the end of the day, the
theoretical construction is defined by a small set14 of microscopic input parameters in terms of
which all the soft supersymmetry breaking parameters are computed. Since all soft parameters
are calculated from the same set of underlying input parameters, this gives rise to correlations
in the space of soft parameters for any given construction. These correlations carry through
all the way to low-energy experimental observables, as will be explicitly seen later. The fact
that there exist correlations between different sets of parameters which have their origin in the
underlying theoretical structure allows us to gain insights about the underlying theory, and is
much more powerful than completely phenomenological parameterizations such as mSUGRA,
minimal gauge mediation, etc.

Since any two different theoretical constructions will differ in their underlying structure
in some way by definition, the correlations obtained in their parameter and signature spaces
will also be different in general. All these will in general have different effects on issues
which influence low-energy phenomenology in an important manner, such as the scale of
supersymmetry breaking, unification of gauge couplings (or not), flavor physics, origins of
CP violation, etc. These factors combined with experimental constraints allow different string
constructions to be distinguished from each other in general.

We now wish to understand why the particular signatures described in section 7.1 are
useful in distinguishing the studied constructions. In order to successfully do so, one has to
understand the relevant features of the various constructions and their implications to hadron
collider phenomenology, and devise signatures which are sensitive to those features.

In the following subsections, we explain how to distinguish the above constructions.
In principle, one could directly try to connect patterns of signatures to underlying string
constructions. However, in practice it is helpful to divide the whole process of connecting
patterns of signatures to theoretical constructions in a few parts: first, the results of the pattern
table for each construction are explained based on the spectrum of particles at the low scale;
second, important features of the spectrum of superpartners at the low scale for the different
constructions (which give rise to their characteristic signature patterns) are explained in terms
of the soft supersymmetry breaking parameters at the high scale; and third, the structure

14 If they are indeed ‘good’ theoretical constructions.
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of the soft parameters is explained in terms of the underlying theoretical structure of the
constructions.

For readers not interested in the detail in the following subsection, the main points to
take away are that any given theoretical construction only gives rise to a specific pattern of
observable signatures, and that one can understand and trust the regions of signature space
that are populated by a given theoretical construction and that such regions are quite different
for different constructions, illustrating in detail that LHC signatures can distinguish different
theoretical constructions.

7.3. Explanation of signatures from the spectrum

In this subsection, we take the spectrum pattern for different constructions as given and explain
patterns of signatures based on them. Then it is possible to treat all the constructions equally
as far as the explanation of the pattern of signatures from the spectrum is concerned. The
characteristic features of the spectrum for the constructions considered are as follows.

• HM-A—universal soft terms. Bino LSP (coannihilation region15). Moderate gluinos
(550–650 GeV), slightly lighter scalars.

• HM-B—universal soft terms. Has two (disconnected) regions. Region I similar to HM-
A. Region II either ‘focus point region’16 or ‘funnel region’17 Scalars much heavier
(>800 GeV) than gauginos in region II.

• HM-C—non-universal soft terms. Occupies a big region in signature space encompassing
the two regions mentioned for the HM-B construction. Heavy scalars. Can have bino,
wino or higgsino LSP. Spectrum and signature pattern quite complicated.

• PH-A—non-universal soft terms. Bino, higgsino or mixed bino–higgsino LSP. Bino LSP
has light gluino (<600 GeV). Higgsino or mixed bino–higgsino LSP have gluinos ranging
from moderately heavy to heavy (600–1200 GeV). Heavy scalar masses (�2 TeV).

• PH-B—non-universal soft terms. Wino and bino LSP. Light gluinos (200–550 GeV)
always have wino LSPs while heavier gluinos can have bino or wino LSPs. Comparatively
heavy LSP (can be upto 1 TeV), heavy scalar masses (�1 TeV) except stau which is
relatively light (�500 GeV).

• II-A—non-universal soft terms. Can have bino, wino, higgsino or mixed bino–higgsino
LSP. Light or moderately heavy gluino (300–600 GeV), scalar masses heavier than gluinos
but not very heavy (<1 TeV). Stops can be as light as 500 GeV. Spectrum and signature
pattern quite complicated.

• IIB-K—non-universal soft terms. Heavy spectrum (�1 TeV) in general, but possible to
have light spectrum (�1 TeV). Bino LSP18. Gluinos are greater than about 450 GeV
while the lightest squarks (t̃1) are greater than about 200 GeV. For some models, τ̃1 can
be light as well.

• IIB-L—non-universal soft terms. Mixed bino–higgsino LSP. The gluinos have a lower
bound of about 350 GeV, while the lightest squark (t̃1) has a lower bound of about
700 GeV.

As mentioned in the list of characteristic features of the spectrum above, the HM-B and
HM-C constructions roughly occupy two regions in signature space, as can be seen from
figure 2. One of these regions overlaps with the HM-A construction. This is because the

15 Explained in 7.5.
16 Explained in section 7.5
17 Explained in section 7.5.
18 We have only analyzed α > 0.
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Figure 2. Plot of number of events with opposite-sign dileptons and �2 jets and number of events
with three leptons and �2 jets. The black dot represents the lower limit of observability of the two
signatures, according to conditions in equation (1). Note that the HM-A and overlapping HM-B
and HM-C construction can be distinguished easily from the PH-A, PH-B, II-A, IIB-K and IIB-L
constructions, as they occupy very different regions. The plots are best seen in color.

HM-B and HM-C constructions contain the HM-A construction as a subset (see the appendix
for details). Since the three constructions have the same theoretical structure in a region of
their high scale parameter space, the models of the three constructions in that particular region
cannot be distinguished from each other from their signature pattern as their signatures will
always overlap. However, since the HM-B and HM-C constructions have a bigger parameter
space, they also occupy a bigger region of signature space compared to the HM-A construction.
Thus, it is possible to distinguish the HM-A, HM-B and HM-C constructions in regions in
which they do not overlap, i.e. in regions in which their underlying theoretical structure is
different. This is the origin of ‘Probably Yes (PY)’ in table 1.

Figures 2 and 3 shows two (very)19 inclusive signature plots20. One can try to explain the
differences in these signatures among the HM-A construction and the overlapping HM-B and
HM-C constructions on the one hand and the PH-A, PH-B, II-A, IIB-K and IIB-L constructions
on the other, from their spectra.

The HM-A construction and the overlapping HM-B, HM-C constructions have a
comparatively light spectrum at the low scale. These give rise to a subset of the well-known
mSUGRA boundary conditions, so after imposing constraints from low-energy physics as in
section 6, one finds that the allowed spectrum consists of light and moderately heavy gluinos,
slightly lighter squarks and light sleptons. Thus, g̃q̃ production and q̃q̃ pair production are
dominant with direct Ñ2C̃1 production also quite important.

19 Since we do not take into account the charge and flavor information for leptons, and the flavor information for jets
(whether the jets are of heavy flavor or not).
20 The figures are best seen in color.
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Figure 3. Plot of number of events with clean dileptons and number of events with clean trileptons.
‘Clean’ means not accompanied by jets. The black dot represents the lower limit of observability
of the two signatures, according to conditions in equation (1). The models below the observable
limit have not been shown. Note that the HM-A and overlapping HM-B and HM-C constructions
can be distinguished from the PH-A, PH-B, II-A and IIB-L constructions, since the latter are not
observable with the given luminosity. The plots are best seen in color.

Both squarks and gluinos ultimately decay to Ñ2 and C̃1 and since most sleptons (including
selectrons, smuons) are accessible, both Ñ2 and C̃1 decay to leptons and the LSP via sleptons.
Since the mass difference between Ñ2, C̃1 and LSP (Ñ1) is big (because of universal boundary
conditions, �MÑ2−Ñ1

,�MC̃1−Ñ1
∼ MÑ1

), most of the leptons produced pass the cuts. The Ñ2

and C̃1 by themselves are also comparatively light (<200 GeV). On the other hand, the PH-A,
PH-B, II-A and IIB-L constructions are required to have heavy scalars and gluinos varying
in mass from light to heavy. So, the Ñ2 and C̃1 produced from gluinos decay to the LSP
mostly through a virtual Z and W respectively, which makes their branching ratio to leptons
much smaller. Because of non-universal soft terms, �MÑ2−Ñ1

and �MC̃1−Ñ1
can be bigger

or smaller than in the universal case. In the PH-A, PH-B, II-A and IIB-L constructions, they
are required to be comparatively smaller, leading to leptons which are comparatively softer on
average, many of which do not pass the cuts.

For clean dilepton events, direct production of Ñ2 and C̃1 is required. The HM-A
construction and overlapping HM-B and HM-C constructions have comparatively lighter Ñ2

and C̃1, so Ñ2 and C̃1 are directly produced. On the other hand, most models of the PH-B
and II-A constructions have heavier Ñ2 and C̃1 compared to the HM-A construction, making
it harder to produce them directly. The PH-A and IIB-L constructions have some models
with light Ñ2 and C̃1, but the other factors (decay via virtual W and Z, and smaller mass
separation between Ñ2, C̃1 and LSP) turn out to be more important, leading to no observable
clean dilepton events. Therefore, the result is that none of the models of the PH-A, PH-B,
II-A and IIB-L constructions have observable clean dilepton events. Thus, it is possible to
distinguish the HM-A construction and overlapping HM-B and HM-C constructions from
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Table 3. The string pattern table.

