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CDF Sees a Bump!

Originally a measurement of WW/WZ 
production (one leptonic, one 
hadronic decay)

Search requires :

One leptonically decaying W              
(Isolated lepton + missing ET)

Exactly 2 jets PT > 30 GeV

PT of dijet system  > 40 GeV

Initial publication (4.3/fb) claims > 3σ 
deviation from SM background 
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Updated 7.3 / fb analysis finds a  
4.1 σ deviation from SM 

Observes large excess near            
Mjj ≈ 150 GeV with ~ 400 events

Background (except diboson peak) 
normalized assuming gaussian 
signal present

 Good fit with σ x Br ≈ 4 pb  and a     
central value near Mjj ≈ 150 GeV                

Interesting tail in high Mjj region

CDF Sees a Bump!
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Inclusive (2+ jet) Distributions

 Excesses grows to 4.8 σ, almost certainly not statistical fluke

Background better modeled without vetoing 3+ jet events 

Similar increases in statistical significance (V. Cavaliere, CDF Thesis, 2010) when 
cuts are varied. 
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Suggestive Kinematics

Data from inside signal window (115 GeV < Mjj < 175 GeV)  

Total mass (Mlvjj) looks highly resonant                                                                        
pp -> X -> W + 2j  with  Mlvjj = Mx 

Dijet system (PTjj) shows consistent excess 

Similar results for many other distributions -- no excesses in sidebands 6/38
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 D0 Sees “Nothing”
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Complimentary Measurement 

D0 imposes the same cuts and sees only a modest ~ 1.5σ excess near 150 GeV

Claims to rule out CDF’s (4pb) gaussian signal with p-value 8x10^-6

Claims to rule out smaller (1.9 pb) signal at 95% confidence 

Both claims assume SM Higgs acceptances 
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Figure 44: Dijet mass before (left) and after (right) ∆Rjj weighting in the muon
channel.
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Figure 45: Dijet pT before (left) and after (right) weighting in the muon channel.

6.6.2 Estimation of Systematic Uncertainties Corresponding to ηjet, pWT ,

and ∆R(j1, j2) Corrections

Uncertainties in shape of the corrected distributions from the weighting paramateri-

zation are determined using the error (covariance) matrix calculated with respect to

the minimization of the χ2 function. The inclusion of the normalization constraint in

the χ2 function used in our fits tends to reduce the size of normalization uncertainties

associated with the fit parameters and to enhance shape variations between regions

with higher and lower statistics. Error propagation via correlations of fit parameters

using the error matrix results in upper and lower bounds at each value of the indepen-

However, 

unreweighted                                                  reweighted 

Comparable Higgs analysis (S. Zellich, D0 thesis, 2010) suggests similar excess in 
unreweigted sample, but then goes away

Analysis based on 5.4/fb of data

No comment on possible excess 
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Figure 44: Dijet mass before (left) and after (right) ∆Rjj weighting in the muon
channel.
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Figure 45: Dijet pT before (left) and after (right) weighting in the muon channel.

6.6.2 Estimation of Systematic Uncertainties Corresponding to ηjet, pWT ,

and ∆R(j1, j2) Corrections

Uncertainties in shape of the corrected distributions from the weighting paramateri-

zation are determined using the error (covariance) matrix calculated with respect to

the minimization of the χ2 function. The inclusion of the normalization constraint in

the χ2 function used in our fits tends to reduce the size of normalization uncertainties

associated with the fit parameters and to enhance shape variations between regions

with higher and lower statistics. Error propagation via correlations of fit parameters

using the error matrix results in upper and lower bounds at each value of the indepen-
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Controversy 

CDF data consistently suggest a new physics.   

D0 jet definition ∆R < 0.5  ==>  may veto some signals (CDF: ∆R < 0.4)

D0 corrects out-of-cone radiation ==> more high-energy jets, more likely to 
veto events (Buckley, Hooper, Kopp, Martin, Neil  hep-ph/1107.5799)

How does D0 signal change with different cuts? CDF’s significance varies 
considerably. 

Will we see full ~ 10/fb  D0 analysis? Inclusive?

Task Force and/or LHC will ultimately settle discrepancy

Our strategy: Interpret CDF signal as new physics

We proceed under assumption of new physics...
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octo-triplets 

SU(3)c × SU(2)L × U(1)Y

Θaα : (8, 3, 0)
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Most General Renormalizable Lagrangian

DµΘ
aα = ∂µΘ

aα + gsf
abcGb

µΘ
cα ++g�αβγW β

µΘ
aγ

Θa± ≡ 1√
2
(Θa1 ∓ iΘa2)Charge Eigenstates : Θa0 ≡ Θa3

LΘ =
1

2
D

µΘaα
DµΘ

aα − 1

2
M

2
ΘΘ

aαΘaα − V (Θ, H)

      (Some) Gauge Interactions :

2iggsf
abc Gµa

�
W+

µ Θb− −W−
µ Θb+

�
Θc0

−igW−
µ

�
(∂µΘ

a+)Θa0 −Θa+∂µΘ
a0
�

dijet-plus-W signal has a large cross section (52 pb
for MΘ+ = 155 GeV) because it is dominated by
gluon fusion. In the case of dominant production
through an s-channel resonance coupled to qq̄ like
the coloron, the LHC signal is reduced to ∼ 10 pb.

If the couplings of the vectorlike quark are com-
plex, then tree-level Θ0 exchange induces CP vio-
lation in Bs − B̄s mixing. For a vectorlike quark
mass of a few hundred GeV (which is allowed be-
cause its main decay is into three jets), this effect
can be large enough to produce a significant part of
the like-sign dimuon asymmetry observed by the D0
Collaboration [32].

We note that similar final states can also arise
from a fermiophobic octo-doublet field. However,
this has nontrivial couplings to the standard model
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.

