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“Octo-triplet”  Θaα

L ⊃ 1

2
DµΘaαDµΘ

aα − 1

2
M2

ΘΘ
aαΘaα − µΘf

abc�αβγΘaαΘbβΘcγ

Charge Eigenstates

Θa0 ≡ Θa3,

SU(3)xSU(2)xU(1) : (8,3,0) 

Θa± ≡ 1√
2
(Θa1 ± iΘa2)

* No tree level quark couplings *
*No VEV -> suppressed single production*
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Tree Level Θa± Decay
Tiny mass splitting  gives 

Γ
�
Θ±→Θ0e±ν

�
� α2

15π sin4θW

(δM)5

M4
W

= 1.6× 10−16 GeV

Tiny width: 
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Higgs doublet, so the mass splitting between charged
and neutral components may be large. By contrast,
the tiny mass splitting between charged and neutral
octo-triplets suppresses the tree-level 3-body decays.
Furthermore, the neutral octo-doublet decays into
gluons, while SU(2)W symmetry forbids pure glu-
onic decays of the neutral octo-triplet.
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Appendix A: Feynman rules

The Feynman rules for octo-triplets, derived from
Eqs. (2.1)-(2.5), are given by:
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Figure 8: 3-body decay of the charged octo-triplet
scalar through an off-shell W boson.

The Feynman rules involving photons are iden-
tical to those involving a Z boson shown above but
with the replacement g cos θW → e.

Appendix B: Tree-level octo-triplet

decay

In this appendix we compute width for the 3-body
decay of the charged octo-triplet through an off-shell
W , as shown in Figure 8. We define pe, pν , and p0
to be the outgoing momenta for e, ν and Θ0 respec-
tively. Using the Feynman rule from Appendix A,
the amplitude for this process is

M #
√
2 g2

M2
W − 2pe·pν

u(pe) %p0PLv(pν) , (B.1)

where we have used the e, ν equations of motion in
the massless lepton limit. Squaring the amplitude
and summing over helicities we find

|M|2= 4g4
2(pe·p0)(pν ·p0)− pe·pνM2

Θ0

(M2
W − 2pe·pν)2

. (B.2)

The decay width in the Θ+ rest frame is then
given by

Γ(Θ+→Θ0e+ν) =
g4MΘ+

16π3

∫ ε

0

dEν

∫ Emax
e

ε−Eν

dEe

×
MΘ+ (ε− Eν − Ee) + 2EνEe[
M2

W − 2MΘ+ (ε− Eν −Ee)
]2 , (B.3)

where ε is the maximum lepton energy,

ε =
M2

Θ+−M2
Θ0

2MΘ+

, (B.4)
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Loop Decays Easily Win ... 

Γ
�
Θ±→W±g

�
� ααsµ2

Θ

π3 sin2θWMΘ
f(MW /MΘ) ∼ 10−7 µ2

Θ

MΘ

... but the width is still tiny. Can other operators 
dominate?
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the octo-triplet mass, such as (H†σασβH)ΘaαΘaβ ,
are either identical to the last one in Eq. (2.6) or
vanish. Thus, at tree level Θ± and Θ0 are degener-
ate states, having masses equal to MΘ. At one loop,
the electroweak interactions break this degeneracy.
The mass splitting between the charged and neutral
octo-triplets is [19]

δM ≡ MΘ+ −MΘ0 #
1− cos θW
2 sin2θW

αMW (2.8)

up to corrections of order (MW /MΘ)2. We will see
shortly that the octo-triplets have lifetimes much
longer than the QCD scale, so that they hadronize.
The lightest physical states are “octo-hadrons” given
by a Θ0 or Θ± bound to gluons or quark-antiquark
pairs. The mass difference δM between the light-
est charged and neutral octo-hadrons is of the same
sign and order of magnitude as MΘ+ −MΘ0 , so that
δM ∼ 0.2 GeV.