Signature A B C D E F G

Condition >1200 >25 >1.6 >0.54 >0.05 >160 GeV >0.58
HM-A OC OC OC OC OC Both OC
HM-B Both Both Both Both Both Both Both
HM-C Both Both OC Both Both Both Both
PH-A ONC N.O. OC Both ONC ONC Both
PH-B N.O. N.O. N.O. N.O. N.O. Both N.O.
II-A ONC N.O. ONC OC ONC ONC ONC
IIB-K ONC ONC OC ONC Both OC ONC
IIB-L ONC N.O. OC Both ONC ONC Both

An ‘OC’ for the ith row and j th column means that the signature is observable for many models
of the ith construction. The value of the j th signature for the ith construction is (almost) always
consistent with the condition in the second row and j th column of the table. An ‘ONC’ also
means that the signature is observable for many models of ith construction. However, the value
of the signature (almost) always does not consistent with the condition as specified in the second
row and j th column of the table. A ‘Both’ means that some models of the ith construction have
values of the j th signature which are consistent the condition in the second row and the j th column
while other models of the ith construction have values of the j th signature which are not consistent
with the condition. An ‘N.O.’ for the ith row and j th column implies that the j th signature is
not observable for the ith construction, i.e. the values of the observable for all (most) models of
the construction are always below the observable limit as defined by (1), for the given luminosity
(5 fb−1). So, the construction is not observable in the j th signature channel with the given amount
of ‘data’.

the PH-A, PH-B, II-A and IIB-L constructions by signatures A and B in table 3 (shown in
figures 2 and 3).

The case with the IIB-K construction is slightly different. These constructions have many
models with a heavy spectrum which implies that those models do not have observable events
with the given luminosity of 5 fb−1. However, these constructions can also have light gluinos
and squarks with staus also being light in some cases. So g̃q̃ production is typically dominant
for these models. The gluinos and squarks decay to Ñ2 and C̃1 as for other constructions.
Since for many IIB-K models, the lightest stau is heavier than Ñ2 and C̃1 (even though it
is relatively lighter than in the PH-A, PH-B, II-A and IIB-L constructions), the Ñ2 and C̃1

decay to the LSP through a virtual Z and W respectively, making the branching fraction to
leptons much smaller than for the HM-A and overlapping HM-B and HM-C constructions.
In addition, the mass differences �MÑ2−Ñ1

and �MC̃1−Ñ1
are required to be smaller for the

IIB-K construction in general compared to that for the HM-A and overlapping HM-B and
HM-C constructions, making it harder for the leptons to pass the cuts. Some IIB-K models
have comparable mass differences �MÑ2−Ñ1

and �MC̃1−Ñ1
as the HM-A construction, but

they have much heavier gluinos compared to those for the HM-A construction, making their
overall cross-section much smaller. Therefore, the IIB-K construction has fewer events for
leptons in general (in particular for trileptons) compared to that for the HM-A and overlapping
HM-B and HM-C constructions, as seen from figure 2.

Region II of the HM-B construction and the non-overlapping region of the HM-C
construction (with HM-A) cannot be cleanly distinguished from the PH-A, PH-B, II-A, IIB-K
and IIB-L constructions from the above signatures. Region II of the HM-B construction
(the ‘focus point’ or ‘funnel region’ of mSUGRA) however can be distinguished from these
constructions with the help of other signatures21. The entries for the HM-B construction in

21 For example, the signatures shown in figure 4 can distinguish Region II of the HM-B construction (the HM-B
models distinct from the PH-A,PH-B,IIB-K and IIB-L region all belong to Region II) with the PH-A, IIB-K and



2012 G L Kane et al

 0

 500

 1000

 1500

 2000

 0  500  1000  1500  2000

# 
of

 e
ve

nt
s 

w
ith

 2
 le

pt
on

s,
 0

 b
-je

t a
nd

 >
=

2 
je

ts

# of events with 0 lepton, 1 or 2 b-jets and >=6 jets

Lum = 5 fb-1  HM-A
 HM-B
 HM-C
 PH-A
 PH-B
 IIB-I

 IIB-K
 IIB-L

Obs. limit

Figure 4. Plot of the number of events with 0 leptons, 1 or 2 b jets and �6 jets and number of
events with 2 leptons, 0 b jets and �2 jets. The black dot represents the lower limit of observability
of the two signatures, according to conditions in equation (1). The models below the observable
limit have also been shown to emphasize that the II-A construction has very different number of
events for these signatures compared to other constructions even without imposing the observability
constraint. Note that the PH-B and II-A constructions can be distinguished from the PH-A, IIB-K
and IIB-L constructions because they have very different slopes. The plots are best seen in color.

table 3 correspond to the overall HM-B region, which explains the ‘Both’ in all columns for
the HM-B construction. Since one can distinguish region II of HM-B with other constructions
by using other signatures as explained in the footnote, in spite of the ‘Both’ entry in table 3
one has a ‘Yes’ for the HM-B row in the appropriate columns in table 1. The non-overlapping
region of the HM-C construction is a very big region in signature space because of its big
parameter space (explained in the Appendix), making it relatively harder to distinguish it from
some of the other constructions. Since we have not found signatures cleanly distinguishing
the whole msoft-II region from some of the other constructions, we have put a ‘Probably Yes’
for the HM-C row in the appropriate columns in table 1.

Now we explain the distinguishability of the PH-A, PH-B, II-A, IIB-K and IIB-L
constructions. Figure 4 shows that the PH-B and II-A constructions can be distinguished
from the PH-A, IIB-K and IIB-L constructions (signature C in table 3)22. Figure 5 shows that
the PH-B and II-A constructions can be distinguished from each other and that the PH-A and
IIB-L constructions can be partially distinguished from each other (signature D in table 3).
To understand why it is possible to do so, we look at these constructions in detail.

IIB-L constructions. As another example, the ratio of the number of events with 0 b jets and �2 jets and number of
events with �3 b jets and �2 jets can distinguish the region II of HM-B with PH-B, II-A and IIB-K constructions.
These can be explained on the basis of their spectra, but has not been done here for simplicity. Also, the HM-B row in
table 3 has not been divided into two parts (to account for the two regions) to avoid clutter.
22 This signature may not be very realistic. However, as explained in section 7.1, it has been used here because it is
very economical and illustrates the approach in a simple manner.
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Let us start with the IIB-K construction. As explained earlier, the IIB-K construction
typically gives a heavy spectrum, although it is possible to have a light spectrum with light
gluinos and squarks (stops) with the stau also being light in some cases. So, g̃q̃ production
is typically dominant. First and second generation squarks are copiously produced. The first
and second generation squarks decay to non-b jets and the gluino also decays more to non-b
jets than to b jets because the IIB-K construction always has a bino LSP. Therefore, as seen
from figure 5, the IIB-K construction has more events with 2 leptons, 0 b jets and �2 jets
compared to those with 2 leptons, 1 or 2 b jets and �2 jets. Also, since the mass difference
between Ñ2, C̃1 and Ñ1 is only big enough for leptons to pass the cuts but not for jets to pass
the cuts, the number of events with 0 leptons, 1 or 2 b jets and �6 jets is smaller than those
with 2 leptons, 0 b jets and �2 jets, as seen from figure 4.

The PH-B construction has scalars which are quite heavy (>1 TeV). So, gluino pair
production is dominant. The branching ratio of gluinos to C̃1 + jets is typically the largest for
tan β � 20, if it is kinematically allowed [28], followed by Ñi + jets, i = 1, 2, 3, which are
smaller. This is generally true for this construction.

When the gluino is light (�550 GeV), the PH-B construction has wino LSP. Since µ is
large (>1.3 TeV), mC̃1

∼ mÑ1
. Since C̃1 and Ñ1 are wino and Ñ2 is bino, the gluino decays

mostly to non-b jets. Also, the leptons and jets coming from the decay of C̃1 to Ñ1 are very
soft and do not pass the cuts. When the gluino directly decays to Ñ1, there are no leptons and
only two jets. When the gluino is heavier (>550 GeV), the PH-B construction can have wino
as well as bino LSPs. Because of a heavier gluino, the overall cross-section goes down. For
the wino LSP case, the same argument as above applies in addition to the small cross-section
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implying even fewer lepton events. For the bino LSP case, the gluino again decays mostly
to non-b jets as C̃1 and Ñ2 are wino and Ñ1 is bino. Also, mC̃1

∼ mÑ2
but at the same time

�MÑ2−Ñ1
and �MC̃1−Ñ1

are quite small (�20 GeV), leading to soft leptons and jets many
of which do not pass the cuts. So the result is that PH-B models have very few events with
leptons and/or b jets. Therefore, as seen from figures 4 and 5, the PH-B construction does not
give rise to observable events for signatures D and E in table 3.