Acknowledgments: We would like to thank Johan
Alwall, Alberto Annovi, Yang Bai, William Bardeen,
Chris Bouchard, Patrick Fox, Walter Giele, Roni
Harnik, David E. Kaplan, Joachim Kopp, Adam
Martin, Olivier Mattelaer, Yuhsin Tsai, and Cia-
ran Williams for helpful discussions and comments.
GZK is supported by a Fermilab Fellowship in The-
oretical Physics. Fermilab is operated by Fermi Re-
search Alliance, LLC, under Contract DE-AC02-07-
CH11359 with the US Department of Energy.

Appendix A: Feynman rules

The Feynman rules for octo-triplets, derived from
Eqs. (2.1)-(2.5), are given by:

!
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%
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%

"
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= ig cos θW δab(p− q)µ

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 14. 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

14
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lation in Bs − B̄s mixing. For a vectorlike quark
mass of a few hundred GeV (which is allowed be-
cause its main decay is into three jets), this effect
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Collaboration [32].
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from a fermiophobic octo-doublet field. However,
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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 14. 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
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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
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The decay width in the Θ+ rest frame is then
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Similar couplings to (WW), (ZZ), (Zg), (gg), 
(γγ)... 12/38
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Octo-triplet Masses 

MΘ →
�

M2
Θ − λHv2

H

−1

2

�
M

2
Θ − λHH

†
H
�
ΘaαΘaαMass term gets “democratic”

SM Higgs correction

Other Higgs bilinears are equivalent to above
 or vanish.   

(H†σασβ
H)ΘaαΘaβ

All Θs get same positive mass. Must not 
acquire VEV to preserve SU(3)c.

Small O(100MeV) charged/neutral mass 
splitting from EW  loops

δM ≡ MΘ+ −MΘ0 � 1− cos θW
2 sin2θW

αMW
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Scalar Potential 

V (Θ) ⊃ µΘf
abc�αβγΘaαΘbβΘcγ − λΘ (ΘaαΘaα)2 + · · ·

Other quartics also allowed, but not important for us.                           

Without cubic term, all scalars are stable -- all operators feature pairwise 
couplings. 

 
Generic to all nonzero hypercharge assignments . 

In charge eigenbasis cubic term is    

2iµΘf
abcΘa+Θb−Θc0

dijet-plus-W signal has a large cross section (52 pb
for MΘ+ = 155 GeV) because it is dominated by
gluon fusion. In the case of dominant production
through an s-channel resonance coupled to qq̄ like
the coloron, the LHC signal is reduced to ∼ 10 pb.

If the couplings of the vectorlike quark are com-
plex, then tree-level Θ0 exchange induces CP vio-
lation in Bs − B̄s mixing. For a vectorlike quark
mass of a few hundred GeV (which is allowed be-
cause its main decay is into three jets), this effect
can be large enough to produce a significant part of
the like-sign dimuon asymmetry observed by the D0
Collaboration [32].

We note that similar final states can also arise
from a fermiophobic octo-doublet field. However,
this has nontrivial couplings to the standard model
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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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 14. 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
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The decay width in the Θ+ rest frame is then
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Charged Decays    

W ∗

Θ+

e+

νe

Θ0!!"p0

Figure 14: 3-body decay of the charged octo-triplet
scalar through an off-shell W boson.

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)

and Emax
e is the maximum positron energy for a

fixed neutrino energy Eν ,

Emax
e =

ε− Eν

1− 2Eν/MΘ+

. (B.5)

The integrals in Eq. (B.3) can be performed an-
alytically, with the result

Γ(Θ+→Θ0e+ν) =
α2M4

W

16π sin4θWM3
Θ+

G
(

ε

MΘ+

,
2M2

Θ+

M2
W

)

(B.6)

where we introduced a function

G(x, r) = −ξ (1+r−rx) ln
(
1−x+rx2+ξx

)

−
1

2

[(
1

2
−x

)
r2+ξ2−ξ (1+r−rx)

]
ln(1−2x)

+
r3x3

3
+
3

2
r2x (1−x)+rx , (B.7)

with

ξ ≡ ξ (x, r) =
[
2r + (1− rx)2

]1/2
. (B.8)

Interestingly, the expansion of r−4G(x, r) for |x| < 1
starts at x5, and the leading r-dependent term arises
even later, at x7:

G(x, r) =
r4x5

15

[
1 + x+

2

7
(4−r)x2

]
+O

(
x8

)
. (B.9)

Translating this expansion into a power series in
δM ≡ MΘ+ −MΘ0 we find that the exact tree-level
width of Eq. (B.6) is given, up to corrections of order
(δM)8, by

Γ(Θ+→Θ0e+ν) %
α2 (δM)5

15π sin4θWM4
W

[
1−

3(δM)

2MΘ+

+
4

7

(
9

8
−

M2
Θ+

M2
W

)(
δM

MΘ+

)2]

. (B.10)

Appendix C: One-loop decay of a

scalar octet into gauge bosons

In this Appendix we compute the width for a color-
octet scalar decaying to a gluon and a (massive or
massless) vector boson Vµ, which proceeds through
scalar 1-loop diagrams like those of Figure 1. In
particular, this computation applies to the process
Θ± → W±g, Θ0 → γg or Zg.

We label the Vµ and gluon 4-momenta (polariza-
tions) by p1 (ε1) and p2 (ε2), respectively. Since the
gluon is always transversely polarized (ε2 · p2 = 0),
angular momentum conservation demands that the
other vector also be transverse, so ε1 · p1 = 0. Given
that the contraction εµνρσ p

µ
1ε

ν
1 p

ρ
2 ε

σ
2 , cannot arise

from scalar triangle diagrams, the amplitude con-
tains only two terms: ε1· ε2 and (ε1· p2) (ε2· p1). Fur-
thermore, by the Ward-Takahashi identity the am-
plitude vanishes upon replacing ε2 with p2, so that
the most general amplitude due to scalar loops is
given by

M =
µΘgsg̃

π2
C
(
1

2
ε1· ε2 −

(ε1· p2) ε2· p1
M2

Θ −M2
V

)
. (C.1)

where µΘ is the scalar trilinear coupling, g̃ is the
scalar-vector gauge coupling, MV and MΘ are the
Vµ and scalar masses. The dimensionless coefficient
C is the only quantity that needs to be computed
from loop integrals.