SU(2)W × U(1)Y gauge-invariance forbids any
renormalizable interaction of the octo-triplet with
standard model fermions. The most general renor-
malizable Lagrangian (LΘ) for the octo-triplet scalars
is given by the kinetic term (2.1), the potential terms
quadratic in Θ given in Eq. (2.6), as well as a quartic
term and a cubic term:

− λΘ (ΘaαΘaα)2 + µΘf
abcεαβγΘaαΘbβΘcγ , (2.9)

where λΘ > 0 is a dimensionless parameter. The
mass parameter µΘ may be positive or negative, but

its size should not be larger than O(MΘλ
−1/2
Θ ) in

order to prevent a Θ VEV. The above cubic term
gives the following interaction among the charged
and neutral octo-triplet particles:

2iµΘf
abcΘa+Θb−Θc0 . (2.10)

2.2 Collider signals of octo-triplets

In the µΘ → 0 limit, the Lagrangian LΘ has an ac-
cidental Z2 symmetry that makes the lightest octo-
triplet (i.e., Θ0) stable. The charged octo-triplet
decays at tree level into Θ0 and an off-shell W bo-
son. Computing the 3-body width to leading order
in δM (Appendix B) we find

Γ
(
Θ±→Θ0e±ν

)
#

α2

15π sin4θW

(δM)5

M4
W

. (2.11)

Given the small mass splitting δM ∼ 0.2 GeV [see
the comment after Eq. (2.8)], the only other rel-
evant decay mode is Θ± → Θ0µ±ν with a decay
width further phase-space suppressed compared to
Eq. (2.11). Hence, the total tree-level width of Θ±

is Γtree(Θ±) # 1.8 ×10−16 GeV. This 3-body decay
width corresponds to a decay length of 1.1 cm.

For µΘ '= 0, the charged octo-triplet decays into
gauge bosons at one loop, with Wg being the only
2-body final state allowed by charge conservation.
The diagrams responsible for this decay are shown
in Figure 1. The computation of the decay width
described in Appendix C gives

Γ
(
Θ±→W±g

)
#

ααsµ2
Θ

π3 sin2θWMΘ

f(MW /MΘ) , (2.12)

where the function f(R) is defined in Eq. (C.8).
For MΘ varying between 150 GeV and 1 TeV, f(R)
grows from (4.0 − 10.3) × 10−3, corresponding to
Γ(Θ±→W±g) in the (4.3−11.2)×10−7µ2

Θ/MΘ range.
While one might naively expect f(R) to be of or-
der one, this function is accidentally suppressed:
f(0) ∝

(
π2/9 − 1

)2
as shown in Eq. (C.10), while

for larger values of R, the function decreases further
due to phase space suppression.

The neutral octo-triplet also decays at one loop,
into a gluon and Z boson or photon, with partial
widths

Γ
(
Θ0→Zg

)
#

ααsµ2
Θ

π3 tan2θWMΘ

f(MZ/MΘ) ,

Γ
(
Θ0 → γg

)
#

ααsµ2
Θ

π3MΘ

f(0) . (2.13)

When MΘ varies between 150 GeV and 1 TeV, the
branching fraction for Θ0 → γg decreases from 53%
to 24%. The decay Θ0 → gg does not occur at one

Θ+

Θ+

Θ0

Θ0

g

W+

Θ+

Θ0

Θ+

Θ+

g

W+

Θ+

Θ+

Θ0 g

W+

Figure 1: Charged octo-triplet decay to a W boson
and a gluon.
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   Add vectorlike quark doublet  
LΘΨ = Θaα ΨR T aσ

α

2

�
ηiQ

i
L + ηψΨL

�
+H.c.

LΨ = −mψΨLΨR − µiQ
i
LΨR +H.c.

Integrate out to obtain H.D.O.s
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− i cij√
2mψ

�
mdjΘ

a+ u i
LT

adjR + mujΘ
a− d

i
LT

auj
R

�
+H.c. ,

MB = 2MΘ −EB. This cross section is too small to
be observed at the Tevatron.

At the LHC, the bound state production cross-
section can be considerably larger. ForMB ∼ 1TeV,
the cross section is σ(pp → B) ∼ O(1 pb) [23] at√
s = 14TeV, which might allow the annihilation

signal to compete with the QCD background and
give an observable resonance. The electroweak di-
boson channels are suppressed relative to gg, but
give cleaner signals, which contribute to standard
Higgs searches.