The PH-A construction is required to have bino, higgsino or mixed bino–higgsino LSP
with very heavy scalar masses (�2 TeV). Light gluinos (�600 GeV) have bino LSP, while
higgsino or mixed bino–higgsino LSPs have heavier gluinos (600–1200 GeV). Ñ2 and C̃1 are
also quite light (<250 GeV).

For the bino LSP case, gluinos typically decay to Ñ1, Ñ2 and C̃1 and non-b jets most of
the time compared to b jets, as Ñ1 is bino and Ñ2 and C̃1 are wino. The decays of Ñ2 and
C̃1 can give rise to leptons passing the cuts. In addition, direct production of Ñ2 and C̃1 is
also important as they are light. They can also give rise to 2 leptons, 0 b jets and �2 jets.
Therefore, in this case, one has more events with (two) leptons and non-b jets compared to
those with (two) leptons and b jets. This can be seen clearly from figure 5. The decays of Ñ2

and C̃1 also give jets (as they decay through virtual Z and W). Since the gluino is light, the
cross-section is quite big implying that there are also a fair number of events with 0 leptons,
1 or 2 b jets and �6 jets. However, the number of events with 2 leptons, 0 b jets and �2 jets
is more than with 0 leptons, 1 or 2 b jets and �6 jets due to the dominant branching ratio of
gluinos to non-b jets. This can be seen from figure 4.

For the higgsino LSP case, the gluino is comparatively heavier (600–1200 GeV), leading
to a significant decrease in cross-section. Now Ñ1, Ñ2 and C̃1 are mostly higgsino, leading
to a lot of production of b jets as the relevant coupling is proportional to the mass of the
associated quark. The fact that Ñ1, Ñ2 and C̃1 are mostly higgsino also makes their masses
quite close to each other, implying that leptons and jets produced from the decays of Ñ2 and
C̃1 to Ñ1 are very soft and do not pass the cuts. Thus, these models have very few events
with leptons. Since the jets coming from the decays of Ñ2 and C̃1 to Ñ1 are also very soft,
the PH-A higgsino LSP models also have very few events with 0 leptons, 1 or 2 b jets and
�6 jets. Therefore, these do not give rise to observable events for the signatures in figures 4
and 5.

For the mixed bino–higgsino LSP case, the gluino is again quite heavy (600–1200 GeV),
making the cross section much smaller compared to the bino LSP case. Since Ñ1, Ñ2 and C̃1

have a significant higgsino fraction, the gluinos again decay more to b jets compared to non-b
jets. The mass separation between {Ñ2, Ñ3, C̃1} and Ñ1 is such that the decays of Ñ2 and C̃1

to Ñ1 produce leptons which typically pass the cuts and jets which only sometimes pass the
cuts. Therefore, these PH-A models have few events with 2 leptons, 0 b jets and �2 jets. They
give rise to events with 2 leptons, 1 or 2 b jets and �2 jets but since the overall cross-section
is much smaller than for the bino LSP case, the number of events for the above signature for
these PH-A models is just a little above the observable limit, as can be seen from figure 5. This
is the origin of the ‘Both’ entry for signature D in the row for the PH-A construction. Because
of the small overall cross-section as well as the fact that jets produced from the decays of Ñ2

and C̃1 only sometimes pass the cuts, the number of events for 0 leptons, 1 or 2 b jets and �6
jets is also small for these PH-A models, as seen from figure 4.

The IIB-L construction always has a mixed bino–higgsino LSP, for both light- and heavy-
gluino models. The light-gluino IIB-L models have a large overall cross-section. The gluinos
decay both to non-b jets and b jets owing to the mixed bino–higgsino nature of the LSP. Also,
the mass separation between Ñ2, C̃1 and Ñ1 is not large which means that the leptons produced
from the decays of Ñ2 and C̃1 pass the cuts but the jets produced seldom pass the cuts. So,
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the IIB-L construction has many events with 2 leptons, 0 b jets and �2 jets as well as with 2
leptons 1, or 2 b jets and �2 jets but not as many with 0 leptons, 1 or 2 b jets and �6 jets, as
seen from figures 4 and 5.

From figure 5, one sees that the IIB-L construction can be distinguished partially from the
PH-A construction, leading to a ‘Probably Yes (PY)’ in the pattern table. One can understand
it as follows. As mentioned above, the IIB-L construction always has a mixed bino–higgsino
LSP while the PH-A construction has a mixed bino–higgsino LSP only when the gluino is
heavy (i.e. for a heavy spectrum). For light-gluino models, as mentioned before, the PH-A
construction has a bino LSP. Therefore, for light-gluino models, the ratio of number of events
with 2 leptons, 1 or 2 b jets and �2 jets and number of events with 2 leptons 0 b jets and
�2 jets is much more for the IIB-L construction compared to the PH-A construction. These
are the models which differentiate the IIB-L and PH-A constructions in figure 5. It turns out
that mixed bino–higgsino LSP models with heavy gluinos in both constructions have very
similar spectra23, leading to very similar signatures in all studied channels. Therefore, the
IIB-L construction and the PH-A construction are not distinguishable in this special region
of spectrum and signature space with the present set of signatures. Using more sophisticated
signatures may help distinguish these signatures more cleanly. As already mentioned before,
the PH-A construction also has models with a pure higgsino LSP. Those models have very
heavy gluinos however, leading to no observable events in figures 4 and 5.

Moving on to the II-A construction, we note that it can have a bino, wino, higgsino
or mixed bino–higgsino LSP with light to moderately heavy gluino (300–600 GeV) and
moderately heavier scalars (stops can be specially light). The spectrum and signature pattern
are quite complicated. Let us analyze all possible cases.

In this construction, the branching ratio of gluinos to C̃1 + jets is the largest as mentioned
before, since tan β � 20. For the wino LSP case, since MC̃1

∼ MÑ1
the leptons and jets from

the decays of C̃1 to Ñ1 are very soft and do not pass the cuts. The decay of the gluino to C̃1

is accompanied by non-b jets since Ñ1 and C̃1 are wino and Ñ2 is bino. So, the II-A models
with wino LSP do not give rise to observable events with leptons and/or b jets. This implies
that the signatures in figures 4 and 5 are not observable for these II-A models.

For the bino LSP case, Ñ2 and C̃1 are quite heavy (>350 GeV), sometimes being even
heavier than the gluino, in which case only the decay of gluino to Ñ1 is allowed leading
to no leptons. Even when the decays of gluino to C̃1 and Ñ2 are allowed, they are mostly
accompanied by comparatively soft non-b jets (due to kinematic reasons). Since these II-A
models are required to have Ñ2 and C̃1 much heavier than the PH-A bino LSP models, the
direct production of Ñ2 and C̃1 which could be a source of events with 2 leptons, 0 b jets and
�2 jets, is also relatively suppressed. Therefore these models do not give rise to observable
events with 2 leptons 0 b jets and �2 jets as well as with 2 leptons, 1 or 2 b jets and �2 jets.
However, there are some bino LSP II-A models which also have light squarks (stops mostly)
and light gluinos in addition to having heavy Ñ2 and C̃1 as above. For these bino LSP models,
q̃q̃ pair production is quite important. These squarks mostly decay to a gluino and quarks,
followed by the decay of the gluino to mostly the LSP and jets (both b and non-b jets). Thus,
these bino LSP II-A models have many events with 0 leptons, 1 or 2 b jets and �6 jets but no
observable events with 2 leptons, 1 or 2 b jets and �2 jets.

For the higgsino LSP case, since tan β � 20, the gluino mostly decays to C̃1 + b jets as
the associated coupling is proportional to the mass of the relevant quark. Also, in this case
Ñ1, Ñ2 and C̃1 are all higgsino like and very close to each other. So, leptons from the decays
of Ñ2 and C̃1 to Ñ1 are very soft and do not pass the cuts. Therefore II-A models with higgsino

23 This has been explicitly checked.
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LSP do not give rise to observable events with leptons and/or non-b jets. For some of these
higgsino LSP II-A models, there are still a fair number of events with 0 leptons 1 or 2 b jets
and �6 jets. This is because even though q̃q̃ pair production is less important compared to
those in bino LSP II-A models, the branching ratio of gluinos to b jets is much bigger (due to
a higgsino LSP).

