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Abstract: We consider a class of models with extra complex scalars that are charged under both the Standard Mod-

el and a hidden strongly coupled S U(N)y gauge sector and discuss the scenarios in which the new scalars are identi-

fied as the messenger fields that mediate the spontaneously broken supersymmetries from the hidden sector to the

visible sector. The new scalars are embedded into 5-plets and 10-plets of an SU(5)y gauge group that potentially

unifies the Standard Model gauge groups. The Higgs bosons remain as elementary particles. In the supersymmet-

rized version of this class of models, vector-like fermions whose left-handed components are superpartners of the
new scalars are introduced. Owing to the hidden strong force, the new low-energy scalars hadronize before decaying
and thus evade the common direct searches of the supersymmetric squarks. This can be seen as a gauge mediation
scenario with the scalar messenger fields forming low-energy bound states. We also discuss the possibility that in the
tower of bound states formed under hidden strong dynamics (of at least the TeV scale), there exist a dark matter can-

didate and the collider signatures (e.g. diphoton, diboson, or dijet) of models that may show up in the near future.
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I. INTRODUCTION

Although the Standard Model (SM) in particle phys-
ics has achieved great success in phenomenology, there
still exist many problems (such as the dark matter puzzle,
hierarchy issue, and flavor problem) that the SM does not
address, leading researchers to believe in the existence of
physics beyond the SM (BSM). Popular BSM scenarios
include supersymmetry (SUSY), in particular the minim-
al supersymmetric Standard Model (MSSM) (sometimes
with different prefixes, such as NMSSM, PMSSM, and
CMSSM [1-5], that extend the MSSM with additional
fields) and composite/little Higgs models with TeV-scale
strong dynamics [6-9].

As one of the most fully fledged scenarios of BSM
physics, SUSY has good motivations from both the theor-
etical and phenomenological points of view. In semi-real-
istic string theories, which are probably among the most
competent fundamental quantum theories that incorpor-

ate gravity, supersymmetries are required for deep reas-
ons. Supersymmetries not only introduce fermionic de-
grees of freedom to the otherwise purely bosonic string
theories but also elegantly ensure the stability of the sys-
tem by eliminating the tachyons (states with negative
mass squared that commonly appear in string theories). In
contrast, phenomenologists particularly favor SUSY at
low or intermediate scales. Such supersymmetric models
provide a good mechanism to explain the large hierarchy
between the electroweak (EW) scale and the Planck scale
by canceling the quadratic divergence in the radiative
corrections to the Higgs mass; they therefore save the
Nature from being fine-tuned. Since experimental
searches have ruled out a large portion of the parameter/
model space for low-scale SUSY, researchers should now
focus on supersymmetric models at or above the TeV
scale.

In low- or intermediate-scale supersymmetric models,
researchers usually work within the perturbative regime
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(except for the QCD part), likely in the interest of simpli-
city. In many UV-completed models, however, extra
strongly coupled sectors are quite common. Ref. [10]
shows how such strongly-interacting hidden sectors can
arise in heterotic string theories. For discussions of
strongly coupled sectors in the context of Type-II string
theories, one may refer to Ref. [11], a follow-up phe-
nomenological study of the intersecting D-brane models
constructed in Refs. [12, 13]. A pedagogical review about
intersecting D-branes, in particular about how the
strongly coupled sectors appear, can be found in Ref.
[14]. Non-perturbative effects are hard to calculate quant-
itatively. The study of the strongly coupled gauge theory
and gauge/gravity duality has shed some light on non-
perturbative calculations. The strongly coupled theory
can be converted into a weakly coupled sector in the bulk,
following the holographic principle. One example of
SUSY breaking is as follows: the visible sector may talk
to the strongly coupled hidden sector through messenger
fields that are charged under both gauge sectors, as stud-
ied in the scheme of holographic gauge mediation [15].

In this study, we examine a class of BSM models with
an extra strongly coupled hidden S U(N)y sector, along a
similar line as in Refs. [16, 17]. We point out that this
type of theory potentially alleviates the little hierarchy
problem, and that it can be realized in a gauge-mediated
SUSY breaking scenario. New scalars charged simultan-
eously under both the SM and hidden gauge groups are
introduced for this purpose. We explore the possibility of
achieving SM gauge coupling unification at an appropri-
ate scale with the addition of these new particles. Such
models appear much less fine-tuned in the Higgs mass
without conflicts with direct search bounds at colliders.
As a bonus, exotic bound states formed under the new
strong dynamics appear as various diboson/dijet/di-
photon resonances at different scales, the lightest of
which may soon be discovered at colliders.

We emphasize that, in our models, the new (super-
symmetric) strong dynamics has entirely different signa-
tures at colliders in comparison with scenarios such as
low- or intermediate-scale perturbative SUSY, Goldstone
Higgs [18, 19], and supersymmetric Goldstone Higgses
[20]. The new scalars, despite being in the range of a few
hundred GeV to TeV, can hadronize quickly into exotic
mesons and baryons through the new strong dynamics. In
contrast to the standard final state searches for squarks in
SUSY, detecting the new scalars requires a different ap-
proach since they are confined in the bound states, and
the new bound states decay more like pions and Gold-
stone particles, similar to the resonances in composite
Higgs theories. Unlike in the composite-Higgs/technicol-
or scenarios, Higgs bosons are fundamental particles in
our scenarios. Therefore, our models are free from many
electroweak precision constraints.

The paper is organized as follows. In Section II, we
define the gauge groups of the models and provide the

particle spectrum in both the non-supersymmetric and su-
persymmetric cases. The Higgs mass fine-tuning issue is
studied in Section III. In Section IV, we explore the con-
ditions on the particle content of our models needed for
the SM gauge coupling unification to be achieved at an
appropriate scale. In Section V, we discuss existing ex-
perimental constraints on the new scalar masses and list
possible exotic bound states formed from the new de-
grees of freedom as well as possible dark matter candid-
ates. In Section VI, we discuss the collider phenomeno-
logy of the new mesons arising from our models, discuss-
ing in some detail their diphoton/diboson/dijet signatures
at the LHC. Concluding remarks are given in Section VII.

. SETUP

A. Particle contents

We extend the SM by adding complex scalar mul-
tiplets charged as fundamentals under a hidden SU(N)y
gauge group with a confinement scale of Ay ~ O(1) TeV.
All the SM fields are neutral under the hidden gauge
group. We choose the SM charges of the new particles as
given in Table 1, so that one generation of them and their
conjugates can be neatly embedded into partial or full ir-
reducible representations of an SU(5)y gauge group,
which potentially unifies the SM gauge groups
SUB)cxSUR),xU(1)y, where the subscript V' denotes
the visible sector. We emphasize here that the new
particles in the class of models we focus on are all listed
in Table 1, but this does not imply that, for each model,
the new particles must encompass the full spectrum
presented in Table 1. In fact, each set of new particles
defines a specific model. In order for the hidden gauge
group SU(N)y to be confined, the number of particles
that are charged under the hidden group cannot be too
large. We check this issue later in a specific model (26).

Table 1. Representations of some new messenger fields.
The dagger denotes the Hermitian conjugate. The electric
charge is related to the hypercharge through Qgy =73+v.