We now compute the coefficient C for the process
Θ+ → W+g by evaluating the 1-loop diagrams

M =

∫
d4k

(2π)4
48i µΘgsg

(k2−M2
ϕ)[(p1+p2+k)2−M2

ϕ]

×

(
1

4
ε1· ε2 −

ε1·(p2 + k) (ε2·k)
(p2+k)2−M2

ϕ

)

, (C.2)
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where λH is a real dimensionless parameter. The
VEV of the standard model Higgs doublet H has a
value vH ! 174 GeV, so that the mass of the octo-
triplet field is

MΘ =
√

M2
0 − λHv2H . (2.7)

We require MΘ > 0 (i.e., Θaα does not acquire a
VEV) in order to preserve SU(3)c gauge invariance.

The commutation relations of the Pauli matri-
ces σα imply that other operators contributing to
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 [21]

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 cubic
term and quartic terms:

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

where λΘ > 0 is a dimensionless parameter, and for
simplicity we display only one quartic term. 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.

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.

3

Extremely tiny tree-level width

Γ
�
Θ±→Θ0e±ν

�
� α2

15π sin4θW

(δM)5

M4
W

= 1.6× 10−16 GeV

Loop decays easily dominate for nonzero cubic term

Γ
�
Θ±→W±g

�
� ααsµ2

Θ

π3 sin2θWMΘ
f(MW /MΘ) ∼ 10−7 µ2

Θ

MΘ

Similar diagrams for Neutral scalar decay
 (replace W --> Z,γ)

Dijet decays forbidden by gauge invariance 
(even at one-loop)
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Accidental Suppression

Function “f” arises from integration over Feynman parameters  First define: 

C =

� 1

0
dx

� 1−x

0
dy

−3(1−R2)xy

1− xy −R2 x (1− x− y)
R ≡ MV /MΘ

Computing the width diagrams and expanding in R gives

f(R) =
1

2
C
2(1−R2) = f(0) + f1R

2 + f2R
4 +O(R6)

f(0) =
9

8

�
π2

9
− 1

�2

� 1.05× 10−2 f1 = f(0) +
9

4

�
π2

9
− 1

��
π√
3
− 2

�
� −3.00× 10−2

f2 =
9

8

�
π2

9
+

π√
3
− 3

�2
+

3

16

�
π2

9
− 1

�
� 2.71× 10−2

Where the coefficients are all O(10^-2)
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Collider Signals

Charged pair resonances  : (Wj)(Wj) 

Neutral pairs : (Zj)(Zj), (γj)(γj), (Zj)(γj)

Charged/Neutral EW production : (Wj)(Zj), (Wj)(γj)

p̄

W+

g

W−

g

p

Θ−

Θ+

Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 5) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through
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Figure 6: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 5) with MΘ = 155 GeV. The c or s̄ distri-
bution (black solid line) peaks at higher pT and has
a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).

an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 6 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibit a peak near MΘ.

In order to compare this signal with the CDF
dijet excess [16], we generate partonic events using
MadGraph 5 for the pp̄ → Θ+Θ−→ (jj)(Wbb̄) pro-
cess with W → eν, µν, τν. We then use Pythia 6.4
[34] for hadronization and parton showering, and
PGS 4 [35] for detector-level effects. We impose2

the same cuts as CDF [16]: lepton p!T > 20 GeV
and |η!| < 1, missing transverse energy #ET > 25
GeV, transverse W mass MT (W ) > 30 GeV, jet
pjT > 30 GeV and |ηj | < 2.4, separation between
jets |∆ηjj| < 2.5, azimuthal separation between the
missing ET and the leading jet |∆φ| > 0.4, and
pTjj ≥ 40 GeV for the leading dijet system. The
resulting dijet invariant mass (mjj) distribution for
events with exactly 2 jets is shown in Figure 7 (solid
red line) for MΘ = 155 GeV and a branching frac-

2We impose cuts on the PGS output using a modified ver-
sion of the Chameleon package [36].
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p̄

W+

g

W−

g

p

Θ−

Θ+

Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

p̄

Z, γ

g

Z, γ

g

p

Θ0

Θ0

Figure 6: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
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Figure 7: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 5) with MΘ = 155 GeV. The c or s̄ distri-
bution (black solid line) peaks at higher pT and has
a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).

the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 5) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through
an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 6 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibit a peak near MΘ.

In order to compare this signal with the CDF
dijet excess [16], we generate partonic events using
MadGraph 5 for the pp̄ → Θ+Θ−→ (jj)(Wbb̄) pro-

8

Recall that these widths are extremely small.
Can higher dimension operators compete for variety? 
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Dimension 5 operators 

cij
mψ

Θaα Q
i
L T a σα

2
γµDµQ

j
L +H.c.

Θaα
Q

i
LT

aσ
α

2

�
c
�
ij

mψ

�Hu
j
R +

c
��
ij

mψ
Hd

j
R

�

Mass scale set by some heavy 
field (Mψ >> MΘ) integrated out

Coefficients C, C’, C’’ related by SM 
fermion Eqs. of Motion

Can trade derivative operator for quark 
masses upon Higgs insertion

UV completion for operators can be a heavy vector-like quark 

ψ : (3, 2, 1/6) under SU(3) c x SU(2) L x U(1)Y

H̃ ≡ iσ2
H

†
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 Vector-like Quark (ψ)

Including the most general octo-triplet interactions 

and mass terms 

−mψΨLΨR − µiQ
i
LΨR +H.c.

integrate out ψ, use EOM, work in quark mass-eigenbasis 

LΘΨ = Θaα ΨR T aσ
α

2

�
ηiQ

i
L + ηψΨL

�
+H.c.

−i√
2mψ

Θa+ U
i
T a

�
(C VKM)ij mdjPR −mui

�
C† VKM

�
ij
PL

�
Dj

+H.c.

C is now a matrix in flavor space and depends on
Lagrangian parameters μ η, and mψ
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New Dijet Decay Modes

Now octo-triplets can decay to jet pairs 
yields a rich variety of vector boson pairs: Θ+Θ−→
B → gg,W+W−, ZZ, γγ, γZ.