For the mixed bino–higgsino LSP case, the decay of gluino to C̃1 + b jets is dominant
since C̃1 is mostly higgsino. The next important decays are to Ñ1, Ñ2 and Ñ3 + b jets followed
by a small fraction to non-b jets. The mass separation between {Ñ2, Ñ3, C̃1} and Ñ1 is such
that leptons produced can easily pass the cuts, while the jets produced sometimes pass the cuts.
Some of these mixed bino–higgsino LSP II-A models also have comparatively light squarks,
implying that q̃q̃ and q̃g̃ production are also important. The squark decays to a quark and a
gluino, followed by the usual decays of the gluino. For these models, Ñ2 and C̃1 are also light,
implying that in such cases direct production of Ñ2 and C̃1 is also possible. The decays of Ñ2

and C̃1 can give rise to events with 2 leptons, 0 b jets and �2 jets.
Therefore, the conclusion is that for II-A models with mixed bino–higgsino LSP and light

squarks, there are observable events with 2 leptons, 1 or 2 b jets and �2 jets; with 0 leptons,
1 or 2 b jets and �6 jets as well as with 2 leptons 0 b jets and �2 jets. The number of events
with 2 leptons, 1 or 2 b jets and �2 jets is greater than those with 2 leptons, 0 b jets and
�2 jets because of the dominant branching fraction of gluinos to b jets. Therefore, signature
D (the ratio of the above two types of events (figure 5)) can distinguish the II-A and PH-B
constructions as the II-A construction has observable events while the PH-B construction does
not give rise to observable events. The number of events for 0 leptons 1 or 2 b jets and
�6 jets will be larger than those with 2 leptons, 0 b jets and �2 jets, again due to the dominant
branching ratio of the gluino to b jets. So, signature C (the ratio of the above two types of
events (figure 4)) can distinguish the PH-A, IIB-K and IIB-L constructions from the II-A and
PH-B constructions. The above results can be seen from figures 4 and 5, where the qualitative
difference between the constructions is clear. The II-A models shown above the observable
limit have mixed bino–higgsino LSP with lighter squarks than in other II-A cases.

We are now left with explaining the distinguishability of the PH-A and IIB-L constructions
on the one hand and the IIB-K construction on the other. Figures 6 and 7 show that the IIB-K
construction can be distinguished from the PH-A and IIB-L constructions. The reason is as
follows. As explained earlier, the IIB-K construction can have a light spectrum with light
gluinos, light stop and sometimes a light stau. So, g̃q̃ production is typically dominant. Since
up-type squarks are produced preferentially at the LHC (as it is a pp collider), they decay
preferentially to a positive chargino C̃+

1 , which in turn decays preferentially to a positively
charged lepton l+ (in its leptonic decays). Therefore, the asymmetry in number of events with
a single electron or muon and �2 jets

(
A(1)

c

)
24 is much greater than in the case of PH-A and

IIB-L constructions where g̃g̃ pair production is dominant. There are a few IIB-K models
which have a small A(1)

c and which overlap with some PH-A models (seen in figure 6) even
though g̃q̃ production is dominant. This is due to some special features of their spectrum, such
as the lightest stop and/or the lightest stau being very light. These features either suppress
the production of C̃+

1 or suppress the decay of C̃+
1 to electrons or muons. However, as seen

from figure 7, these overlapping IIB-K models can be distinguished from the PH-A and IIB-L
constructions by the peak of the E/T distribution. This is related to the mass of the LSP. The
IIB-K constructions (which are observable with 5 fb−1) have a comparatively heavier LSP than
the IIB-L constructions in general, making the peak of the E/T distribution larger than those for

24 A
(1)
c ≡ N(l+)−N(l−)

N(l+)+N(l−)
, where for example N(l+) is the number of events with a single positively charged electron or

muon and �2 jets.
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Figure 6. Plot of the charge asymmetry in events with a single electron or muon & �2 jets & the
ratio of number of events with same sign different flavor (SSDF) dileptons and �2 jets and number
of events with 1 tau and �2 jets. The models which are below the observable limit as defined
by (1) are not shown. Note that the IIB-K construction can be distinguished from the PH-A and
IIB-L constructions, as the former occupies a mostly horizontal region while the latter occupy
a mostly vertical region. The overlapping IIB-K and PH-A models can be distinguished from
figure 7. The plots are best seen in color.

the IIB-L constructions25. The PH-A models which overlap with the small A(1)
c IIB-K models

have bino LSPs which are lighter than that of the IIB-K models. So, the PH-A models have a
smaller E/T peak than the overlapping IIB-K models in figure 6, as can be seen from figure 7.
We have thus explained the distinguishability of all constructions based on the spectrum at
the low scale. Typically, there are more than one (sometimes many) signatures which can
distinguish any two given constructions. This redundancy gives us confidence that our analysis
is robust and that the conclusions will not be affected with more sophisticated analysis. For
simplicity, we have only explained one signature distinguishing a pair of constructions but all
such signatures can be understood similarly.

7.4. Explanation of spectrum from the soft parameters

We now turn to understanding the origin of the spectrum of particles at the low scale (which
are responsible for the signature pattern) for the constructions in terms of pattern of soft
parameters. For illustrative purposes, we carry out this exercise for two constructions: the
HM-A construction and the PH-B construction. If we take the soft parameters at the string (or
unification) scale as given, then it does not matter that these are really only toy constructions.
The kind of analysis carried out for these constructions below can also be carried out for more
well-motivated constructions such as the KKLT and large volume ones, as well. However, to
go to the final step, i.e. from the soft parameters to the structure of the underlying theoretical

25 This is because the IIB-K models with a light spectrum have the lightest stop correlated with the mass of the LSP
(mt̃1 � mÑ1

) [13]; t̃1 cannot be too light, else it would be directly seen at the Tevatron.
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construction, it makes sense to stick to the more well-motivated constructions: the KKLT and
large volume constructions, as we will in the following subsection.

Starting with the HM-A construction, one would like to understand its characteristic
spectrum, namely mg̃ ∼ mq̃ > ml̃ . Why does the gluino mass lie in the range 550–650 GeV?
We note that the HM-A construction is a heterotic M theory construction compactified on a
Calabi–Yau with only one Kähler modulus. This implies that the soft terms obtained at the
unification scale are universal [29]. Thus, the soft terms obtained at the unification scale are
a special case of the well-studied mSUGRA boundary condition. Now, phenomenological
studies of the mSUGRA boundary condition have shown that in order to get a small relic
density (satisfying the WMAP upper bound26), there are three allowed regions in the m − M

plane [30]27. Here m stands for the universal scalar mass parameter while M stands for the
universal gaugino mass parameter. These three regions are as follows.

• The stau coannihilation region. In this region, the stau is almost degenerate with the LSP
which is a bino. One gets an acceptable relic density because of coannihilation of the stau
and the LSP to a tau. This requires m < M with m roughly between 100 and 150 GeV
and M roughly between 150 and 300 GeV (assuming A0 = 0).

• The focus point region. This region requires a large scalar mass parameter (m > M) at
the unification scale, and gives rise to a higgsino LSP with acceptable relic density.

• The funnel region. In this region, the LSP is annihilated by a s-channel pole, with
mLSP ≈ mA/2. This also requires m > M .

26 Typically, a lower bound on the relic density is also imposed. However, we have only used the upper bound in our
analysis, as explained in section 6. The area covered by the three regions can change depending on whether a lower
bound is also imposed.
27 One usually assumes A0 = 0 in these plots.
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In the case of the HM-A construction, the soft mass parameters always have the hierarchy
M > m [29], which implies that only the stau coannihilation region is possible for the HM-A
construction. Also, the allowed ranges for the m and M parameters roughly explains the mass
scale of the gluino and squarks at the low scale from standard RG evolution. Therefore, one
has to now understand the origin of the allowed values of the m and M parameters from the
nature of the expressions for soft terms and the ‘theory’ input parameters.

The expressions for the soft terms depend on three input parameters: the goldstino angle
θ , the gravitino mass m3/2 and the parameter α(t + t̄ ) with t as the Kähler modulus, in addition
to tan β. For further details, the reader is referred to [29]. The expressions for the soft
parameters are given by

M =
√

3Cm3/2

(s + s̄) + α(t + t̄ )

{
(s + s̄) sin(θ) e−iγs +

α(t + t̄ )√
3

cos(θ) e−iγt

}

m2 = V0 + m2
3/2 − 3m2

3/2C
2

3(s + s̄) + α(t + t̄ )

{
α(t + t̄ )

(
2 − α(t + t̄ )

3(s + s̄) + α(t + t̄ )

)
sin2(θ)

+ (s + s̄)

(
2 − 3(s + s̄)

3(s + s̄) + α(t + t̄ )

)
cos2(θ)

− 2
√

3α(t + t̄ )(s + s̄)

3(s + s̄) + α(t + t̄ )
sin(θ) cos(θ) cos(γs − γt )

}

A =
√

3Cm3/2

{
−1 +

3α(t + t̄ )

3(s + s̄) + α(t + t̄ )
sin(θ) e−iγs

+
√

3

(
−1 +

3(s + s̄)

3(s + s̄) + α(t + t̄ )

)
cos(θ) e−iγt

}
(2)

where we are using the following parameterization, which define F-terms for the moduli [31]:

F s =
√

3m3/2C(s + s̄) sin(θ) e−iγs

F t = m3/2C(t + t̄ ) cos(θ) e−iγt

C2 = 1 +
V0

3m2
3/2

.