SUWN)n SUQB)c SUQ2)L U(l)y U(Dem
0=(Qu.0p)" N 3 2 1/6 2/3,-1/3
o' N 3 1 -2/3 ~2/3
D N 3 1 1/3 1/3
L=y, L) N 1 2 -1/2 0,-1
E' N 1 1 1 1
Explicitly, for the messenger fields, we have
_ ( D*
S=1 ~ | (1)
L
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—_— ~T P —_—
0 v U, Qui Qp

T —_— —_—
-U’, 0 Uy Qu2 Om

T ~ =
10 = _U/2 _U,l 0 QU3 QD3 > (2)
-0u1 —0v2 —Qus O Ef
~-Op —Om —-Ops —-EF 0
where
D! _
| ! _ | In
D'=| Dl |, L=| _ | (3)
_ Lg
DT

The wide tilde indicates that the new fields are scal-
ars’. For convenience, we call the particles associated
with the messenger fields hidden scalars. At this stage,
we have not fixed the number of generations for each
multiplet. In other words, in a specific model with a low
energy effective theory, a multiplet may be present or ab-
sent, and the new multiplets may come in complete or in-
complete SU(5)y 5/10-plets. As shown in Section IV,
from the gauge coupling unification point of view, in-
complete GUT representations are actually required.

In addition to the new fields in Table 1, we consider a
Higgs sector with two Higgs doublet fields, both neutral
under SU(N)y, as shown in Table 2. Similar to the Two-
Higgs Doublet Model (2HDM), one linear combination
of the electrically neutral Higgs bosons is identified as the
125-GeV Higgs boson. There are a few distinct scenarios,
depending on how the two Higgs fields couple with SM
fermions. We emphasize here that, in our setup, the Higgs
fields are fundamental, unlike in the usual technicolor or
composite/little Higgs models in which the Higgses are
(pseudo)-Goldstone bosons. Therefore, our models are
exempt from the usual constraints of those models.

Table 2. Representations of the Higgs doublets.
SUWN)u SUB)c SUQ)L Uy U(Mem
H, = H}, H)T 1 1 2 1/2 1,0
Hy = (HY, H)" 1 1 2 -1/2 0,-1

B. Supersymmetrized version

In this subsection, we briefly comment on the super-
symmetric version of the above-mentioned setup. We as-

sume that the hidden gauge fields are in the confined
phase (this can be achieved for 2 < N, as we will show
later). Since the hidden gauge field takes no SM charges,
we focus on the messenger sector. The supersymmetric
version of the setup discussed previously includes the
MSSM in the visible sector, with chiral supermultiplets
charged as presented in Table 1 (and their conjugates),
and vector supermultiplets associated with the gauge
fields in the hidden sector. We assume that all the MSSM
gauginos and Higgsinos are either sufficiently heavy or
completely decoupled from the SM so that bounds from
the neutralino dark matter direct detection or the direct
collider searches [21-24] can be avoided. In order to not
introduce anomalies, we include vector-like fermions
whose left-handed components are superpartners of the
scalars in Table 1 and whose right-handed components
take conjugate charges of those in Table 1. We denote the
left-handed fermions as Q, U’", D', L, and ET, and their
superpartners are indicated with widetildes, as in Table 1.
The corresponding right-handed fermions and their scal-
ar superpartners are denoted by fields with bars, e.g., O
and 0°.

In order to allow a Yukawa coupling between the
messenger fields and one Higgs doublet field in the su-
perpotential, we introduce another left-handed chiral mul-
tiplet, which is embedded in another S U(5)y 10-plet and
whose scalar component is charged as presented in Table
3. U' is embedded in a 10-plet, which takes the same vis-
ible charges as ’(7'1, 0 , and E' but is antifundamental
under the hidden gauge group S U(N)y when compared to
Ut

Table 3.
field. The dagger denotes the Hermitian conjugate. The elec-

Representations of an additional new messenger

tric charge is related to the hypercharge through Qgy =T3+7Y.

SUMN)u SUQB)c SU@)L Uy UMem

Ut N 3 1 -2/3 -2/3

The Yukawa-type superpotential takes the form
Wmess2 ) YU (Dljf (DQCDH“ s (4)

where @5, @ , and @, refer to the left-handed (holo-
morphic) supermultiplets of the corresponding hidden
scalars 0, U' , and the Higgs H,, respectively. The coup-
ling of the right-handed superfields can be written in a
similar manner. The hidden scalars U and Q thus exhibit

1) We put a prime in AUV’T here, to distinguish it from another multiplet to be introduced in the supersymmetrized setup and to be embedded in another S U(5)y 10-

plet.

2) Note that in Subsection ITA we have not fixed the number of each type of field in Table 1. In the supersymmetric version of our setup, each vector-like hidden fer-

mion is associated with two complex scalars in the same representation.
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interactions with H, in the scalar potential

¥

Vo Yyl (H{H,Q"0+HH, U U+Q"QU'U), (5

while the hidden fermions Q and U achieve a Yukawa
coupling to H, in the Lagrangian

Lyvukawa O _YUUTHMQ-FC.C. . (6)

Although our scenario does not depend greatly on the
type of SUSY-breaking mediation, it is naturally a gauge
mediation scenario with messenger fields. If we assume
that SUSY in the hidden sector is spontaneously broken
by a nonvanishing F-term vacuum expectation value
(VEV) (F), causing mass splitting between the fermion
and scalar in any hidden chiral supermultiplet, the SUSY
breaking effects are then transmitted to the visible sector
via loops of the messenger particles where they modify
the MSSM gaugino masses, while the masses of SM
gauge bosons remain intact due to the gauge symmetries.
The usual messenger superpotential in which a messen-
ger multiplet @, couples to a singlet multiplet @y is

Winess1 = Ys @s (Dgﬁ(i), (7)

with the F-term corresponding to @y, < Fs ># 0. In addi-
tion to many gauge mediation models with Wpyes; as
above, there is another messenger superpotential (4).
Therefore, messenger fermions and scalars receive contri-
butions from both (4) and (7). In particular, the scalar po-
tential includes

5 a(Wmessl + Wmessz)

1% %

®)

2 + 'a(Wmessl + Wbreak) 2
aS ’

where both SUSY and SUSY-breaking contribution to
the messenger scalar masses are considered. Generically,
the messenger scalars in Table 1 are not in their mass ei-
genstates. For mass eigenstates with very large eigenval-
ues, they decouple from the low energy spectrum and
may be identified as “those missing in the complete
gauge unified multiplets,” as we will see in Chapter I'V.
Furthermore, (8) may not be the full scalar potential due
to the existence of the hidden strong dynamics. The addi-
tional messenger superpotential (4) and hidden strong
force make it possible that the messenger scalar masses
are smaller than their fermionic superpartners, which is
the opposite of the case in MSSM. Explicit derivation of
the messenger mass eigenvalues requires knowledge of
the complete messenger spectrum (which is to be determ-
ined in Chapter 1V) and more details about the hidden
sector. We leave this for the future work. In what follows,

we assume that the messenger scalars are much lighter
than the messenger fermions and use Myss to denote a
messenger scalar mass. Through SUSY-breaking medi-
ation to the visible sector, the SM squarks obtain soft
SUSY-breaking masses:

a (F)
m. ~ o= s
soft an Mmess

)

where «/4n is the loop factor for gauge mediation. The
lightest messenger mass Mpess in our set-up is relatively
lower than that in the standard gauge mediation scenarios.
Here, Mess can be a few hundred GeV. The vector-like
hidden fermions are allowed to have SUSY-breaking
mass terms:

M (QO+U'TU" +..)+cc., (10)

where we have denoted the messenger fermions schemat-
ically as M,. Both M, and mg are around the SUSY
breaking scale of at least a few TeV, which implies

V(F) = 10* GeV.