Given that the bound-state effects are mainly
due to gluon exchange, the production of the Θ+Θ−

bound state is approximately equal to that of octo-
singlets computed in [8]: for MΘ ≈ 150GeV the
Tevatron cross section is σ(pp̄ → B) # O(100) fb.
Since the width Γ(Θ±→ W±g) is orders of magni-
tude smaller than the main channel for bound states
Γ(B → gg) # 0.04GeV [8], the annihilation domi-
nates and yields dijet resonances with invariant mass
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) [26] 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 annihilate into ei-
ther 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)

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.

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 replace the last opera-
tor, with coefficient c′′ij , by a linear transformation
(involving the standard model Yukawa couplings) of
the cij and c′ij coefficients.

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
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.

5

Γ(Θ+ → c s̄) � m2
c +m2

s

64πm2
ψ

|C22|2MΘ = 1.3×10−6 GeV |C22|2
�

MΘ

150GeV

��
1TeV

mψ

�2

Γ(Θ+→ c b̄)

Γ(Θ+→ c s̄)
� 1

|C22|2

�
m2

b

m2
c

|C23|2 + |C32|2
�
,

Decays with mixed generation jets scale with different C’s

3d generation dominates w/ top-mass enhancement, but 
kinematically forbidden if MΘ < mt + mb
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Virtual Top Decays 

Γ(Θ+→ tb̄) � 2.2×10−2 GeV |C33|2
�
1− m2

t

M2
Θ

�2�
MΘ

150GeV

��
1TeV

mψ

�2

If allowed, the dominant width is 

However, for MΘ ≈ 150 GeV, there is a 3-body off-shell decay with much smaller 
(but still relatively large) width  

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 η∗i µj

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 following interactions between Θ+

and the mass-eigenstate quark fields U i and Dj:

−i√
2mψ

Θa+ U
i
T a

[
(C VKM)ij mdjPR

− mui

(
C† VKM

)

ij
PL

]
Dj +H.c. (3.7)

where VKM is the CKMmatrix, andmui
, mdi are the

physical masses for the quarks of the ith generation.
The 3× 3 matrix C is given by

C = V †
uL

c VuL
, (3.8)

where c is the matrix whose elements are given in
Eq. (3.6), and VuL

is the matrix that transforms
the left-handed up-type quarks from the mass eigen-
states to the gauge eigenstates, u = VuL

U .

Based on interactions (3.7) we find that the width
for the decay of the charged octo-triplet into a quark
pair is

Γ(Θ+ → c s̄) &
m2

c +m2
s

64πm2
ψ

|C22|2MΘ , (3.9)

where we have omittedO(m4
q) terms and off-diagonal

CKM elements, and have not included QCD correc-
tions. Taking the charm quark mass mc = 1.3 GeV
gives

Γ(Θ+→ c s̄) & 1.3× 10−6 GeV |C22|2

×
MΘ

150GeV

(
1TeV

mψ

)2

. (3.10)

Compared with the decay into Wg computed in
Eq. (2.12), the above Θ+ decay into a pair of jets
can easily dominate. For example, for MΘ = 150
GeV, µΘ = 1 GeV, C22 = 0.1, and mψ = 1.1 TeV,
we find Γ(Θ+→ c s̄) & 3.7Γ(Θ+→ W g).

b̄L
bL

W+

t∗

Θ+

Figure 4: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

The width for the decay into c b̄ is sensitive to
different Cij parameters:

Γ(Θ+→ c b̄)

Γ(Θ+→ c s̄)
&

1

|C22|2

(
m2

b

m2
c
|C23|2 + |C32|2

)
, (3.11)

where mb ≈ 4.2 GeV is the b quark mass.

If MΘ > mt + mb, the decay involving a top
quark opens up:

Γ(Θ+→ tb̄) & 2.2×10−2 GeV |C33|2
(
1−

m2
t

M2
Θ

)2

×
MΘ

150GeV

(
1TeV

mψ

)2

, (3.12)

where we have set mt = 173 GeV and ignored m2
b

terms. Due to an m2
t/m

2
c enhancement compared

to Eq. (3.9), this decay dominates unless |C33| <
10−2|C22|. The decay Θ+→ ts̄ has the same width
except for the C33 → C23 replacement.

Similar expressions give the 2-body widths for
the neutral octo-triplet decaying to cc̄, bb̄, or top
pairs if MΘ > 2mt.

Them2
t/m

2
c enhancement in Eq. (3.12) is so large

that even for MΘ < mt + mb the 3-body decay
through an off-shell top quark, Θ+→ W+b b̄, needs
to be taken into account. Its width is

Γ(Θ+→W+bb̄) =
α |C33|2 m4

t

64π2 sin2θW m2
ψ

F(MΘ) . (3.13)

The the function F , of mass dimension −1, is given

6

Γ(Θ+→W+bb̄) =
α |C33|2 m4

t

64π2 sin2θW m2
ψ

F(MΘ)

With a dimensionful function arises from the phase-space integral 

F(MΘ) =

� E0

0
dE b̄

� Emax
b

E0−Eb̄

dEb

Eb+ (E0−E b̄)
�
2MΘ

M2
W
(E0−Eb)−1

�

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

E0 =
M2

Θ−M2
W

2MΘ
Emax

b =
E0− E b̄

1− 2E b̄/MΘ 21/38
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Competition

Numerically we find 

Γ(Θ+→W+bb̄) � 2.9× 10−6 GeV |C33|2
F(MΘ)

F(150 GeV)

�
1TeV

mψ

�2

Γ(Θ+ → c s̄) � 1.3× 10−6 GeV |C22|2
�

MΘ

150GeV

��
1TeV

mψ

�2

Recall that the 2 body dijet width is 

For natural Lagrangian parameters, processes are automatically in 
competition w/ comparable branching fractions

Both also dominate over loop-induced diboson and tree-level (virtual W) 
decays. 