(3)

The ratio of the scalar to the gaugino mass parameter r ≡ m/|M| is shown in the first plot in
figure 8 as a function of the goldstino angle θ . For the stau coannihilation region, the ratio
r has to be roughly 0.5–0.6. We see that for this value of r, one set of allowed values of
θ lie near 0, π, 2π for all allowed values of α(T + T̄ ). This means that the supersymmetry
breaking is moduli dominated (Fs ≈ 0). In addition, there also exist other values of θ which
are closer to

(
1
2π, 3

2π
)

rather than to (0, π, 2π). However, these values are ruled out by
constraints on low-energy phenomenology, as the trilinear parameter A0 for these values is
pretty large, as seen from the second plot in figure 8. This is because a very large value of
the trilinear parameter makes the scalar mass squared run negative at the low scale and also
causes problems for EWSB. Once the correct ratio r of the gaugino mass parameter to the
scalar mass parameter is obtained, one can get their correct absolute scales by tuning m3/2 as
all the soft parameters are proportional to them. One thus gets a gluino in the 550–650 GeV
range. The allowed values of m3/2 lie in the TeV range.

Moving on to the PH-B construction, one would again like to understand the origin of
the characteristic features of its spectrum, namely heavy squarks (�1 TeV), moderately heavy
sleptons except the stau which is considerably lighter, and gluinos which can vary from being
light (250–450 GeV) to heavy (�1000 GeV). Light gluinos (<450 GeV) in this construction
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Figure 8. Left: the ratio r ≡ m/|M| as a function of θ for four different values of α(T + T̄ )

represented by various curves. Right: the universal soft parameters as a function of θ for
α(T + T̄ ) = 1.5. The solid curve stands for trilinears, dotted dashed curve for scalars and
dashed curve for gauginos.

always give rise to a wino LSP while the heavier ones give rise to bino or wino LSPs, as we
explain below.

The PH-B construction is a weakly coupled heterotic string construction with a tree level
Kähler potential and two gaugino condensates. The soft terms for this construction depend
on the ‘theory’ input parameters: the gravitino mass m3/2, the Green–Schwarz coefficient δGS

and the vev of the Kähler modulus t, in addition to tan β. In these kind of constructions, it
was further noted that a minimum with Fs = 0 and Ft �= 0 is preferred with t being stabilized
at values slightly greater than 1. For details, refer to [32]. The result is that all soft terms are
zero at tree level. The expressions for the soft parameters are approximately given by [34]

Ma ≈ g2
a

2

[(
2

δGS

16π2
+ ba

)
G2(t, t̄) + 2bam3/2

]
; G2(t, t̄) ≡

(
2ζ(t) +

1

t + t̄

)

m2
i ≈ γim

2
3/2

Aijk ≈ m3/2(γi + γj + γk),

(4)

where ζ(t) is the Riemann zeta function. The dominant contribution to the soft scalar mass
parameters is proportional to the gravitino mass with the proportionality constant being the
anomalous dimension of the respective fields (γi). Since the anomalous dimension of the
quarks is bigger than that of the leptons, the squarks turn out to be heavier than the sleptons.
Also, the anomalous dimension of the stau (τ̃ ) is the smallest (smaller by a factor of about 3
compared to that for Q̃3), leading to the stau as the lightest slepton. To get the absolute scale
correct, one has to realize that soft terms in this case arise from one loop contributions. Thus,
they are suppressed and therefore need a much heavier m3/2(∼20 TeV) in order to evade the
chargino, neutralino and Higgs mass lower bounds. This is the reason for the heavy squarks,
moderately heavy sleptons and a light stau at the low scale.

For the gaugino sector, it is instructive to look at the plots of the variation of gaugino
mass parameters as a function of Re(t) and the ratio of bino and wino mass parameter

(
M1
M2

)
as functions of Re(t) for a given value of δGS and m3/2. Choosing different values of δGS

does not change the qualitative feature of the plots. Since all gaugino mass parameters are
proportional to m3/2, changing m3/2 changes the overall scale of all gaugino mass parameters.
We first explain why light gluinos give rise to a wino LSP while heavier ones to a bino LSP for
a fixed m3/2. We then consider the effects of changing m3/2. The first plot in figure 9 shows



LHC string phenomenology 2021

Figure 9. Left: plots for gaugino mass parameters as a function of Re(t). The solid curve stands
for M3, dotted-dashed for M2 and dashed for M1. Right: the ratio M1/M2 as a function of Re(t).
Re(t) varies from 1 to 1.5. The plots are shown for a given value of δGS and m3/2. δGS is −15 and
m3/2 is 20 TeV.

that the gluino mass parameter is the smallest of the three (taking the sign into account) at
the unification scale. This arises from the fact that the combination (G2(t, t̄) + 2m3/2) in (4)
is negative and the one loop beta function coefficient b3 is the largest for M3 [34]. From the
second plot, we see that ratio M1

M2
is greater than 2 for Re(t) smaller than a certain value, which

is around 1.4 for the value of δGS chosen in the figure. Since we roughly have

M1low ≈ 0.45M1unif ;M2low ≈ 0.9M2unif , (5)

it implies that if the ratio
M1unif
M2unif

is greater than 2, we have M1low > M2low , leading to a wino
LSP. Therefore for Re(t) smaller than a certain value (1.4 in the figure), one obtains a wino
LSP while for greater values of Re(t) one obtains a bino LSP. From the first plot, one now
sees that for values of Re(t) smaller than the critical value, the gluino mass is quite small at
the unification scale. Thus for a given m3/2, PH-B models with small gluino masses have
wino LSPs while those with heavy gluinos have bino LSPs. If we now change the gravitino
mass, we change the overall scale of the gaugino mass parameters. Since the scalars are also
proportional to m3/2, it is not possible to make m3/2 very small as the Higgs mass bound
will be violated. But one can have a large gravitino mass giving rise to a large gluino mass,
with both wino and bino LSPs. Bino LSP models however have heavier gluino masses than
those with wino LSP as M3 is bigger for the bino LSP models, as explained above. One also
finds that for Re(t) around a particular value (∼1.2 in the left plot of figure 9), the gluino
mass almost vanishes leading to a gluino LSP at the low scale, which is not considered in our
analysis. Therefore that region in Re(t) is not allowed. Another region which is not allowed
by low-energy constraints is the region near Re(t) = 1, where M2 becomes very small, leading
to incompatibilities with the lightest chargino and LSP bounds.

7.5. Explanation of soft parameters from the underlying theoretical construction

One finally needs to explain the structure of soft terms (which explains the spectrum pattern
and hence the signature pattern) from the structure of the underlying theoretical construction.
This would complete the sequence of steps to go from LHC signatures to string theory. As
explained before, we carry out this exercise for the KKLT and large volume constructions, since
they are well defined from a microscopic point of view, and have a reasonably well-understood
mechanism of supersymmetry breaking and moduli stabilization.
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Both of the constructions have complex structure moduli and dilaton stabilized by turning
on generic fluxes. The Kähler moduli are stabilized by including non-perturbative corrections
to the superpotential. In large volume (IIB-L) vacua, a certain kind of α′ correction is also
taken into account in the scalar potential unlike that in the KKLT (IIB-K) vacua. In type
IIB-K constructions, the flux superpotential has to be fine-turned so as to give a small (∼TeV)
gravitino mass. For the IIB-L construction however, no fine-tuning of the flux superpotential
is required. This gives rise to a relatively low (intermediate scale) string scale if one wants a
small gravitino mass.

The common feature of these two constructions is that the Kähler moduli are stabilized
mostly by non-perturbative corrections. This leads to a particular feature in the gaugino sector.
It was shown in [16] that the gaugino masses are suppressed relative to the gravitino mass
(∼m3/2/ln(mpl/m3/2)) in all type IIB vacua with matter residing on stacks of D7-branes and
with all Kähler moduli stabilized mostly by non-perturbative corrections to the superpotential.

For the IIB-K constructions studied mostly in the literature, there is only one overall Kähler
modulus, the F-term of which is suppressed. Since both the scalar masses and trilinear terms
are proportional to this F-term, they are both suppressed relative to the gravitino in the IIB-K
construction [13]. Anomaly mediated contributions to soft terms have to be added as they are
comparable with those at tree level, leading to mixed modulus-anomaly soft supersymmetry
breaking terms. The above feature survives for cases with more Kähler moduli, if all of
them are stabilized mostly by non-perturbative effects [33]. On the other hand, the IIB-L
constructions require the presence of a large volume limit—this means that the Calabi–Yau
manifold must have at least two Kähler moduli—one of which is small (Ts) and the other is
big (Tb) [11]. The presence of the perturbative α′ correction in the Kähler potential gives a
contribution to the scalar potential of the same order as the non-perturbative corrections for the
‘big’ Kähler modulus, in contrast to that in the IIB-K construction. The F-term of the small
Kähler modulus (Fs) is suppressed by ln(mpl/m3/2), while that of the big Kähler modulus
(Fb) is not suppressed. Since only D7-branes wrapping the small 4-cycle (represented by
the small modulus) give a reasonable gauge coupling, the visible sector gaugino masses are
proportional to Fs and are suppressed relative to m3/2. However both Fs and Fb enter into
the expression for scalar masses and trilinear terms. Since Fb is not suppressed, therefore for
the IIB-L construction, only the gaugino sector has mixed modulus-anomaly terms, with the
scalars and trilinears generically of the same order as the gravitino mass. This characteristic
feature is also true for Calabi–Yau with more Kähler moduli provided they admit a large
volume limit, though the explicit soft terms are hard to obtain. Another difference between
the IIB-K and IIB-L constructions is that the soft terms for the IIB-K construction are first
computed at the unification scale (∼1016 GeV) while those for the IIB-L construction are
computed at the intermediate string scale (∼1011 GeV).