HOI. FINE TUNING OF THE HIGGS MASS

The fine tuning of the Higgs potential in general
comes from the quadratic dependence in quantum correc-
tions involving two disparate energy scales (i.e., the weak
scale and the grand unified or Planck scale). In our setup,
the Higgs sector consists of two Higgs doublets, as shown
in Table 2. The SM Higgs boson H with a mass of 125
GeV is a linear combination of the neutral components of
these two doublets. A supersymmetric spectrum ensures
that the quadratic divergence cancels within the super-
partners, leaving SUSY -breaking logarithmic pieces.

The top Yukawa coupling y, in the SM fermion sec-
tor yields the dominant contributions to m?i at the one-
loop level. The loop corrections to m%{ can thus be used
as a parameter to define “naturalness” [25, 26]. In our
models, we can calculate the contribution from the SM
sector and the strongly coupled hidden sector as follows,
if we assume a high-scale supersymmetric spectrum. The
contribution from the SM chiral multiplets reads

where M, and M:; denote the top and stop masses, re-
spectively. We assume the SUSY breaking scale is much
heavier than M,, M;, and that it is around 30 TeV. Note
that, here, we have not taken different SUSY-breaking
schemes or RG running from the messenger scale to the
stop scale into consideration. We simply take the domin-
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ant contribution from the mass splitting of the top quark
and the top squark. We do not distinguish the flavor ei-
genstate and mass eigenstate either and simply assume
that all masses here come from the mass eigenstates.

Considering the contribution from the hidden sector,
dominantly from the mass splitting between the hidden
scalar and its associated fermionl), we have

2 2
3 2N A2+ 2 AN+ M=~
2 u'c 2 Y 2
6mH“ D i 0 Mé —MQL jvel , (12)
0

where the extra factor of 2 comes from the vector-like
generations; N is the hidden multiplicity due to the
SU(N)y gauge group, and we have ignored a spectrum-
dependent overall factor that results from transforming
the messenger fields to their mass eigenstates. My and
M refer to the mass eigenvalue of the messenger fermi-
on and that of the messenger scalar, respectively.

With My ~ M; on the scale of a few TeV within the
reach of next-generation colliders and My around scale
of TeV being mainly in charge of canceling the quadratic
divergence from the SM top quark, we define a natural-
ness parameter:

2
20m H,

2
my

A=

(13)

We plot a schematic mass spectrum of the top quark, the
hidden scalar, and their superpartners in Fig. 1. The con-

MQ (GGV)

300 400 S00 600 700

My (GeV)

(color online) Left panel: contours of the fine-tuning parameter A in the hidden scalar mass and associated hidden fermion

Fig. 2.

800 900 1000

tour of A on the M5-M plane is shown in the left panel
of Fig. 2. In the right panel, we assume a very high-scale
SUSY spectrum by setting the stop and hidden fermion
masses to infinity. Here we have only considered the
quadratic divergence coming from the top related sector
at the one-loop level and set N to 2 in both plots, as sug-
gested in Section IV. The quadratic contributions to the
Higgs mass coming from the other SM particles are much
smaller and can presumably be canceled by introducing
corresponding new particles at higher energies. It is noted
that, with higher multiplicities, the fine-tuning problem
becomes worse. Moreover, perfect cancellation requires
an ad hoc relation between y, and Yy .

mass T

[GeV]
1500

1000
500

Fig. 1. A schematic mass spectrum of the top quark, the hid-
den scalars, and their superpartners. The lightest hidden scal-
ar mass is assumed to be around 300 GeV or above to evade
the electroweak precision and Higgs data bounds, while the
lightest mesonic bound states are around the TeV scale. The
MSSM stop 7 and fermions from the hidden sector multiplets

Q are of at least a few TeV.

500 1000 1500 2000

MQ (GeV)

mass plane, with the mass of the MSSM stop being fixed at 3 TeV, and A ~ 50 TeV. A diverges as the logarithmic part of one-loop cor-
rections to the Higgs mass completely cancels in the white region. Right panel: A as a function of the hidden scalar mass in the very-
high scale SUSY case, in which the contributions of the MSSM stop 7 and hidden fermion Q are not considered. We set N =2 in both

plots, as suggested in Section I'V.

1) Note that we have specified neither the number of generations of each multiplet given in Table 1 nor the name of each “flavor”. For the superpotential in
Eq. (4), the hidden fermion refers to a Q or U. The Q and U" components corresponding to the left-handed superpartners play a similar role as the SM stops in the fine-

tuning.
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IV. GAUGE COUPLING UNIFICATION

It is tempting to see whether the new particles togeth-
er with the SM particles (and possibly some other
particles) can be embedded into a larger gauge group
SUB)y xSU(N)y. Researchers have studied the Grand
Unified Theories (GUT) and their applications in phe-
nomenology extensively [27-37]. In this section, we ex-
plore the conditions under which the SM gauge coup-
lings can be unified at a GUT scale Mgyr. For simplicity,
we assume that there is no intermediate stage of the sym-
metry breaking SU(5)y = SUB)cxSUQR),xU(1)y, and
that the visible group is spontaneously broken down to
the SM gauge group due to “GUT-Higgs” scalars in the
adjoint representation 24 acquiring a nonvanishing VEV
as usual:

(24) = diag(2,2,2, -3, -3)v. (14)

At the one-loop level, we want the SM gauge coup-

lings a, = g2/ (47r)1} to be unified at an appropriate GUT
scale:

a3(Mgur) = a2(Mgut) = a1(Mgur) = aGur » (15)

with the following additional conditions:
1. The couplings remain within the perturbative re-
gime at the GUT scale, i.e.,

O<agur<l1. (16)

2. The GUT scale stays within an appropriate range.
We require the GUT scale to be lower than the funda-
mental string scale M, (which is lower than the reduced
Planck mass Mp). On the other hand, the GUT scale
should be high enough not to incur a fast proton decay.
Since the quarks and leptons are in the same GUT repres-
entation, protons can decay via higher dimensional bary-
on number violating operators. Dimensional analysis in-
dicates the proton lifetime as 7, ~ My /m}, where m,, is
the proton mass, and My ~ Mgyt is the mass of the GUT
gauge bosons that acquire mass when the GUT group is
broken. A detailed calculation [38, 39] shows that the ex-
perimental Super-Kamiokande limit [40] 7, > 5.3x 103 yr
requires

172

Mour > 6% 1015 GeV x [ 26YT 1/2( aN )I/Z(AL)
GuT 1/35 0.015GeV 5 ’
(17)

where the operator renormalization factor A; and the had-

ronic matrix element ay are 5 and 0.015 GeV, respect-
ively, from a lattice calculation [41].
The unification condition (15) leads to

_ _ b3 M. 2
or=astonr 2ulgl ).
by [ My \
aghr = Ay (Mz)sin?0y (Mz) + Eln(MGUT) , (19
3 by My \
aghy = gag}w(Mz)00529W(Mz)+Eln(MGUT) . (20)

where b,(a =1, 2,3) are the one-loop beta functions de-
termined by the particle contents running in the loop (see
Appendix (A2) for more details), and we have taken into
account

3
e = grsinfy = gycosfy = \/;glcOSHW = Véragy. (21)

We allow the error on the coupling unification to be no
more than 5%: |a;' —a;'|/a;' <5 % for i=2 and 3, and
we take the central values of the following measured
quantities [42]:

My =(91.1880 = 0.0020)GeV ,
a3(Mz) =0.1193+0.0016 ,

aph(Mz) =127.916+0.015,
sin® By =0.22333+0.00011 . (22)

Under the unification conditions (15), (16), and (17) and

considering the fact that b; should not be smaller than the

. 41 19
SM values, i.e.,b; > 10" by > e b3 > -7, we can find
constraints on the b; values.