While the above discussion has been limited to
the dominant color-singlet bound state, octo-triplets
can also form bound states in higher color repre-
sentations with exotic annihilation signatures. For
instance, color-octet bound states necessarily anni-
hilate into either γg or Zg regardless of whether the
bound state comprises charged or neutral scalars.

3 Octo-triplet decays via higher-

dimensional operators

Since the octo-triplet widths in Eqs. (2.11)-(2.12)
are tiny, higher-dimensional operators induced at
the TeV scale could lead to other decays with sub-
stantial branching fractions.

Dimension-5 operators allow the coupling of an
octo-triplet to a pair of standard model quarks in-
volving a derivative,

cij
mψ

Θaα Q
i
L T a σα

2
γµDµQ

j
L +H.c. , (3.1)

or in the presence of the Higgs doublet,

Θaα Q
i
LT

aσ
α

2

(
c′ij
mψ

H̃ujR +
c′′ij
mψ

HdjR

)
. (3.2)

Qi
L, ujR and djR are the quark fields in the gauge

eigenstate basis; i, j = 1, 2, 3 label the fermion gen-
eration; σα is a Pauli matrix; mψ is the mass of some
heavy field that has been integrated out; and cij , c′ij
and c′′ij are dimensionless coefficients. Using the field
equations, one can write c′′ij as a linear combination
of cij and and c′ij without loss of generality.

3.1 Octo-triplet plus a vectorlike quark

The dimension-5 operators (3.1) and (3.2) can be
induced, for example, by a heavy vectorlike quark Ψ

Θ+

Ψd
R

sL

cL
Θ+

Ψu
R

sL

cL

Figure 3: Charged octo-triplet decay to quarks in
the presence of a vectorlike quark doublet Ψ =
(Ψu,Ψd). The mass mixing of Ψ with the standard
model quarks is depicted by ×. Similar diagrams
lead to the decay of the neutral Θ0 scalar into quark
pairs.

that transforms as (3, 2, 1/6) under SU(3)c×SU(2)W
×U(1)Y , i.e. the same way as SM quark doublets
Qi

L. Renormalizable interactions of Ψ with the octo-
triplet,

LΘΨ = Θaα ΨR T aσ
α

2

(
ηiQ

i
L + ηψΨL

)
+H.c. , (3.3)

and with the Higgs doublet,

LHΨ = ΨL

(
λu
i HuiR + λd

i H̃diR

)
, (3.4)

are allowed. Here ηi, ηψ, λu
i and λd

i are dimen-

sionless couplings and H̃ = iσ2H†. Gauge-invariant
fermion mass terms are also allowed:

−mψΨLΨR − µiQ
i
LΨR +H.c. (3.5)

For mψ & MΘ, the Ψ fermion can be integrated out,
giving rise to the operators (3.1) through the LΘΨ

interactions, and to the operators (3.2) through a
combination of LΘΨ and LHΨ interactions.

Let us assume for simplicity that λu
i and λd

i are
negligible, and that the mass mixing parameters sat-
isfy µi ' mψ. In this case the coefficients cij can be
computed in the mass insertion approximation:

c ij = −
i µj η∗i
mψ

. (3.6)

These are the coefficients at the scale mψ; running
down from mψ to MΘ may change c ij at MΘ by an
O(1) factor, which we can absorb into the definition
of ηi.

Using the quark field equations, we find that Eq.
(3.1) contains the operators in Eq. (3.2)

−
i cij√
2mψ

(
mdjΘ

a+ u i
LT

adjR

+ muj
Θa− d

i
LT

aujR

)
+H.c. , (3.7)
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Decays Through HDOs

Γ(Θ+ → c s̄) � 10−6 GeV
| η2µ2 |2

m2
ψ

MΘ

150GeV

�
1TeV

mψ

�2
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Dijet:

3-Body virtual top:

Γ(Θ+→W+bb̄) � 3× 10−6 GeV
|η3µ3|2

m2
ψ

F(MΘ)

F(150 GeV)

�
1TeV

mψ

�2

B(Θ → W+bb) ∼ B(Θ → jj)Generically 
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Competition -> W + dijet 
signal  for MΘ < mt

Soft b-jets often fall below cuts 
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bL

Θ0

sL

Ψ
d

R sL

Ψ
d

R
bL

Figure 4: Leading contribution to Bs − Bs mixing
through Ψ and Θ interactions. Other diagrams dif-
fer only by the placement of ΨRQL mass insertions,
and are suppressed by additional powers of ms.