The above analysis thus explains the origin of the pattern of soft parameters in terms
of the structure of the underlying theoretical construction for the two constructions which
leads to a distinguishable signature pattern at the LHC. The important thing to take home from
this analysis is that different constructions lead to different effective actions and therefore to
different expressions for the soft terms in terms of the underlying microscopic input parameters.
In addition, the relations among the different soft parameters

(
Ma,m

2
i and Aijk

)
also change

for different constructions. Therefore, a proper understanding of these relations and their
implications for relevant features of the phenomenology is the key to relating high scale
theory and data. In this sense, we think that the approach advocated here is likely to work
even if one has much more realistic constructions from different parts of the M-theory amoeba
which stabilize all the moduli, generate a stable hierarchy and also give a realistic spectrum
and couplings.



LHC string phenomenology 2023

8. Distinguishing theories qualitatively

In the previous section, we analyzed the eight constructions in great detail. In particular,
we computed the LHC signatures of these constructions and understood the origin of these
signatures from features of the theoretical constructions. It is worthwhile asking whether one
can abstract important lessons from this exercise so that one could use them to analyze other
classes of constructions, and to draw qualitative reliable conclusions from data.

For example, one could try to first extract relevant phenomenological features of the
effective beyond-the-Standard Model theory from data and then focus on classes of M theory
vacua which give rise to those particular features. This alternative may also be more helpful to
people who are interested primarily in understanding general features of beyond-the-Standard
Model (BSM) physics from LHC data rather than connecting it to an underlying high scale
theory like string theory. From our studies, we find that a combination of features of any
construction crucially determine the broad pattern of LHC signatures. For concreteness, we
write our results in the framework of low-scale supersymmetry as BSM physics, similar results
will hold true for other approaches as well. The important features we find28 are as follows.

• The universality (or not) of gaugino masses at the unification (or compactification) scale.
• If gauginos are non-universal, the origin of the non-universality, i.e. whether the non-

universality is present at tree-level itself as opposed to arising mostly due to one-loop
anomaly mediated contributions.

• If gauginos are non-universal, the hierarchy between M1,M2,M3 and µ.
• The relative hierarchy between the scalars and gauginos at the string scale, i.e. whether

the scalars are of the same order as the gauginos as opposed to being heavier or lighter
than the gauginos.

• Nature and content of the LSP.
• Hierarchy among scalars at the string scale, particularly third family vs the first and second

families.

Some comments are in order. These features are not always independent of each other.
For example, the hierarchy between M1,M2 and M3 determines the nature of the LSP
(combined with a knowledge of µ). Also, if tree-level gaugino masses are small so that
non-universality arises only due to the anomaly mediated contributions, then the gauginos
are typically suppressed relative to the scalars and the hierarchy between M1,M2 and M3 is
fixed. Another important fact which should be kept in mind is that a combination of all the
features above gives rise to the observed pattern of LHC signatures, not just a particular one.
Therefore, once one obtains data, the task boils down to figuring out the correct combination
of ‘relevant features’ which reproduces the data (at least roughly). Let us explain this with two
examples: the HM-A construction and the IIB-L construction. Since we are only concerned
with relevant features of the effective BSM theory, all constructions considered can be treated
equally.

The HM-A and overlapping HM-B and HM-C constructions have universal gaugino
masses at the unification scale and have a bino LSP. They also have scalars of the same order
as the gauginos at the unification scale, so RGE effects make the scalars (the third generation
in particular) lighter than the gauginos at the low scale. This combination of ‘relevant features’
determines the broad pattern of LHC signatures for these constructions. Since the gauginos
are universal at the unification scale, the ratio of M1,M2 and M3 at the low scale is 1 : 2 : 7,
which controls the lower bound on the gluino mass and the LSP mass due to experimental
constraints on the chargino mass. Also, since scalars are slightly lighter than gluinos at the

28 There could be more such features.
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low scale, both g̃q̃ and q̃q̃ pair production are comparable. The fact that the LSP is bino-like
is also due to universal gaugino masses as well as the fact that the scalars are comparable
to gauginos at the unification scale. A bino LSP can then reduce its relic density by stau
coannihilation, which can only happen if the stau is light and almost degenerate with the LSP.
All these factors give rise to a very specific set of signature pattern, as analyzed in section 7.3.

In contrast, the IIB-L construction has a different set of ‘relevant features’ which determine
its broad pattern of LHC signatures and also allow it to be distinguishable from the other
constructions. The gaugino masses are non-universal at the string scale29 and the scalars are
heavier than the gauginos at the low scale30. One also a mixed bino–higgsino LSP in this case.
Since the scalars are heavier than the gauginos, g̃g̃ pair production is the dominant production
mechanism. Also, the only way to decrease the relic density of a bino-like LSP is to have a
significant higgsino fraction as the stau (or stop) coannihilation channel is not open. Again,
these features result in a very specific set of signature pattern, as analyzed in section 7.3.

We therefore see that the features mentioned above are crucial in determining the pattern
of signatures at the LHC. Having said that, it is important to remember that these features
only determine the broad pattern of LHC signatures and one needs more inputs to explain the
entire signature pattern in detail.

9. Possible limitations

One may raise questions about a few aspects of our analysis. The first concerns the sampling of
the parameter space of each construction. One may worry that by only considering ∼50 models
(∼100 for the PH-A construction)31, the parameter space of each construction is sampled very
sparsely and adding more models could qualitatively change the overall signature pattern of
the constructions. We think however, that it is reasonable to expect that is not true.

This is because, as explained in the previous sections, we have outlined the origin of the
pattern of signatures of the various constructions on the basis of their spectrum and in turn
on the basis of their underlying theoretical setup. Since the dependence of the soft terms on
the microscopic input parameters as well as relations between the soft terms are known and
have been understood, we expect our results for the pattern table to be robust even when the
parameter space is sampled more densely. This will be strictly true only if one understands
the theoretical construction well enough so that one has a ‘representative sample’ of the entire
parameter space of that construction. We expect this to be true for our constructions. In
order to confirm our expectation, we simulated ∼400 models for the PH-A construction and
∼100 for the IIB-K construction and we found that the results obtained with ∼100 (and ∼50)
models did not change when other models were added in our analysis. This can be seen from
figures 10 and 11 as well as figures 12 and 13. The other signatures also do not change the
final result. In the future, we plan to do a much more comprehensive analysis with a dense
sampling of the parameter space for all the other constructions.

Another possible objection could be that the procedure of dividing a signature into two
classes arbitrarily and distinguishing them on the basis of falling into one class or the other is
too naive and may lead to misleading results arising from intrinsic statistical uncertainties and
background uncertainties in the value of each signature and impreciseness of the boundary.
While this is a valid concern in general, we think that this does not affect the main results of
our analysis at this level. This can again be attributed to the fact that the pattern of signatures
is understood on the basis of their underlying theoretical structure. We are also encouraged

29 One does not have standard gauge unification at 2 × 1016 GeV in these models with W0 = O(1) [11].
30 This implies that the scalars are also heavier than the gauginos at the string scale.
31 Not all 50(or 100) models simulated will be above the observable limit in general.
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Figure 10. Plot of the number of events with 1 lepton and �2 jets and number of events with
opposite sign dileptons and �2 jets, each sampled with ∼50 models, except PH-A (∼100 models).
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Figure 11. The same plot as in figure 10, in which the IIB-K construction is sampled with ∼100
models and the PH-A construction with ∼400 models.

as there are typically more than one (sometimes many) signatures distinguishing any two
particular constructions.
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Figure 12. Plot with the x-axis showing number of events with 2 leptons, 0 b jets and �2 jets, and
the y-axis showing the number of events with 2 leptons, 1 or 2 b jets and �2 jets each sampled
with ∼50 models, except PH-A (∼100 models).

Another possible limitation which one could point out is that distinguishing theoretical
constructions on the basis of two-dimensional signature plots is not very powerful. Since
we are only looking at various two-dimensional projections of a multi-dimensional signature
space, it is possible that two different theoretical constructions occupy different regions in
the multi-dimensional signature space even though they overlap in all the two-dimensional
projections. One would then not be able to cleanly distinguish two constructions by this
approach even though they are intrinsically distinguishable. However, one can get around
this limitation by tagging individual models of each theoretical construction. It would then
be possible to figure out if two different constructions are distinguishable even if they overlap
in all two-dimensional signature plots. As already noted in section 5, our purpose was to
outline the approach in a simple manner. It is clear that the approach has to be made more
sophisticated for more complicated situations.