In the following, we constrain the new matter fields in
Table 1 and Table 3 as necessary for the gauge coupling
unification, and we assume that they have different num-
bers of generations n,, where a= Q, U, D, L, E, U’.

A. Supersymmetric case

The supersymmetric spectrum of our models consists
of the MSSM particles in the visible sector, new scalars
and their vector-like superpartners charged under both the
visible and hidden groups, and the hidden vector super-
multiplets. In the traditional SUSY SU(5) GUT models
[43, 44], SM gauge coupling unification is attained at
Mgut = (2-3)x 10'°GeV, with the beta functions

1) g2 and g3 correspond to S U(2),, and S U(3)¢ gauge coupling constants, respectively. g = \/g gy, where gy is the hypercharge coupling constant.
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33
(b1, b2, b3)mssm = (? 1, —3), (23)

where the masses of all the superpartners of the SM
particles have been set at 1 TeV for simplicity. These
masses can vary slightly, from a few hundred GeV to a
few TeV, and do not greatly affect the result.

First, let us consider adding complete GUT mul-
tiplets to the spectrum. Suppose that we add ns genera-
tions of 5, njo generations of 10, and n;o generations of
10’, where 5 and 10’ are the extra particles given by Egs.
(1) and (2), respectively, and 10 is the 10-plet that incor-
porates the multiplet U’ charged as in Table 3. We as-
sume that the SUSY breaking scale is 5 TeV. Above 5
TeV, the beta functions are”

33
by = ? + N(ns +3ny9+3ny9) ,

by =1+ N(ns +3n10+3n10) ,
by = =3+ N(ns +3n19+3n10) (24)

where the factor of N in the second terms comes from the
fact that all the particles in Table 1 are fundamental un-
der the hidden group. The lower indices 10 and 10" refer
to the 10-plets involving U’ and TJV’T, respectively. As
discussed earlier, we need the existence of multiplets @5
and @, in order to have a Yukawa coupling to the Higgs
in the superpotential, implying both n9, njo > 1. We find
that adding at least 1 generation of these two 10-plets to
the otherwise (approximated) unified MSSM spectrum
ruins the gauge coupling unification due to the Landau
pole. Even if we instead add incomplete GUT representa-
tions, the minimal requirement of at least one @5 and one
g, still blows up the running couplings at high energies.
This reflects the fact that we have added too many
particles to the low-energy (compared to the GUT scale)
spectrum. It also indicates that our models favor a split-
SUSY scenario, in which some of the SM superpartners
and the new fermions are at the GUT scale. Note that how
the spectrum splits is model-dependent and that it differs
from that in the standard split-SUSY scenarios in which
Higgsinos and gauginos are the lightest superpartners.

For simplicity and to avoid adding too many new
particles due to their hidden multiplicities N, in what fol-
lows, we restrict our models to the N =2 case, though
analysis shows that N =3 also works for achieving the
SM gauge coupling unification.

B. Non-supersymmetric case

In this subsection, we consider the unification condi-
tions when only the new scalar parts of the multiplets

charged under S U(2)y exist at low energies. This may be
viewed as a decoupling limit of the non-traditional split-
SUSY scenario (mentioned at the end of the last subsec-
tion), in which all the superpartners are at the GUT scale.
We focus on the scenario in which the new scalar masses
are below the confinement scale Ay and only new scal-
ars in Table 1 are taken into account. Hereafter, we drop
the prime notation in ﬁT since for the SU(2)y case, the
multiplet U identifies with the one without a prime, U*.
For definiteness, we assume in this subsection that
Ap =4TeV, the masses of the extra Higgs bosons and all
the new scalars are about 300 GeV, and those new scal-
ars form bound states with masses of around 800 GeV or
higher. We find the beta functions above the confine-
ment scale Ay to be

41 1 1I’lQ 4nU np njp
b=ty — o[22 U D T
‘10+20+5(6 3 "3 2 TE)

19 1 ng np
by=——4ogt@
277862 e
ng ny-+np

by=—74+22 UEND 25
3 3 G (25)

where the first term in each b, is purely the SM contribu-
tion, and the second terms in b; and b, come from the
contributions of the additional Higgs degrees of freedom.

We focus on one type of solution that achieves the
gauge coupling unification:

ng=ny=2,np=n;,=3,ng=0, or

ng=ny=3,np=np=ng=0, (26)

with the unification scale Mgyt ~ 8.87x 10" GeV, as
shown in Fig. 3. One can easily check that the one-loop
beta function for SUQ2)y is

11 1 1 22
sz=—?X2+6><2><EX(3X3X2+3X3)=—?+4.5(<2;);

if there is no purely hidden matter field. Therefore, as lo-
ng as too many purely hidden degrees of freedom are not
there, the S U(2)y may be asymptotically free in the UV.
Below Ap, all the new scalars presumably form
mesons (as listed in Table 5). Therefore, they do not con-
tribute to the beta functions. One can verify that even if a
baryon with nontrivial SU(2), and U(l)y charges (see
Table 6) is formed below Ay, its contributions to the run-
ning couplings are negligible due to the small value of
4TeV »

Ab; X 1n

) . )
200GV The threshold corrections induced by

1) For definiteness, we take all the new scalars and the extra Higgs bosons to be at 300 GeV, and all the new fermions and the superpartners of the SM to be at 5 TeV.
2) Note that above the QCD confinement scale and below the hidden confinement scale, the new particles are within the SM perturbative but the hidden non-perturb-
ative regime. The hidden binding force contributes to the masses of the bound states. For definiteness, we assume that all new bound states have masses at 800 GeV.
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Fig. 3. (color online) Running gauge couplings of a non-su-

persymmetric scenario. The new scalars and the extra Higgs
bosons are taken to have a mass of 300 GeV. Below the con-
finement scale Ay =4TeV, all the new scalars form bound
states.

non-perturbative effects around the hidden confinement
scale are neglected.

In the example of Eq. (26), the new scalars in the
spectrum form incomplete GUT representations. The ex-
istence of incomplete GUT representations at low ener-
gies is typical in four-dimensional (4D) GUT theories.
One famous example is the Higgs doublet-triplet split-
ting problem, namely in the splitting

1 1
5= (31-3)+(12.3). e8)
5 31 ! 1,2 1 29
_)(9 3§)+(, 7_5)' ( )

The colored triplets are heavy, while the S U(2);, doublets
are light. This splitting may be related to the p problem.
The doublets and the triplets attain masses via a superpo-
tential with coupling to an adjoint field and a ¢ term upon
the GUT symmetry breaking:

Ws=15-24-5+u5-5
= QW+u)3-3+(3v+u)2-2. (30)

With v around the GUT scale and doublets at O(100)
GeV, tuning of the u parameter is needed. In the case of
S0(10) GUT, one way to explain the doublet-triplet split-
ting is via the Dimopoulos-Wilczek mechanism [29].
Generally, the strategy of generating such mass splitting
in a GUT multiplet is to construct a superpotential in such
a way that some components of the multiplet get masses
around the GUT scale and thus decouple from the low-
energy spectrum. However, this requires a careful ar-
rangement of the VEVs of the other fields (in particular,
singlets) in the superpotential and is usually complicated.