3.2 Bs − B̄s mixing

Since Ψ has flavor-dependent couplings, its interac-
tions can contribute to flavor-changing neutral pro-
cesses. The largest couplings are to the 3rd and per-
haps 2nd generation quarks, so that we expect that
the most prominent effect is in Bs−Bs meson mix-
ing. This proceeds through the tree-level diagram in
Figure ??. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
η2µ3 mb

2MΘm2
ψ

)2
(
bR T asL

)2
+H.c. (3.19)

Here we have used the fermion field equations and
ignored terms suppressed by factors of ms/mb.

The matrix element of the Hamiltonian due to
Θ0 exchange is

〈
Bs|HΘ|Bs

〉
"

(
η2µ3

MΘm2
ψ

)2
M4

Bs
f2
Bs
ηQCD

5B2 + 3B3

288
,

(3.20)

where MBs and fBs = (231±15)MeV [?] are the Bs

meson mass and decay constant respectively; ηQCD "
1.7 is the QCD correction for the operator in Eq.
(??) due to running from the scale MΘ down to
MBs [?]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [?] for the singlet-singlet and octet-octet
color structures arising from operator (??), respec-
tively.

It is convenient to parametrize the contribution
to Bs mixing from Θ0 relative to the standard model
one as

〈
Bs|HSM +HΘ|Bs

〉
〈
Bs|HSM|Bs

〉 ≡ CBse
−iφs , (3.21)

c̄L

sL

b̄L
bL

W+

t∗

g

g

Θ−

Θ+

Figure 5: Representative diagram for pair produc-
tion of charged octo-triplets through gluon fusion
with a (jj)(Wbb̄) final state. The • symbol denotes
dimension-5 operators induced by the Ψ fermion.
Similar diagrams lead to 4j, (W+bb̄)(W−bb̄), or
(jb)(Wbb̄) final states.

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
extracted from the estimate given in [?, ?]:

〈
Bs|HSM|Bs

〉
≈
(
8.0×10−6 GeV

)2
(1± 0.15) .

(3.22)

The 15% theoretical uncertainty shown above loosens
the constraint on CBs set by the measured Bs mass
difference: CBs ≈ 0.98± 0.15. Comparing Eqs. (??)
and (??) we find

mψ = 1.1 TeV × |η2|
|µ3|
mψ

(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of η2µ3. For MΘ = 150 GeV, µ3/mψ =
0.2, η2 = 1, CBs = 0.9, and a small CP-violating
phase φs = −5◦, we get mψ = 568 GeV. How-
ever, if the phase is large, as suggested by the D0
like-sign dimuon asymmetry [?], then mψ is below
the electroweak scale; for example φs = −45◦ gives
mψ = 260 GeV. Such a light vector-like quark is not
ruled out. Note that the main decay mode is likely
to be Ψd → Θ+c̄ → (cs̄)c̄, so that Ψ pair produc-
tion leads to a 6-jet final state. The CDF search
[?] in a similar channel gives a lower limit on the 3j
resonance mass below 200 GeV.

This model also contributes to b → sγ decays at
the 1-loop level. Since these diagrams involve two
mass insertions and suffer additional loop suppres-
sion, we expect their contributions to be small.
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CDF  Wjj Excess
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0
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��8G
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4.
3
fb
�
1 � W � n ��3� jets
W � 2 jets

Generated w/ MadGraph / MadEvent / Pythia / PGS 

MΘ = 155GeV, B(Θ+ → W+bb̄) = 40%
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B-Meson Mixing   

Complex parameters -> CPV 
Integrate out octo-triplet and heavy quark:

LBs−Bs
=

�
η2µ3 mb

2MΘm2
ψ

�2
�
bR T asL

�2
+H.c.
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bL

Θ0

sL

Ψ
d

R sL

Ψ
d

R
bL

Figure 4: Leading contribution to Bs − Bs mixing
through Ψ and Θ interactions. Other diagrams dif-
fer only by the placement of ΨRQL mass insertions,
and are suppressed by additional powers of ms.