For a mathematically precise way of distinguishing pairs of constructions, one could use
the following procedure. Imagine dividing the parameter space of the two constructions into
a coarse grid with coordinates given by their parameter vectors �x. For example, for the PH-A
construction, �x = {m3/2, anp, tan(β)} [34]. We can then construct a χ2-like variable defined
as follows:

(�S)AB = min{�x,�y}
nsig∑
i=1

(
si
A(�x) − si

B(�y)

σ i
AB

)2

, (6)

where A and B stand for the two constructions, si stands for the ith signature and σ i
AB stands

for the error bar assigned between the A and B constructions for the ith signature. σ i
AB can be

determined from statistical errors of the ith signature for constructions A and B as well as the
standard model background error for the ith signature.
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Figure 13. The same plot as in figure 12, in which the IIB-K construction is sampled with ∼100
models and the PH-A construction with ∼400 models.

Since we minimize with respect to the parameter vectors �x and �y of the two constructions,
equation (6) can be geometrically visualized as the ‘minimum distance squared’ in the full
multi-dimensional signature space between the two constructions A and B with an appropriate
‘metric’32, and serves as a measure of the difference between the two constructions A and
B. Carrying out the minimization procedure in practice is quite a non-trivial task, especially
when the parameter vectors have many components, as the time required to complete the
minimization procedure in a satisfactory way is too large. However techniques have been
introduced to get around this problem, for example see [35]. In the future, we plan to do a
comprehensive analysis with more statistics and a precise method to distinguish models, as
explained above.

Finally, one might object to the approach of figuring out experimental predictions for
various classes of underlying theoretical constructions and distinguishing different theoretical
constructions from each other before actual data, instead of the more ‘standard’ approach
of comparing each theoretical construction with actual data. Many reasons can be given in
this regard. From a conceptual point of view, this approach fits will with the philosophy
of addressing the inverse problem in a general framework. It is also crucial to addressing
the question of predictivity of an underlying theory like string theory in general and the
particular string vacuum we live in, in particular. From a more practical point of view,
studying the various subtle aspects of connecting an underlying theoretical construction with
collider signatures is quite a non-trivial and subtle exercise and requires considerable time
and investment. It is therefore very helpful to build knowledge and intuition in this regard
and be prepared for actual data. Carrying out this exercise could help discover important
properties of the low-energy implications of various classes of theoretical constructions, in

32 The inverse square of the error σ i
AB acts like the metric in signature space.
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turn pointing to new classes of collider observables as well as helping design new analysis
techniques.

10. Summary and future directions

In this work, we have tried to address the goal of learning about the underlying theory from
LHC data—the deeper inverse problem. We have proposed an approach by which it can be
shown that the two prerequisites to addressing the deeper inverse problem, namely, (a) To
reliably go from a microscopic theory to the space of experimental observables, and (b) To
distinguish among the various classes of microscopic theoretical constructions on the basis
of their experimental signatures, can be satisfied for many semi-realistic string constructions
which can be described within the supergravity approximation. In our opinion, the paper is
seminal in the sense that it proposes a new way of thinking about fundamental theory, model
building and collider phenomenology such that there is a better synergy between each of these
subfields. Perhaps the most important result, which has never before been presented, is that
different classes of string constructions give finite footprints in signature space and that different
string constructions give practically overlapping but different and distinguishable footprints.

The reason it is possible to distinguish theoretical constructions is that patterns of
experimental observables (for e.g. signatures at the LHC) are sensitive to the structure of
the underlying theoretical constructions, because of correlations (see section 7.2). More
precisely, this means that a given theoretical construction occupies a finite region of signature
space which is in general different from another theoretical construction. Moreover, the
origin of this difference can be understood from the underlying structure of the construction.
Therefore, even though we have carried out a simplified analysis in terms of the imposition of
cuts, detection efficiencies of particles, detector simulation and calculation of backgrounds, we
still have confidence in the robustness of our results. We have analyzed two classes of string
vacua and six other string-motivated constructions in detail. The point of this exercise was to
illustrate our approach, the same procedure should be carried out for more classes of realistic
vacua so that the procedure becomes more-and-more useful. If the approach fails, it will not
be because of these and similar issues discussed above, but rather because many regions of
the entire M theory amoeba cannot yet be analyzed by the approach we use. However, we
think that rather than giving up ahead of time, the best attitude is to continue to expand both
theoretical understanding and our approach, and confront them with data.

There are two directions in which the approach advocated in this paper can be generalized
and sharpened further. The first concerns theoretical issues. Efforts should be made to go
beyond toy models focussing on few aspects of theory and phenomenology to more holistic
ones that address (if not solve) all of the issues an underlying string theoretic construction
might be expected to explain. For instance, a better understanding of the theory can fix some
(or all) of the microscopic input parameters of a given construction, increasing the predictivity
of the construction. The approach advocated by Douglas and Taylor, namely to look for
correlations in the space of observables by analyzing different classes of vacua is very similar
to our approach in principle [36].

The second concerns the analysis and interpretation of data and its connection to the
underlying theory. Creative thinking is needed in identifying collider observables which more
directly probe the key features of the beyond-the-Standard Model (BSM) Lagrangian and
its connection to the underlying theory. We were able to identify some useful observables
by examining specific constructions. In addition, one should find ways in which observables
from all fields—collider physics, flavor physics, cosmology, etc—could be used in conjunction
to distinguish among, and favor or exclude, many classes of string constructions in a quick
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and robust manner. Our proposed technique is very useful in this regard as it is very easy
to add non-collider observables, such as from flavor physics, cosmology, etc to the collider
observables such that they are all treated in a uniform manner.

It is important to understand that the proposed approach should be applied at various
stages, with different tools and techniques useful for each stage. The first stage would consist
of distinguishing many classes of constructions with limited amount of data by using simple
signatures and simple analysis techniques. This has the advantage that one can rule out various
classes of constructions with relative ease. However, in order to go further, it is important
to develop more specialized analysis techniques and use more exclusive signatures. This is
best done in subsequent stages, when one zooms in to a more limited set of constructions
and also obtains more data. Since one has better statistics, one can use optimized and more
exclusive signatures as well as use more sophisticated analysis techniques to get more detailed
information about the constructions. Many of these sophisticated analysis techniques already
exist in the literature [37], although they have been applied to very special scenarios like
minimal supergravity, minimal gauge mediation, etc. One would now need to apply similar
techniques (suitably modified) to the set of constructions consistent with limited data. Also, in
the past year, a lot of progress has been made toward uncovering the low-energy spectrum and
parameters from (simulated) LHC signatures in the form of ‘blackboxes’ constructed by some
groups. This has been the program of the LHC Olympics Workshops in the past year [38].

Combining these sophisticated techniques with (some) knowledge of the connection
between theoretical constructions and data obtained in the first stage, we hope that one can
further distinguish the remaining constructions, learn more about underlying theoretical issues,
like supersymmetry breaking and mediation, moduli stabilization, inflation, etc.

On a more philosophical note, we understand that in many cases the structure of string
theory is not understood well enough to permit a connection to low-energy physics in general
and collider data in particular. In such a situation, we think that the most useful approach
one can take is to compute predictions for low-energy experimental observables for as many
classes of realistic string vacua as possible and try to learn how information from experimental
data may favor some regions of the M-theory amoeba over others. Doing so will lead to
learning more about string theory, and could be crucial to learning how or if string theory can
be related to the real world.
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Appendix. Description of ‘String-motivated’ constructions

Here we give a description of the string motivated constructions used in our study. As stated
earlier, we work in the framework of string theory giving rise to semi-realistic constructions
with low-energy supersymmetry. Taking the extraordinary (apparent) unification of gauge
couplings in the MSSM to be an important clue to fundamental physics, we only consider
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constructions which can lead to unification of gauge couplings33. In addition for simplicity, in
this paper we assume that the low-energy spectrum is that of the MSSM with no intermediate
scale physics between the TeV scale and the unification scale.

The constructions used in our study come from different corners of the string/M theory
amoeba. As explained in section 4, these constructions are not complete from a theoretical
point of view, especially because aspects of moduli stabilization and supersymmetry breaking
have not been taken into account in a comprehensive manner. Supersymmetry breaking, for
instance, is only parameterized. The constructions are described below:

A.1. Weakly coupled heterotic string constructions

Weakly coupled heterotic string constructions are the oldest branch of string phenomenology,
with many papers in the literature [39]. A good review of the subject can be found in [40]. In
most examples of such constructions, one compactifies on a six-dimensional toroidal orbifold
with N = 1 SUSY and calculates the exact spectrum and some couplings. Many examples
are known, with a spectrum close to that the MSSM, albeit with some exotics. There are
also constructions with compactifications on Calabi–Yau, although one has less control on the
spectrum and couplings. The effective Lagrangian thus obtained is given by N = 1, d = 4
supergravity, which is encoded by three functions: the Kahler potential (K), the superpotential
(W) and the gauge kinetic function (f ). These functions depend in general on moduli fields
which basically parametrize the size and shape of the compactified dimensions. Among the
moduli fields is the dilaton which is unique in the sense that it appears at low energies in a
uniform way. Its vacuum expectation value gives the value of the string coupling constant
(gstr ). For the weakly coupled heterotic string, it also represents the tree level value of the
gauge kinetic function.