The mass splitting issue may also be explored in the

context of extra spacial dimensions with orbifold (For a
pedagogical review, see for instance Ref. [45].). The idea
is that fields localized at the fixed points of the internal
space survive the orbifold actions and remain as com-
plete multiplets in 4D, while fields living in the bulk are
partially projected out and thus form incomplete mul-
tiplets (Such a scenario commonly appears in local GUT
models in which the SM gauge symmetry arises as inter-
sections of several larger symmetries at different orbifold
fixed points [46].). Whether a GUT multiplet lives in the
bulk or at a fixed point is model-dependent. The masses
that the bulk fields acquire are not arbitrary, even in the
case of extra scalars and vector-like fermions. They must
be induced by the VEVs of some auxiliary singlets (In
string models, these massive bulk fields must satisfy the
string selection rules [47].).

We assume that there exists an underlying higher di-
mensional theory that generates the mass splitting in the
example of Eq. (26) and leave the explicit construction of
an orbifold model giving such a spectrum to a future
work.

V. PHENOMENOLOGICAL SEARCHES
AND BOUNDS

A. Bounds from colliders and precision observables

As alluded to earlier, we have assumed that the hid-
den strong dynamics with an O(1)-TeV confinement scale
has a much shorter hadronization time scale than QCD to
ensure that the new scalars form bound states before they
decay. The conventional collider constraints on the R-
hadrons may not completely apply to our models since in
addition to QCD, the hidden force plays a more domin-
ant role in bound state formation. Direct searches of the
hidden scalars are also very different from those of
squarks/sleptons in the MSSM. However, we still have
some indirect bounds coming from the electroweak preci-
sion constraints of LEP experiments since most of our
new particles have SM charges and may couple to the SM
Higgs boson. The bounds on the electroweak S, 7, W, Y
parameters due to the hidden scalars are similar to the su-
persymmetry precision bounds given in Ref. [48]. New
hidden scalars that are heavier than a couple hundred
GeV are safe from the constraints. These bounds can be
further relaxed by decoupling the hidden scalars from the
SM Higgs boson, which does not greatly change the phe-
nomenology of our bound states.

Another indirect bound comes from the Higgs data
since the hidden scalars running in the loops modify the
Higgs production and branching ratios, mostly con-
strained from the H — yy and H — gg channels (see Fig.
4). Again, hidden scalars heavier than 300 GeV are safe
[49]. Although in our models, the hidden scalars come
from the hidden chiral multiplets as extensions to the
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Fig. 4. The scalar quarks from the hidden sector can modify the Higgs production rate and branching ratios through the loops.

MSSM, the indirect bounds still apply.

B. Exotic bound states

The hidden scalars (possibly with the SM particles)
form exotic bound states under SU(2)y. For now, we
only focus on the lightest bound states with 2 matter
particles and assume that all the vector-like fermions, if
they exist, have a mass of at least a few Tev'.

To determine all the possible bound states, in Table 4,
we list relevant products of irreducible representations
under different gauge groups that contain singlets under
SM and hidden strong interactions.

Table 4. Products of irreducible representations that contain
singlets. The conjugate representations are not listed.

SU?2) 202

SUM) 303, 30303

1. Exotic mesons

The exotic mesons are of the type AA', listed in
Table 5, where A refers to an exotic particle from Table 1,
and the dagger indicates its conjugate. They are neutral
under both visible and hidden gauge groups.

Table 5. Exotic mesons formed from hidden scalars that are
neutral under both SM and hidden gauge groups.

Exotic Mesons

00', UU', bb', IT', EE'

We assume that the masses of the lightest hidden scal-
ars do not exceed the hidden confinement scale Apy.
Compared to the SM mesons, among which the lightest is
CP-o0dd, the lightest composite state in our models is in-
stead expected to be a CP-even neutral meson, as the res-
ult of an S-wave bound state of the messenger scalars.

The supersymmetric setup can be compared to mod-
els with fermionic bi-fundamental constituents (e.g., com-
posite/little Higgs models), where the lightest singlet ap-
pears as a Goldstone boson mode. In those models, one of

the neutral Goldstone bosons becomes heavier than the
SM-charged Goldstone bosons due to the chiral anomaly
of the hidden gauge interaction. The neutral composite
states in our scenario can be lighter due to mixing among
the exotic mesons and possibly due to the hidden glue-
ball, which can couple to the SM gauge bosons through
scalar-loop diagrams (see also Ref. [50]).

2. Exotic baryons

Under SU(2)y, the exotic baryons that consist of 2
matter particles have the form AA’, where 4 and A’ de-
note distinct hidden scalars (or their conjugates), i.e.,
A’ # AT, They are listed in Table 6.

Table 6. Exotic baryons as sv(), doublets and singlets and
their Abelian charges. The conjugate particles are not listed.
AA SU@2).L Uy UDem
ATTT 1 —
oU 2 - 1,0
— 1
+ 1
0D 2 > 0,1
. 1
LE' 2 5 0,1
_ 3
LE 2 -3 -2,-1
UD* 1 1 1

We note that unlike in the QCD and composite-Higgs
models, the baryon masses in our models are not correl-
ated with the confinement scale Ag. This is because the
baryons in our models are constructed by complex scal-
ars instead of (approximate) chiral fermions.

We briefly mention the existence of the AA’a type of
exotic baryon states, where 4 and A’ are new hidden scal-
ars (or their conjugates), and a refers to an SM quark.
One example is the bound state QQug, which is a singlet
or triplet under S U(2), taking hypercharge 1 and elec-
tric charge 0, £1, or +2. For these bound states, AA’
forms an SU(2)y singlet with a nontrivial QCD charge
and then forms a bound state with an SM quark by the
QCD strong force. Since the QCD confinement scale
Aqgcp ~ O(100) MeV is much lower than the hidden con-
finement scale Ay ~O(1) TeV, we expect the AA’a
bound states to be much more unstable than the AA’ bary-

1) The vector-like fermions in our models can form bound states just like their scalar superpartners, and the mixed bound states formed by both fermions and scalars
can be present too. However, under the assumption that the hidden fermions are heavier, all the bound states involving vector-like fermions are at least around a few

TeV and thus beyond our current consideration.
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ons. Since the AA’a-type baryons have various SU(2)L
charges (singlet, doublet, triplet, or quadruplet), their de-

cay channels can be quite interesting (Their decays may
require the existence of additional particles to mediate the

interactions.). Bounds for long-lived R-hadrons formed
from colored SUSY particles in exotic or split SUSY
models may apply here [51-53]. Bound states that are
O(1) TeV in mass are generally safe from such con-
straints. We leave the analysis of their interactions and
decay signatures at colliders to a future work.