For simplicity, we will ignore other decay modes for main results

22/38

Wednesday, September 7, 2011



 Collider Signals Revisited

by integrating the matrix element over phase space:

F(MΘ) =

∫ E0

0

dE b̄

∫ Emax
b

E0−Eb̄

dEb

Eb+ (E0−E b̄)
[
2MΘ

M2
W

(E0−Eb)−1
]

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

, (3.14)

where E0 is the maximum energy of the b̄ or b jet,

E0 =
M2

Θ−M2
W

2MΘ

, (3.15)

and Emax
b is the maximum b energy for a fixed b̄

energy E b̄,

Emax
b =

E0− E b̄

1− 2E b̄/MΘ

. (3.16)

In Eq. (3.14) we neglected mb everywhere (which is
a good approximation for m2

b " E2
0) with the ex-

ception of the denominator where the m2
b term be-

comes important for MΘ near the 2-body threshold,
mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as

Γ(Θ+→W+bb̄) % 2.9× 10−6 GeV |C33|2

×
F(MΘ)

F(150 GeV)

(
1TeV

mψ

)2

. (3.17)

The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| " |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).

c̄L

sL

b̄L
bL

W+

t∗

p

p̄

Θ−

Θ+

Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.
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Figure 6: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 7. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
C23 mb

2MΘmψ

)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

7

by integrating the matrix element over phase space:

F(MΘ) =

∫ E0

0

dE b̄

∫ Emax
b

E0−Eb̄

dEb

Eb+ (E0−E b̄)
[
2MΘ

M2
W

(E0−Eb)−1
]

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

, (3.14)

where E0 is the maximum energy of the b̄ or b jet,

E0 =
M2

Θ−M2
W

2MΘ

, (3.15)

and Emax
b is the maximum b energy for a fixed b̄

energy E b̄,

Emax
b =

E0− E b̄

1− 2E b̄/MΘ

. (3.16)

In Eq. (3.14) we neglected mb everywhere (which is
a good approximation for m2

b " E2
0) with the ex-

ception of the denominator where the m2
b term be-

comes important for MΘ near the 2-body threshold,
mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as

Γ(Θ+→W+bb̄) % 2.9× 10−6 GeV |C33|2

×
F(MΘ)

F(150 GeV)

(
1TeV

mψ

)2

. (3.17)

The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| " |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).
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Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.
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Figure 6: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 7. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
C23 mb

2MΘmψ

)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

7

by integrating the matrix element over phase space:

F(MΘ) =

∫ E0

0

dE b̄

∫ Emax
b

E0−Eb̄

dEb

Eb+ (E0−E b̄)
[
2MΘ

M2
W

(E0−Eb)−1
]

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

, (3.14)

where E0 is the maximum energy of the b̄ or b jet,

E0 =
M2

Θ−M2
W

2MΘ

, (3.15)

and Emax
b is the maximum b energy for a fixed b̄

energy E b̄,

Emax
b =

E0− E b̄

1− 2E b̄/MΘ

. (3.16)

In Eq. (3.14) we neglected mb everywhere (which is
a good approximation for m2

b " E2
0) with the ex-

ception of the denominator where the m2
b term be-

comes important for MΘ near the 2-body threshold,
mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as

Γ(Θ+→W+bb̄) % 2.9× 10−6 GeV |C33|2

×
F(MΘ)

F(150 GeV)

(
1TeV

mψ

)2

. (3.17)

The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| " |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).
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Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.
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Figure 6: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 8. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
C23 mb

2MΘmψ

)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

7

(Wbb)(jj) signal relevant for CDF Result. Can 
contribute to W + 2 jet events with large jet
Pt cuts

W+W- + 4jets signal. Leptonic W decays looks
like dilepton top signal. With branching fractions
the contribution is negligible 
for MΘ ≈ 150 GeV

4jet final state. Also dominant channel for 
neutral pair-produced scalars. May explain
CDF 3b anomaly.
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Looks can be deceiving 

by integrating the matrix element over phase space:

F(MΘ) =

∫ E0

0

dE b̄

∫ Emax
b

E0−Eb̄

dEb

Eb+ (E0−E b̄)
[
2MΘ

M2
W

(E0−Eb)−1
]

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

, (3.14)

where E0 is the maximum energy of the b̄ or b jet,

E0 =
M2

Θ−M2
W

2MΘ

, (3.15)

and Emax
b is the maximum b energy for a fixed b̄

energy E b̄,

Emax
b =

E0− E b̄

1− 2E b̄/MΘ

. (3.16)

In Eq. (3.14) we neglected mb everywhere (which is
a good approximation for m2

b " E2
0) with the ex-

ception of the denominator where the m2
b term be-

comes important for MΘ near the 2-body threshold,
mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as

Γ(Θ+→W+bb̄) % 2.9× 10−6 GeV |C33|2

×
F(MΘ)

F(150 GeV)

(
1TeV

mψ

)2

. (3.17)

The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| " |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).
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Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.
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Figure 6: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 7. Integrating out Θ and Ψ generates the
effective four-Fermi operator

LBs−Bs
=

(
C23 mb

2MΘmψ

)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

7

Naively a W + 4 jet event, but the 
b-jets are very soft 

p̄

Z, γ

g

Z, γ

g

p

Θ0

Θ0

Figure 10: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 10) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through
an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 11 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibit a peak near MΘ.

In order to compare this signal with the CDF
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Figure 11: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 10) with MΘ = 155 GeV. The c or s̄ dis-
tribution (black solid line) peaks at higher pT and
has a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).
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Figure 12: Invariant mass distribution for the lead-
ing two jets arising from the Θ+Θ− → (jj)(Wbb̄) →
"ν + 4j process, where " = e, µ, at the Tevatron
with exactly 2 jets passing the cuts. The red solid
line represents events in our simulation for B(Θ±→
W±bb̄) = 40% and MΘ = 155 GeV. The data points
with 1σ statistical error bars are taken from the
CDF excess region (Fig. 2 of [15]) after the back-
ground (including WW/WZ) has been subtracted,
with the normalization of the CDFWjj background
increased by 1%.

