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Abstract

The little hierarchy between the GUT scale and the string scale may give us some hints that can be
tested at the LHC. To achieve string-scale gauge coupling unification, we introduce additional vector-like
particles. We require that these vector-like particles be standard, form complete GUT multiplets, and have
masses around the TeV scale or close to the string scale. Interestingly, only the flipped SU(5) × U(1)X
models can work elegantly. We consider all possible sets of vector-like particles with masses around the
TeV scale. And we introduce vector-like particles with masses close to the string scale which can mimic the
string-scale threshold corrections. We emphasize that all of these vector-like particles can be obtained in the
interesting flipped SU(5) × U(1)X string models from the four-dimensional free fermionic string construc-
tion. Assuming the low-energy supersymmetry, high-scale supersymmetry, and split supersymmetry, we
show that the string-scale gauge coupling unification can indeed be achieved in the flipped SU(5) × U(1)X
models. These models can be tested at the LHC by observing simple sets of vector-like particles at the TeV
scale. Moreover, we discuss a simple flipped SU(5) × U(1)X model with string-scale gauge coupling uni-
fication and high-scale supersymmetry by introducing only one pair of the vector-like particles at the TeV
scale, and we predict the corresponding Higgs boson masses. Also, we briefly comment on the string-scale
gauge coupling unification in the model with low-energy supersymmetry by introducing only one pair of
the vector-like particles at the intermediate scale. And we briefly comment on the mixings among the SM
fermions and the corresponding extra vector-like particles.
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1. Introduction

Supersymmetry provides an elegant solution to the gauge hierarchy problem, and Grand Uni-
fied Theories (GUTs) gives us a simple understanding of the quantum numbers of the Standard
Model (SM) fermions. In particular, the success of gauge coupling unification in the Minimal Su-
persymmetric Standard Model (MSSM) strongly supports the possibility of the supersymmetric
GUTs [1]. Moreover, the electroweak gauge symmetry can be broken by the radiative corrections
due to the large top quark Yukawa coupling [2], and the tiny neutrino masses can be generated
naturally via the see-saw mechanism. Therefore, supersymmetric GUTs may describe all the
known fundamental interactions in nature except gravity.

The interesting question is whether we can test supersymmetric GUTs at future colliders and
experiments. The major prediction of supersymmetric GUTs is the dimension-5 proton decay
from the colored Higgsino exchange [3]. This kind of proton decay is suppressed due to the
Yukawa couplings. However, we can introduce the non-renormalizable operators to mimic such
proton decay, i.e., generic dimensional-5 proton decay operators with Planck scale suppression
and without Yukawa coupling suppression [4]. So, even if we observe such proton decay at future
experiments, we cannot confirm the possibility of supersymmetric GUTs.

If string theory is correct, it seems to us that one new clue is the little hierarchy between the
GUT scale MGUT and the string scale Mstring. It is well known that the gauge coupling unification
scale in the MSSM, which is called the GUT scale in the literature, is around 2 × 1016 GeV [1].
The gauge coupling unification in the MSSM is based on two implicit assumptions: (1) the U(1)Y
normalization is canonical; (2) there are no intermediate-scale threshold corrections. On the other
hand, the string scale Mstring in the weakly coupled heterotic string theory is [5]

(1)Mstring = gstring × 5.27 × 1017 GeV,

where gstring is the string coupling constant. Note that since gstring ∼O(1), we have

(2)Mstring ≈ 5 × 1017 GeV.

Thus, there exists a factor of approximately 20–25 between the MSSM unification scale and
the string scale. (In the strong coupled heterotic string theory or M-theory on S1/Z2 [6], the
eleven-dimensional Planck scale can be the MSSM unification scale due to the large eleventh
dimension [7]. But in this paper we concentrate on the weakly coupled heterotic string theory.)
The discrepancy between the scales MGUT and Mstring implies that the weakly coupled heterotic
string theory naively predicts wrong values for the electroweak mixing angle (sin2 θW ) and strong
coupling (α3) at the weak scale. Because the weakly coupled heterotic string theory is one of
the leading candidates for a unified theory of the fundamental particles and interactions in the
nature, how to achieve the string-scale gauge coupling unification is an important question in
string phenomenology [8–20].

In general, we can always achieve the string-scale gauge coupling unification by introducing
additional vector-like particles with arbitrary masses or arbitrary SM quantum numbers. There-
fore, in order to have interesting and natural models, we make the following three requirements
for the additional vector-like particles:
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