C. Dark matter candidates

In this subsection, we explore the existence of a dark
matter (DM) candidate among the exotic baryon states
formed by the messenger fields. For the SU(2)y gauge
group, the AA’-type baryons may or may not be stable,
depending on whether there is a symmetry (or topology
such that the exotic baryons can be interpreted as
solitons) to ensure their stability. If such a symmetry ex-
ists, e.g., a hidden baryon number U(1)y gives each
particle in Table 1 a hidden baryon number 1/2, then the
first three and the last baryons in Table 6 have hidden ba-
ryon number 1, while the fourth has hidden baryon num-
ber 0. Then, the lightest, electrically neutral one of the
first three baryons can be a DM candidate, and the discus-
sion of the corresponding relic abundance follows the line
of Refs. [16, 17]. In that case, the DM baryons annihilate
into a pair of lighter scalar non-baryonic composite states.
The thermal relic abundance can be much lower than the
observed DM density if the annihilation cross section (in-
to mesons, glubeballs, etc.) saturates the unitarity bound
[54]. As a rough estimate, the relic abundance of an AA’-
type DM baryon is [16]

s s 1 Mg \?
A~ 10y (lTeV) : 1)
where Mp is the mass of the DM baryon, denoted as B,
and F(Mp) is the form factor of the interaction of the DM
baryon with lighter states such that F =1 when the unit-
arity limit is saturated. With the lightest new hidden scal-
ar mass being ~ 300 GeV, we expect that the lightest
exotic baryon and the lightest exotic meson should have
roughly the same mass in the sub-TeV regime. As an ex-
ample that will be discussed in the next section, we have
U and Q significantly lighter than the other hidden scal-
ars, with the former slightly lighter than the latter. In this
case, the DM baryon would be slightly heavier than the
lightest exotic meson. We note from (31) that as long as
the form factor F(Mp) is not smaller than a certain value

s 2q1/4 12
(ie., F(Mg)z[&< My )} z0.096( My ) for

0.12 \1TeV 1TeV
cold, non-baryonic DM), the DM baryon would not over-
close the universe. A more exact calculation of the relic

abundance requires detailed knowledge of the hidden
strong dynamics, particularly the precise form of the form
factor.

The direct search for the DM candidate is through the

couplings between the hidden scalars and the Higgs bo-
son (The Z exchange for electrically neutral bound states
may also contribute and face roughly the same con-
straints as estimated in Ref. [28].). In terms of the effect-

ive field theory (EFT) approach, this corresponds to the
direct coupling between the DM baryon and the Higgs
boson:

£L>5;B'BH'H, (32)

where the coupling is of the same order as those of the
couplings between the constituent new scalars and the
Higgs boson. The corresponding DM elastic interaction
with nuclei via the Higgs exchange leads to a spin-inde-
pendent (SI) cross section [55]:

2 mtf2 1TeV
os1= —2 N{Nz1.36x10—44cm2x1§(—e), (33)
47rmh My Mp

where we have used the lattice result of the nucleon de-
cay constant fy ~0.326 [56] in the SM, and my is the
nucleon mass at around 1 GeV. An exact estimate de-
pends on the DM mass and the coupling Ap that encodes
the effects of the hidden strong dynamics. It seems that
this cross section can satisfy the current LUX limit [57]
os1 < 1x107*ecm?(Mp/1TeV) and be within the reach of
the proposed LUX-Zeplin (LZ) experiment [58] for a
suitable value of Az. However, the interaction of a bary-
on with a nonvanishing hypercharge with nucleons
through Z-boson can be dominant. In fact, the cross sec-
tion of such a process reads [59]

2 ag2 2
S . (—F N) (34)
S1= 5 >

7r(MB+mN) \/z

where Fy is an induced form factor with mass dimension
—2:

for neutron,
(35)

F,=2F,+F; forproton, F,=F,+2F,

with form factors F,;~ O(l)/M%. One finds that
0%, ~0(107%)cm?, which is much greater than the LUX
limit. This shows that a DM candidate does not exist in
the lowest exotic baryons formed by the messenger fields
listed in Table 1 for the SU(2)y gauge group. When one
considers an SU(3)y hidden gauge sector, instead of
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SU)y, such dangerous Z-boson exchange interactions
between a baryon and a nucleon can be turned off due to
the existence of baryon states (consisting of 3 messenger
scalars) that are neutral (which we call “completely neut-
ral””) under both SU(Q2); and U(1)y (e.g. LyLgE"). The SI
scatterings with nuclei for such baryons are dominated by
the Higgs exchange, and their cross sections can thus sat-
isfy the LUX limit and be within the reach of the LZ ex-
periment. The lightest one of these completely neutral ba-
ryons can be a DM candidate.

If there is no symmetry or topology to ensure the sta-
bility of the exotic baryons, they decayl) . We leave the
study of the decay patterns of the exotic baryons to a fol-
low-up work.

VI. COLLIDER PHENOMENOLOGY

The various bound states have rich phenomenology in
colliders, with different masses and decay channels. Thus
the most significant signatures of our models are a tower
of resonances with different masses. Although any model
with hidden strong dynamics or one in the context of
GUTs can also predict such resonances, we emphasize
that our models are quite different from the composite-
Higgs/technicolor scenarios due to the existence of funda-
mental scalars and different types of fundamental de-
grees of freedom, as mentioned in Section I.

As the simplest and lightest bound states, here we fo-
cus on the phenomenology of the lightest exotic mesons
at the LHC. We generically denote a scalar meson by S
with mass Ms and a pseudoscalar meson by P with mass
Mp. One property distinguishing these two types of exot-
ic mesons is that the latter cannot decay into a pair of
Higgs bosons, while the former can, as long as the kin-
ematics allows.

As argued in the previous section, the lightest meson
in our models has to be CP-even. We use an EFT ap-
proach to describe the dynamics of the bound states at

99
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Branching Ratios

low energies, similar to the formalism of pion interac-
tions in strongly-coupled QCD. The detailed calculation
is summarized in Appendix B. For definiteness and sim-
plification, we make the following assumptions for the
hidden scalar masses:

e Both Q and U representations are degenerate, i.e.,
(36)

mQ = mél =.., ma = ma = ..,

where the subscripts on Q and U denote generations.

e Both Q and U have similar masses and are lighter

than the other scalars, i.e.,
mg = Mg < mass of other hidden scalars. 37

Under these assumptions, it is justifiable to consider
glue-glue fusion (GGF) as the dominant production pro-
cess for the exotic mesons . Note that Eq. (37) follows
one of the examples with the satisfactory gauge coupling
unification given in Eq. (26).

As an explicit example, we consider a scalar reson-
ance S of mass 2 TeV. Figure 5 shows the dependence of
the branching ratios of S on cosd (left plot) and A,/Ay
(right plot). The mixing angle 6 is defined in Eq. (B9) to
denote the rotation angle when one converts the meson
flavor eigenstates to the mass eigenstates. The suppres-
sion scales A; (i =Y,2,3) encoding details of the hidden
strong dynamics are defined in Eq. (B3). From Eq. (B11),
one finds the relation

15A
8|tan )| =| n 2

= 1‘. (38)

In the numerical analysis given here, we use the run-
ning gauge coupling constants evaluated at the renormal-
ization scale of Mg, where new particles involved in the
coupling running are taken as in Eq. (26). The cusps at

99

0.100 WwW 4
vy
0.010F

L L L L
0.1 1 10 100 1000

A2iNy

(color online) Branching ratios of the lightest scalar resonance of mass Mg =2 TeV decaying into the gauge boson pairs and

the Higgs boson pair as functions of cosé (left) and A,/Ay (right) for Ay =4 TeV. Both the left and right panels use 1 =0.01.

1) In this case, probably additional particles need to be present for the decays to occur.