9

Partonic simulation using MadGraph5 
at √s = 1.96TeV

Interactions generated in FeynRules

For sufficient cuts, the b-jets will be 
vetoed to give effective W+2 jets event

*Similar result with gluon from loop 
decays (θ-> Wg)
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Figure 10: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 10) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through
an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 11 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibit a peak near MΘ.

In order to compare this signal with the CDF
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Figure 11: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 10) with MΘ = 155 GeV. The c or s̄ dis-
tribution (black solid line) peaks at higher pT and
has a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).
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Figure 12: Invariant mass distribution for the lead-
ing two jets arising from the Θ+Θ− → (jj)(Wbb̄) →
"ν + 4j process, where " = e, µ, at the Tevatron
with exactly 2 jets passing the cuts. The red solid
line represents events in our simulation for B(Θ±→
W±bb̄) = 40% and MΘ = 155 GeV. The data points
with 1σ statistical error bars are taken from the
CDF excess region (Fig. 2 of [15]) after the back-
ground (including WW/WZ) has been subtracted,
with the normalization of the CDFWjj background
increased by 1%.
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Exclusive dijet mass spectrum 
for θθ ->(jj)(Wbb)->(lvbb)(jj)
at √s = 1.96 TeV

FeynRules (model file) 
MadGraph5 (parton events)  

Pythia (parton shower) 

PGS (detector simulation)

Data w/ diboson tail 
subtracted 
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b̄L
bL

W+

t∗

g

g

Θ−

Θ+

Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 5) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through

0 50 100 150 200 250
0

2

4

6

8

10

12

14

Partonic pT !GeV"

!
Ev
en
ts
#
5
G
eV

   p p
__
" #

$
#
%
" $W bb

__
%$s c

__
%

b

b

c !s"

Figure 6: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 5) with MΘ = 155 GeV. The c or s̄ distri-
bution (black solid line) peaks at higher pT and has
a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).

an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 6 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibits a peak near MΘ.

In order to compare this signal with the CDF
dijet excess [16], we generate partonic events using
MadGraph 5 for the pp̄ → Θ+Θ−→ (jj)(Wbb̄) pro-
cess with W → eν, µν, τν. We then use Pythia 6.4
[34] for hadronization and parton showering, and
PGS 4 [35] for detector-level effects. We impose2

the same cuts as CDF [16]: lepton p!T > 20 GeV
and |η!| < 1, missing transverse energy #ET > 25
GeV, transverse W mass MT (W ) > 30 GeV, jet
pjT > 30 GeV and |ηj | < 2.4, separation between
jets |∆ηjj| < 2.5, azimuthal separation between the
missing ET and the leading jet |∆φ| > 0.4, and
pTjj ≥ 40 GeV for the leading dijet system. The
resulting dijet invariant mass (mjj) distribution for
events with exactly 2 jets is shown in Figure 7 (solid
red line) for MΘ = 155 GeV and a branching frac-

2We impose cuts on the PGS output using a modified ver-
sion of the Chameleon package [36].

8

2 σ x Br(Wbb) x Br(jj) = 3.2 pb

Br(Wbb) = 40 %   Br(jj) = 60 %
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 Inclusive dijet spectrum (QCD production)

dijet excess [16], we generate partonic events using
MadGraph 5 for the pp̄ → Θ+Θ−→ (jj)(Wbb̄) pro-
cess with W → eν, µν, τν. We then use Pythia 6.4
[34] for hadronization and parton showering, and
PGS 4 [35] for detector-level effects. We impose2

the same cuts as CDF [16]: lepton p!T > 20 GeV
and |η!| < 1, missing transverse energy "ET > 25
GeV, transverse W mass MT (W ) > 30 GeV, jet
pjT > 30 GeV and |ηj | < 2.4, separation between
jets |∆ηjj| < 2.5, azimuthal separation between the
missing ET and the leading jet |∆φ| > 0.4, and
pTjj ≥ 40 GeV for the leading dijet system. The
resulting dijet invariant mass (mjj) distribution for
events with exactly 2 jets is shown in Figure 12 (solid
red line) for MΘ = 155 GeV and a branching frac-
tion B3 ≡ B(Θ+→ W+bb̄) = 40%. The rate for
this process (before cuts and without including the
W → %ν branching fraction) is

2B3(1− B3) σ
(
pp̄ → Θ+Θ−

)
& 3.2 pb . (3.24)

The acceptance of the cuts is 6.2%, so that in 7.3
fb−1 of data there are about 470 Wjj events due to
Θ+Θ− production. The high-mass tail of the mjj

distribution is mainly due to events in which the
two hardest jets come from different octo-triplets.

To compare our simulated mjj with the CDF
data shown in Figure 2 (left-side plot) of [15] we
need to subtract all standard model background.
The CDF Collaboration has fitted the normaliza-
tion of the large CDF Wjj background to the data
assuming a Gaussian shape for the signal. In the
presence of the wider shape arising from our Θ+Θ−

signal the Wjj background normalization is likely
to change; increasing it by 1% gives a rather good
agreement between our mjj and the CDF data after
background subtraction (Figure 12).

If the K factor accounting for the QCD correc-
tions is significantly larger than 1.0, then B3 should
be decreased while keeping the rate in Eq. (3.24)
fixed. The highest data point, in the 152 − 160
GeV bin could indicate that MΘ values larger than
155 GeV are preferred. However, the jet reconstruc-
tion performed by our PGS simulation is likely to be
less efficient than the CDF reconstruction, so that a
larger fraction of the hadrons is missed, reducing the
jet energy. Thus, the dijet mass distribution in Fig-
ure 12 is likely to be artificially shifted to lower mjj

2We impose cuts on the PGS output using a modified ver-
sion of the Chameleon package [36].
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Figure 13: Same as Figure 12 except that two or
more jets pass the cuts. The data points with error
bars are taken from the CDF excess region (Fig. 5
of [15]) after background subtraction with the CDF
Wjj background normalization reduced by 3%.

compared to the data, implying that masses even
below 155 GeV may be acceptable. For MΘ = 150
GeV the cross section is larger by a factor of 1.24,
so that an acceptable fit is obtained for a smaller
B3 ≈ 26%.