A.2. Constructions with non-perturbative contributions to the Kähler Potential

In this class of constructions, one considers compactification on a toroidal orbifold withN = 1
SUSY and a spectrum similar to that of the MSSM. The SUSY breaking mechanism is thought
to be provided by the non-perturbative phenomenon of gaugino condensation which generates
a non-perturbative superpotential for the dilaton. The susy breaking mechanism in the closed
string (moduli) sector is mediated to the visible sector by gravity. However, if one takes the
tree level Kähler potential, it is known that one gaugino condensate cannot stabilize the dilaton
with vanishing vacuum energy without resorting to strong coupling. In this class of models,
one considers a non-perturbative contribution to the Kähler potential á la [41] to get around this
problem. Explicit models have been constructed which incorporate this Kähler stabilization
mechanism with a realistic model of modular invariant gaugino condensation in the hidden
sector [42]. Instead of constructing explicit detailed models of supersymmetry breaking, one
can generate benchmark models by parameterizing the supersymmetry breaking by the F-term
for the dilaton and treating the gravitino mass and the non-perturbative contribution to the
Kähler potential as tunable parameters (within appropriate ranges) [34].

A.3. Constructions with tree level Kähler potential and multiple gaugino condensates

As in the previous case, one again considers compactification on toroidal orbifolds leading
to a semi-realistic spectrum. However, here one considers a tree level Kähler potential with
multiple gaugino condensates (typically two) to stabilize the dilaton and break supersymmetry.

33 Either naturally as in heterotic constructions or by imposing this as a constraint as in type II constructions.



LHC string phenomenology 2031

Supersymmetry breaking is mediated by gravity. In addition, one also has to take into account
a Green–Schwarz counterterm, which is inherited from the underlying string theory and can
be thought of as a loop correction. Explicit models stabilizing the dilaton and the untwisted
moduli at reasonable values and giving a gravitino mass of the order of 1–10 TeV have
been constructed [32]. This typically leads to a minimum with 〈FS〉 = 0 and 〈FTi 〉 �= 0. For
generating benchmark models, one can take the gravitino mass, the Green–Schwarz coefficient
and the vev of the untwisted moduli of the orbifold as tunable parameters (within appropriate
ranges). For further details, please refer to [34].

A.4. Strongly coupled Heterotic string constructions

In this class of constructions, as the name suggests one looks at the strongly coupled limit of
E8 × E8 heterotic string theory. Horava and Witten showed that this limit of heterotic string
theory can be described by eleven-dimensional supergravity on a manifold with boundaries
where the two E8 gauge multiplets are restricted to the two ten-dimensional boundaries
[43]. So, it is also known as Heterotic M theory, as eleven-dimensional supergravity is the
low-energy description of M theory. To go to four dimensions, one compactifies the eleven-
dimensional M theory on a Calabi–Yau manifold times an interval. The effective action for
this class of constructions, which is again four-dimensional N = 1 supergravity, has been
studied up to the first order in the eleven-dimensional parameter ε [44]. Heterotic M theory has
some nice phenomenological properties, for e.g. it is possible to lower the eleven-dimensional
Planck scale (M11) to the phenomenologically favored scale of unification of the known gauge
couplings (Munif) in a natural manner [45], thereby achieving a truly unified theory. However,
concrete model building such as getting the precise spectrum and couplings and stabilizing all
the moduli with the desired properties, is difficult.

A.5. Heterotic M theory constructions with one modulus

The simplest situation occurs when one considers compactification on a Calabi–Yau with
Hodge–Betti number h1,1 = 1 and h2,1 = 0, as the relevant expressions are simple. In this
class of constructions, the gauge coupling of the E8 on the hidden boundary typically becomes
large at around the unification scale and so it is reasonable to expect gaugino condensation
in the hidden E8 sector. This phenomenon breaks supersymmetry which is transmitted to the
visible boundary by gravity. For constructing benchmark models, one can parametrize the
supersymmetry breaking by F-terms for the dilaton (S) and the radius modulus of the eleventh
dimension (T). This gives rise to universal soft terms [29].

A.6. Heterotic M theory Constructions with many moduli

Here one considers compactification on a more general Calabi–Yau, with h1,1 > 1, i.e. more
than one Kähler modulus. While from a conceptual point of view this should not be treated
differently from the previous case, it turns out that from the phenomenological point of view it
gives rise to different consequences. The basic reason is that in this case, one loses universality
of soft terms. In addition, most of the explicit semi-realistic compactifications with a spectrum
similar to that of the MSSM have been on Calabi–Yau with h1,1 > 1. Therefore, it makes
sense to consider this more general case separately. Soft terms have been computed in the
supergravity limit for Calabi–Yau compactifications in ten dimensions with more than one
Kähler modulus [46]. Using the above and the general result for the effective action up to the
first order in the expansion parameter ε, the (numerical) computation of soft parameters can
be extended for some Calabi–Yau manifolds with two Kähler moduli [47].
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A.7. Heterotic M theory constructions with five-branes

In Heterotic M theory, one has non-perturbative objects called M-5 branes which are sources
for the dual of the four-form field strength present in eleven-dimensional supergravity. It can
be shown that under certain circumstances, these M5-branes survive the orbifold projection
of the Horava-Witten construction, permitting much more freedom to play with matter fields,
gauge groups and Yukawa textures. The functions encoding the effective action of N = 1
supergravity taking the effect of five-brane moduli into account have been computed [48]. In
this setup, it can also be shown that supersymmetry can still be broken by the same global
mechanism (as in the case without five-branes) and is transmitted to the visible sector by
gravity. For benchmark models, one can assume supersymmetry braking to be parametrized
by F-terms for the dilaton, Kähler moduli and the five-brane moduli. An explicit calculation
of soft terms has been done in [49].

A.8. Type II string theory constructions

This class of constructions is relatively more recent than the previously considered heterotic
constructions. It has been shown that there exist new classes of perturbative N = 1,D = 4
vacua which have their origin in type II string theory [50]. Reference [51] is a good review.
The development of D-brane physics is crucial for these constructions. Here one considers
type II (A or B) string theory compactified on a six-dimensional manifold X. For explicit
calculations of the couplings, one typically takes X to be a toroidal orientifold, although
Calabi–Yau manifolds can also be used in general. In addition, one has various stacks of
Dp-branes wrapping different cycles. The spectrum for this setup naturally consists of non-
Abelian gauge theory coupled to chiral matter. The dependence of the quantities K,W, f

encoding the N = 1 effective action on the moduli has been derived for many cases [52].

A.9. String theory constructions on toroidal orientifolds with intersecting D-branes

In type IIA language, in this class of constructions one compactifies on toroidal orientifolds
with stacks of intersecting IIA D-branes wrapping intersecting cycles in the compact space.
Various examples have been constructed with a spectrum close to that of the MSSM, although
with exotics [50]. In type IIB language, which is related by T-duality to the previous one, one
has background magnetic fluxes on IIB D-brane world volumes. Supersymmetry in type II
models can be broken either by strong gauge dynamics in hidden sector D-brane stacks [53] or
by supergravity fluxes [54]. The supersymmetry breaking is transmitted to the visible D-brane
stacks by gravity, if one assumes that the there is no intersection between the visible and
hidden stacks. For benchmark models, one can parametrize the supersymmetry breaking by
F-terms for the moduli. For concreteness, we will use the soft terms calculated for a particular
intersecting D-brane setup in terms of the moduli and their F-terms [55]. Even though gauge
coupling unification is not unified in D-brane models in general, the parameter space can be
constrained by imposing such a requirement. This was done in [55].
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Kim H B and Muñoz C 1997 Z. Phys. C 75 367

[47] Kane G L, Kumar P and Shao J to appear
[48] Lukas A, Ovrut B A and Waldram D 1999 Phys. Rev. D 59 106005 (Preprint hep-th/9808101)

Lukas A, Ovrut B A and Waldram D 2000 Fortsch. Phys. 48 167 (Preprint hep-th/9903144)
[49] Cerdeno D G and Munoz C 2000 Phys. Rev. D 61 016001 (Preprint hep-ph/9904444)

Cerdeno D G and Munoz C 2002 Phys. Rev. D 66 115007 (Preprint hep-ph/0206299)
[50] Ibanez L E, Marchesano F and Rabadan R 2001 J. High Energy Phys. JHEP11(2001)002 (Preprint hep-th/

0105155)
Angelantonj C and Sagnotti A 2002 Phys. Rep. 371 1
Angelantonj C and Sagnotti A 2003 Phys. Rep. 376 339 (Preprint hep-th/0204089) (erratum)
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