2) For the 13-TeV proton-proton collisions, gluons have a larger parton distribution function (PDF) than those of quarks, and thus contribute dominantly in the pro-
duction of the resonance, as long as the couplings of the resonance to W, Z bosons and the photon are not too large. Figure 5 justifies that in the specific example con-
sidered here, the GGF process indeed dominates over the vector-boson fusion and the photon fusion processes.
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cosf~0.27 and Ay/Ay ~?2 for the Zy curxzfes reﬂgct the
. . . 5

fact that the Zy decay width vanishes if 52 _28

A 3 Ay

to a destructive interference effect as seenzin Eq. (B18).
As S is purely composed of colored particles, the decay
rate of S into gluons is preponderant, particularly when its
effective coupling to the SM Higgs boson A , defined in
Eq. (B20), is diminishing. In these plots, we take
A=0.01. Therefore, the exotic mesons are dominantly
produced via the GGF process. The branching ratio of the
HH channel, proportional to A%, is thus subdominant in
most of the parameter space. For simplicity and definite-
ness, we neglect the effects of the operator in Eq. (B20)
by assuming A — 0, so that the di-Higgs bound [60] is
trivially satisfied.

With a small branching ratio, as shown in Fig. 5, it is
expected that such a new scalar will probably first appear
through the diphoton channel due to the clean signals at
the LHC. Figure 6 shows the contours of the diphoton
channel cross section at the 13-TeV LHC, o'(ylf Tev), on the
cosf-Ag plane (left plot) and the A,/Ay-Ag plane for a
few representative values of I's /Mg . Note that, here, we
use Mg /2 as the factorization and renormalization scale
when calculating the cross sections. The colored regions
are excluded by the resonance searches using various de-
cay channels in LHC Run-I and Run-II for Mg =2 TeV:

, due

a(pp— S - yy)<0.3fb
o(pp— S - WW) <60fb
o(pp — S - ZZ) < 8fb

[61,62],
[63,64,71],
[65,70] ,
[66,72] ,
[67-69,73] .

o(pp — § — Zy) <20fb

o(pp— S — jj)<70pb (39)

The figure shows that a certain parameter space predicts
3TeV) - 0(0.1) fb, while avoiding all of the above con-

vy
straints for an O(1) TeV hidden confinement scale

Apg ~4TeV, (40)
with the relative suppression scale A;/Ayz1 or
cosf < 0.5. This result implies that U is slightly lighter
than Q in this specific example. Figure 6 (which reveals
information about Ay, the messenger mass hierarchy,
etc.) reflects the fact that the messenger resonances serve
as a good probe of the new physics. Moreover, I's /Mg ~
0(1073), justifying the narrow width approximation em-
ployed in the numerical analyses.

We now comment on the cross sections of the reson-
ance decaying into other channels. Unlike the scenario in
Ref. [16], for the specific example considered here, the
branching ratios of the WW, ZZ, Zy modes change dra-
matically, as shown in Fig. 5. Instead of a simple, approx-
imate proportionality relation between the cross sections
of the other gauge boson modes and that of the diphoton
mode, the ratios o(pp —» S - WW/ZZ/Zy] jj)]o(pp —
S — yy) depend on cosf or Ay/Ay ina more complic-
ated way. Moreover, compared to Fig. 2 of Ref. [16], the
contours of the di-photon cross sections in Fig. 6 vary
less drastically as cos@ or the relative suppression scale
As/Ay changes. This is because in Ref. [16], the mixing
is between one lepton-like scalar and one down-type
quark-like scalar, whereas in our example, the resonance
is made of only quark-like scalars. Such differences re-
flect the fact that the particle contents in the resonance
meson greatly affect how the meson decays. When data
on the other decay channels are available, we will know
more about the nature of the particles involved in the
lowest-lying resonance mesons. This may also shed light
on the mass hierarchy in the hidden sector. Through such
searches, the resonance structure may be revealed.

VII. SUMMARY

We explore a class of models consisting of the Stand-
ard Model (SM) and a strongly coupled hidden S U(N)y

- . .
_ 4 me=mTT
_____IE/_”{S__19 _______________ 104 p=m=- FSZMS:10‘3 Is/Ms =107
10t -4 /_\
's/Ms = 10_3_4___.__—.5—"—_——'—“ 5000f .  oeSssm—m—m—m—————————————————
5000 b=mmm======—= ]
==
I S 99 ES gy e Em—————e—ee——————————
< rs/Ms=1072 < :
1000 F / 1000k rs/Ms =102
500 141
500 F vy
77 WW Zy,
z o W A .
0.02 0.05 0.10 0.20 0.50 1 10 100 1000
Cosl6] N2lNy

Fig. 6.

(color online) Contours of the production cross section of S times its decay branching ratio into yy at the 13-TeV LHC by as-

suming the glue-glue fusion production process. We fix Mg =2 TeV and take the factorization and renormalization scales as u = Ms /2.
The dashed purple curves are contours for specific values of I's /M. The shaded regions are excluded by searches through various de-
cay modes in LHC Run-I and Run-II, as detailed in Eq. (39). The black, cyan, magenta, and blue solid lines correspond to

TV =0.1,02,0.5, 1 fb, respectively.
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sector. These models have various interesting phenomen-
ological properties. First, by adding new messenger (hid-
den) fields taking special charges under the SM and the
hidden gauge groups at low energies, the SM gauge coup-
lings may unify at a suitable scale without inducing the
fast proton decay issue. Their charge assignments are
chosen so that they can be embedded into a larger gauge
group SU(5)y xSU(N)y. Analysis shows that a small-
rank SU(N)y (N =2,3) gauge group and a split-SUSY
scenario are favored. Second, the existence of new scal-
ars provides an alternative solution to the electroweak
hierarchy problem with or without SUSY. The Higgs
mass can thus be less fine-tuned due to the cancellation
between the top loop and the hidden scalar loop contribu-
tions. Third, in contrast to those in little-Higgs/compos-
ite-Higgs/technicolor models, the Higgs fields in our
models are fundamental particles whose electroweak
symmetry breaking pattern largely remains intact at low
energy scales, indicating that our models suffer less from
collider and electroweak precision observable constraints.
Further studies of the properties of the new exotic reson-
ances, such as the branching ratios to the SM particles,
will distinguish our models from composite/little Higgs
models. Finally, the models predict many exotic bound
states formed under the hidden strong dynamics and the
SM strong force. The bound states can cover a wide range
of spectra, some of which will be within the reach of the
LHC in the near future. They may also provide us with
DM candidates with various weak charges and spins that
have not yet been widely discussed in the literature. We
leave the comprehensive study of the stability of the new
bound states and their decay signatures to a future work.

The potentially unified gauge theory and the strong
hidden dynamics probably hint at the existence of an un-
derling theory. In fact, our models may be smoothly im-
plemented into string theory. The strongly coupled hid-
den SU(N)y sector can arise from the world volume
gauge field living on a stack of D-branes and become part
of the near throat strong warping AdS background geo-
metry in the AdS/CFT limit, while the visible perturbat-
ive SU(5)y sector can originate from another stack of D-
branes that intersect with the hidden branes (and do not
warp the throat). Open string modes at the intersections
attaching to the two stacks of branes as bi-fundamentals
under both SU(5)y and SU(N)y gauge groups play the
role of messengers between the visible and hidden sec-
tors. In this sense, our models may be viewed as a field
theory realization of the so-called holographic gauge me-
diation [15], where the hidden SU(N)g is studied in the
large N limit as in holography.