3.2 Bs − B̄s mixing

Since Ψ has flavor-dependent couplings, its interac-
tions can contribute to flavor-changing neutral pro-
cesses. The largest couplings are to the 3rd and per-
haps 2nd generation quarks, so that we expect that
the most prominent effect is in Bs−Bs meson mix-
ing. This proceeds through the tree-level diagram
in Figure 4. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
η2µ3 mb

2MΘm2
ψ

)2
(
bR T asL

)2
+H.c. (3.19)

Here we have used the fermion field equations and
ignored terms suppressed by factors of ms/mb.

The matrix element of the Hamiltonian due to
Θ0 exchange is

〈
Bs|HΘ|Bs

〉
"

(
η2µ3

MΘm2
ψ

)2
M4

Bs
f2
Bs
ηQCD

5B2 + 3B3

288
,

(3.20)

whereMBs and fBs = (231±15)MeV [24] are the Bs

meson mass and decay constant respectively; ηQCD "
1.7 is the QCD correction for the operator in Eq.
(3.19) due to running from the scale MΘ down to
MBs [25]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [26] for the singlet-singlet and octet-octet
color structures arising from operator (3.19), respec-
tively.

It is convenient to parametrize the contribution
to Bs mixing from Θ0 relative to the standard model
one as

〈
Bs|HSM +HΘ|Bs

〉
〈
Bs|HSM|Bs

〉 ≡ CBse
−iφs , (3.21)

c̄L

sL

b̄L
bL

W+

t∗

g

g

Θ−

Θ+

Figure 5: Representative diagram for pair produc-
tion of charged octo-triplets through gluon fusion
with a (jj)(Wbb̄) final state. The • symbol denotes
dimension-5 operators induced by the Ψ fermion.
Similar diagrams lead to 4j, (W+bb̄)(W−bb̄), or
(jb)(Wbb̄) final states.

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
extracted from the estimate given in [27, 28]:

〈
Bs|HSM|Bs

〉
≈
(
8.0×10−6 GeV

)2
(1± 0.15) .

(3.22)

The 15% theoretical uncertainty shown above loosens
the constraint on CBs set by the measured Bs mass
difference: CBs ≈ 0.98 ± 0.15. Comparing Eqs.
(3.20) and (3.21) we find

mψ = 1.1 TeV × |η2|
|µ3|
mψ

(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of η2µ3. For MΘ = 150 GeV, µ3/mψ =
0.2, η2 = 1, CBs = 0.9, and a small CP-violating
phase φs = −5◦, we get mψ = 568 GeV. How-
ever, if the phase is large, as suggested by the D0
like-sign dimuon asymmetry [29], then mψ is below
the electroweak scale; for example φs = −45◦ gives
mψ = 260 GeV. Such a light vector-like quark is not
ruled out. Note that the main decay mode is likely
to be Ψd → Θ+c̄ → (cs̄)c̄, so that Ψ pair produc-
tion leads to a 6-jet final state. The CDF search
[30] in a similar channel gives a lower limit on the
3j resonance mass below 200 GeV.

This model also contributes to b → sγ decays at
the 1-loop level. Since these diagrams involve two
mass insertions and suffer additional loop suppres-
sion, we expect their contributions to be small.
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May Explain DØ Dimuon 
Excess

Parametrize NP matrix element:

Predicts relation between inputs : 

mψ = 1.1TeV |η2|
|µ3|
mψ

150GeV

MΘ
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�
Bs|HSM +HΘ|Bs

�
�
Bs|HSM|Bs

� ≡ CBse
−iφs ,
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Conclusion
Octo-triplet -> (8,3,0) simple model, small widths 

HDOs can generate dominant decays

May explain CDF Wjj excess w/ (Wbj)(jj) final state

Inclusive bump growth (preliminary CDF result)

Predicts dual resonances (pair production)

CPV in B-meson system 

Copious LHC production
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