The D0 search [17] in the same channel with 4.3
fb−1 has ruled out a 1.9 pb signal at the 95% con-
fidence level, based on the assumptions that the di-
jet resonance X has a Gaussian shape with a width
of 15.7 GeV and is produced like the Higgs boson,
pp̄ → W ∗ → WX, through a virtual W . Clearly,
neither of these assumptions applies to our expla-
nation for the CDF excess. The shape of our dijet
invariant mass distribution is quite different than a
Gaussian: it has a high tail below the peak due to
final state radiation, and it has a long tail above
the peak due to the two additional jets from Θ de-
cay. The different shape is important because the
fit of the background plus signal could improve sig-
nificantly in the presence of our flatter signal shape
compared to the pointy Gaussian. The production
through Θ+Θ− is also very different than through
WX, and leads to a different acceptance. Hence,
the D0 result cannot rule out our Wjj signal.

The requirement in the exclusiveWjj search [16]
that exactly two jets pass the cuts rejects events aris-
ing from Θ+Θ− production where one of the b jets
has pjT > 30 GeV. These events, however, show up
in the inclusive Wjj search (Fig. 5 of [15]) where
two or more jets pass the cuts. The normalization of

10

Same inputs as exclusive 
sample

High tail arises when 
hardest jets are from 
different octo-triplets

Excellent agreement, 
even captures the tail

Br(Wbb) = 40 %
Br(jj) = 60 %

2σ x Br(Wbb) x Br(jj) = 3.2 pb 

before cuts, without W branching fraction
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Comments

The agreement is quite good, but the exclusive spectrum is a little low. 

Neither curve includes a K factor, which would improve agreement.

Note tail for large Mjj in both data and curve. Arises when hardest jets come 
from different octo-triplets 

CDF BG normalization assumes gaussian signal, so proper subtraction may 
improve agreement

Recall: CDF data seem to favor resonant (s-channel) production. How does 
this (QCD) production mechanism model compare to alternatives?

c̄L

sL

b̄L
bL

W+

t∗

g

g

Θ−

Θ+

Figure 5: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

3.3 Dijet resonance plus a W boson at
the Tevatron

Pair production of octo-triplets, through their QCD
couplings to gluons, gives rather large cross sections
at the Tevatron, as shown in Figure 2. In the pres-
ence of the vectorlike quark Ψ and assuming that
the trilinear coupling µΘ is small enough (see sec-
tion 3.1), the main decay modes of Θ+ are into a pair
of jets (cb̄ or cs̄) and into Wbb̄ (Wbs̄ is also possible,
but at least one b quark is always present due to the
decay through the off-shell top quark). One of the
final states (see Figure 5) arising from Θ+Θ− pro-
duction is then (jj)(Wbb̄), where j is any jet and
the parantheses indicate a resonance at MΘ. The
branching fractions depend on the |C22| and |C33|
parameters, and are also quite sensitive to MΘ, as
discussed at the end of section 3.1. We expect that
next-to-leading order QCD corrections to this pro-
cess, which affect both production and decays, in-
crease the rate by a K factor in the 1− 1.5 range.

The two b jets arising from the decay through
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Figure 6: Partonic pT distributions for the quarks
arising from the Θ+Θ− → (cs̄)(W−bb̄) process (see
Figure 5) with MΘ = 155 GeV. The c or s̄ distri-
bution (black solid line) peaks at higher pT and has
a longer tail than the b and b̄ distributions (blue
dotted and red dashed lines).

an off-shell top quark typically have energies below
(MΘ−MW )/2−mb, so are softer than those arising
from the 2-body decay, which typically have energies
around MΘ/2. Figure 6 shows the transverse mo-
mentum of each quark in the (cs̄)(Wbb̄) final state
for MΘ = 155 GeV, computed with MadGraph 5
[22] with model files generated by FeynRules [23].
Given that the quarks from the 2-body decay have
the highest pT , the invariant mass distribution of the
two leading jets from the pp̄→Θ+Θ−→ (jj)(Wbb̄)
process exhibits a peak near MΘ.

In order to compare this signal with the CDF
dijet excess [16], we generate partonic events using
MadGraph 5 for the pp̄ → Θ+Θ−→ (jj)(Wbb̄) pro-
cess with W → eν, µν, τν. We then use Pythia 6.4
[34] for hadronization and parton showering, and
PGS 4 [35] for detector-level effects. We impose2

the same cuts as CDF [16]: lepton p!T > 20 GeV
and |η!| < 1, missing transverse energy #ET > 25
GeV, transverse W mass MT (W ) > 30 GeV, jet
pjT > 30 GeV and |ηj | < 2.4, separation between
jets |∆ηjj| < 2.5, azimuthal separation between the
missing ET and the leading jet |∆φ| > 0.4, and
pTjj ≥ 40 GeV for the leading dijet system. The
resulting dijet invariant mass (mjj) distribution for
events with exactly 2 jets is shown in Figure 7 (solid
red line) for MΘ = 155 GeV and a branching frac-

2We impose cuts on the PGS output using a modified ver-
sion of the Chameleon package [36].
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      Resonant Production

Embed color sector into extended SU(3)xSU(3) gauge group

Adapt simple “Renormalizable Coloron Model”  (Bai, Dobrescu hep-ph/
1012.5814)

Charge the scalar responsible for SU(3)xSU(3) -> SU(3)c breaking

IR spectrum features 8 massive spin 1 “colorons”  and three color octet 
scalars (two charged, one neutral) 

Coloron couples to both quarks and scalars and induces qq -> G’ -> θθ 
production through an s-channel resonance 
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       Coloron Features
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1−tan
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+H.c.
�
+ Θb0∂µΘc0

�
New interaction with coloron G’

Decays mostly to scalar pairs 

Single coloron production proceeds only from qq initial states 

Quark couplings suppressed g� = gs tanφ � gs

Γ(G� → qq̄) =
αs

6
tan2φMG�

�
1−

4M2
q

M2
G�
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for tan ϕ ≈ 0.1  model is completely safe from dijet searches. 
Total width typically  few GeV

Γ(G� → Θ+Θ−) =
αsMG�

16 tan22φ

�
1− 4M2

Θ

M2
G�
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      Resonant Octo-triplet Production
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Figure 8: Same as Figure 7 except that two or
more jets pass the cuts. The data points with error
bars are taken from the CDF excess region (Fig. 5
of [15]) after background subtraction with the CDF
Wjj background normalization reduced by 3%.

have a 3rd jet that passes all the cuts is large enough
to allow the b tagging of the 3rd hardest jet. Fur-
thermore, the additional two b jets allow the recon-
struction of the full event. One complication here is
that there is a large background from semileptonic
tt̄ events. Nevertheless, the signal has the property
that the reconstructed W boson together with the
two b jets form an invariant mass peak at MΘ, so
that it can be separated from the background.