The year 1974 [74] was an exciting period for the
community to first realize QCD as the gauge theory for
strong interactions and to study the bound states of
quarks. The LHC has opened a new era in particle phys-
ics. With QCD already established, it is tantalizing to

speculate that there may be additional strongly coupled
sectors in Nature. Such new strong dynamics may arise in
different ways. They can be classified by whether they
participate in the electroweak symmetry breaking and
whether the new fundamental degrees of freedom are fer-
mionic or bosonic. Through careful searches of their de-
cay signatures in high-energy collisions, we may soon re-
veal the hidden strong dynamics at the LHC.
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APPENDIX A: ONE-LOOP BETA FUNCTIONS

At the one-loop level, the beta functions of the SM
gauge coupling constants read

2
o7 ) = 07 o) + b—“ln[@), (A1)
dr \ p?

where a =1, 2,3 refer to gauge groups U(l)y, SUQ2). ,
and SUQ3)c, respectively. The group-theoretic coeffi-
cients b, depend on the numbers of particles running in
the loop:

11 0y 2 ay, | a
ba=—?;C(RV)+§ZC(RF)"'EZC(RS)’ (A2)

Weyl Real

where Rj,, R}, , and RS refer to the vector, Weyl fermion,
and real scalar representations, respectively, under the
gauge group labeled by a. C(R*)values are the Dynkin in-
dices defined through

Tr(TATR) = C(R)6* (A3)

for the non-Abelian group representation R. We choose
the normalization such that, for the fundamental repres-
entation N under S U(N), the Dynkin index is
1

=3 (A%)

Then, under SU(N), the Dynkin indices for the adjoint
representation, the asymmetric tensor with rank 2, and the
symmetric tensor with rank 2 are

N-=-2 N+2
C@=N, Cld)==1=, C(sn="=  (A3)
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respectively. Eq. (A2) can be applied to the Abelian

oup U(l)y as well3 by replacing C(R},) — 0, C(R}) —
5 Y% , and C(R¢) — 5 YS , where the Y3 values are hyper-
charges. The renormalization factor — is introduced as

the hypercharge is identified with the diagonal generator
of SU(5) , which does not belong to the Cartan subalgeb-
rasof SU3) and SU(2)

3
T = 2 (A6)

APPENDIX B: EFFECTIVE FIELD THEORY
FOR THE BOUND STATES

Effective interactions of a scalar S or a pseudoscalar P
with the SM gauge bosons can be parametrized by

(S) (S) 5K (S)
Leff— % A-SGLG™"+ A2 SWi W + 3AY SB.,B",

(BI)
Lk QPG” G“W+£PW" Wi“V+§£P§ B"
eff = Ay o Ay uv 3A uv >
(B2)

where Ay is the emergent hidden strong dynamical scale.
Here, G*”, W*” | and B*” denote the field strengths of the
SM gauge bosons of the SUB)¢c, SUQ2)., and U(l)y
groups, respectively, with the superscripts a and i being
the indices for the corresponding adjoint representations.
The coefficients K;SZ/T) are S/P-dependent O(1) paramet-
ers and encapsulate details of the strong dynamics. One
may define suppression scales for a canonically normal-
ized S /P coupling to different gauge groups:

K510

= i=Y23. B3
Vi v (B3)

The kinetic terms of the gauge fields are

1 a auy 1 1 LUy 1 4
L=- i 2GWG " —@WHVWII —EB ,BY . (B4)

where g3, g3 , and gy are the corresponding gauge coup-
lings.
We assume any new complex scalar to be massive”

L>-m}0!0;. (BS)

where Q; here refers to any new particles in Table 1 with
mass mgp; 2 300 GeV, consistent with the current bounds
from the electroweak precision observables and Higgs
measurements, as discussed in Section VA. The mass can
be even smaller if some of the new bi-fundamental scal-
ars have suppressed couplings to the SM Higgs boson.

The lightest meson made of the new scalars is kinetic-
ally normalized as

Ah Zol,[Q 01, (B6)

where the bracket refers to a meson state, and 4 is intro-
duced through Naive Dimensional Analysis (NDA) [75,
76]. The matrix O = (0;;) is a special orthogonal matrix
that brings the mesons to their mass eigenstates, and the
scalar S corresponds to the first (lowest) eigenstate. The
mesons in the original basis are

—_— A
[0/ 0/ = ’;—ﬂ” 01 . (B7)

Plugging (B7) back into the effective Lagrangian with the
mesons in the original basis, we can read off the suppres-
sion scales A1, A, , and Az as functions of Oy; values.

In order to highlight the relation between the branch-
ing ratios of the lightest meson S and the mixings of
particles forming S, let us assume that the flavors within
the Q and U multiplets are degenerate and that

mg = Mg < mass of any other new scalars. (BY)

Note that Eq. (B8) may be viewed as a spacial case of the
example shown in Eq. (26).

Under the above assumptions, the meson mass eigen-
states S and T (with Ms < M7) can be obtained through
an S O(2) rotation parametrized by an angle 6 and a res-

caling
S 4 cosf siné 0'0
il )
T kA \ —sind cosé Utu

where « ~ O(1). The effective Lagrangian of the mass ei-
genstates is

Led7—— [(2cos9 +5ind)S G2 + 3cos6S W?
7l'

1
+(§COSG+§sin8)SBZ o, (B10)

1) We have assumed that the corresponding hidden fermions, if they exist, are at lease a few TeV and much heavier than the hidden scalars and thus decouple from

the low-energy effective theory.
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where the ellipses refer to the couplings between the
heavier meson 7" and gauge bosons. Thus, we can read the
suppression scales

1 «(2cosf+sinf)

Ay N ’

1 3kcosd

Ay AnAy

1 3 k 1 8

— == —cosf+ —sind)| . Bl1
Ay 547TAH(3COS 30 ) (BID)

Through the effective couplings with the gluons and
in the narrow width approximation, the scalar/pseudoscal-
ar resonance is produced at the LHC via the gluon fusion
process

2 (TS/P>g+g)\ 10L
U(pp—)S/P):g( MS/Pg g)x; 6~fg’

6-ng _

3 —fdxldXZf:g(xl)f:g(XZ)(s(-xl-XZ_T)’ (B12)
T 0

where 7= M§ plS and +/s denote the center-of-mass en-
ergy of the proton-proton collisions. Using the MSTW

PDFs [77], we obtain

(B13)

s Ot

10Lgy 1.1pb (fory/s=8TeV),
| 15pb  (forvs=13TeV),

where we have fixed the factorization scale and the renor-
malization scale at u = Mg /2 for Mg =2 TeV.

The partial decay widths of the scalar resonance are
given by

2

2 g%
_ 3
1 (&2Y
+17—\ 2 3
I(S/P—->W'w )__27r(_A2] MS/P, (B15)

2
L&)z 5(8v )l o
F(S/P_)ZZ):E[(A_Z)CW-Fg A_Y Sw MS/P’
(B16)

11[( &
T(S/P—yy) =7 [(A—z]s%w

2
1[(&) 5(&
[(S/P—Zy) = 5[(—22]—5(71” ChsyM3 p .
(B18)

where sy =sinfy and cw = (1 - s3,)"/> with 6y being the
weak mixing angle. The masses of the # and Z bosons
are neglected to a good approximation.

The decay of S into a pair of the 125-GeV Higgs bo-
sons is characterized by interactions between new
particles and the Higgs boson H:

£L=(10"0+ Wy U'U)H'H, (B19)
with 1g y being coupling constants. These interactions in-

duce an effective interaction between S and Higgs
doublets:

L= A AySH'H , (B20)
4

where we again use the NDA and reparameterize Agy
and 6 by A. Through this operator, the resonance decays
into a pair of Higgs bosons with a partial decay width"

1 (AAy)
Sﬂ'MS Vi¥/g ’

Notice that the pseudoscalar resonance will not decay to

[(S > HH") =

(B21)

di-Higgs bosons.
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