Another test is the process where both octo-
triplets decay through an off-shell t quark, pp̄ →
Θ+Θ− → (W+bb̄)(W−bb̄). The rate for this is smaller
by a factor of 2(1/B3−1) ≈ 3 than for the (jj)(Wbb̄)
signal. Although this signal also suffers from a large
tt̄ background, it may be observable due to its rela-
tively large rate of ∼ 1 pb at the Tevatron.

Given that the W boson in the (jj)(Wbb̄) sig-
nal originates from a decay through an off-shell top
quark, there is no similar signal involving a Z boson
or a photon.

The processΘ+Θ− → (Wbb̄)(jj) may affect mea-
surements of the tt̄ cross section in the lepton-plus-
jets final state. However, these measurements typ-
ically rely on algorithms trained specifically to find
top pairs and are, thus, less sensitive to new particles
that decay into similar final states. Measurements
involving b-tags [37] may be sensitive to octo-triplet
decays, but their W -plus-jets background normal-
ization is fitted to the data so that they do not nec-
essarily constrain octo-triplet decays. Furthermore,

c̄L

sL

b̄L
bL

W+

t∗

q

q̄

G′

Θ−

Θ+

Figure 9: Same as Figure 5 except the pair of octo-
triplets is resonantly produced through an s-channel
coloron.

b-tagging efficiency decreases for softer jets such as
our b and b̄ (see Figure 6).

3.4 Resonant production of Θ+Θ−

A mass near 150 GeV also appears in another de-
viation from the standard model: preliminary CDF
data in the 3b final state shows an excess in the in-
variant mass distribution of the leading two jets [4].
That deviation may arise from the Θ0Θ0 → (bb̄)(bb̄)
process [3]. The transverse energy distributions of
the jets in that case appear to favor a pair pro-
duction mechanism through an s-channel resonance
rather than through QCD. The simple renormaliz-
able coloron model presented in [3] can be easily
adapted to include the octo-triplet discussed here.
It is sufficient to charge the scalar field Σ (respon-
sible for breaking the SU(3) × SU(3) extension of
the QCD gauge group [38]) under SU(2) × U(1)Y ,
as proposed in [39]. The color-octet scalars present
in the spectrum can be identified with our Θ± and
Θ0 (although a small mass splitting can be induced
by the Higgs VEV), and they couple to the coloron
field G′

µ as follows

gs
1−tan2 θ

2 tan θ
fabcG′a

µ

[(
Θb+∂µΘc−+H.c.

)

+Θb0∂µΘc0
]

. (3.25)

Here tan θ is a parameter in the 0.1−0.3 range. The
coloron couples to quarks proportional to gs tan θ,
while it couples only in pairs to gluons at renormal-
izable level [2]. Thus, single G′

µ production proceeds
entirely through quark-antiquark collisions.

The resonant pp̄ → G′
µ → Θ+Θ− production

(Figure 9) may be an order of magnitude larger than
QCD pair production [3]. This theory preserves the

10

Nonresonant QCD production of octo-triplets still present
Goal: decrease QCD, enhance Coloron

Strategy: 

1. Decrease Br(Wbb) from 40% to 4%  => Kills QCD signal (4jet events 
dominate) 

2. Total Coloron section very sensitive to width. 
Pick tanϕ to modify coupling and width to get large coloron signal.

Simulations for this model include both QCD and Coloron diagrams 
and their interference 
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CDF Dijet excess revisited 
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Figure 8: Same as Figure 7 except that two or
more jets pass the cuts. The data points with error
bars are taken from the CDF excess region (Fig. 5
of [15]) after background subtraction with the CDF
Wjj background normalization reduced by 3%.

have a 3rd jet that passes all the cuts is large enough
to allow the b tagging of the 3rd hardest jet. Fur-
thermore, the additional two b jets allow the recon-
struction of the full event. One complication here is
that there is a large background from semileptonic
tt̄ events. Nevertheless, the signal has the property
that the reconstructed W boson together with the
two b jets form an invariant mass peak at MΘ, so
that it can be separated from the background.

Another test is the process where both octo-
triplets decay through an off-shell t quark, pp̄ →
Θ+Θ− → (W+bb̄)(W−bb̄). The rate for this is smaller
by a factor of 2(1/B3−1) ≈ 3 than for the (jj)(Wbb̄)
signal. Although this signal also suffers from a large
tt̄ background, it may be observable due to its rela-
tively large rate of ∼ 1 pb at the Tevatron.

Given that the W boson in the (jj)(Wbb̄) sig-
nal originates from a decay through an off-shell top
quark, there is no similar signal involving a Z boson
or a photon.

The processΘ+Θ− → (Wbb̄)(jj) may affect mea-
surements of the tt̄ cross section in the lepton-plus-
jets final state. However, these measurements typ-
ically rely on algorithms trained specifically to find
top pairs and are, thus, less sensitive to new particles
that decay into similar final states. Measurements
involving b-tags [37] may be sensitive to octo-triplet
decays, but their W -plus-jets background normal-
ization is fitted to the data so that they do not nec-
essarily constrain octo-triplet decays. Furthermore,
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Figure 9: Same as Figure 5 except the pair of octo-
triplets is resonantly produced through an s-channel
coloron.

b-tagging efficiency decreases for softer jets such as
our b and b̄ (see Figure 6).

3.4 Resonant production of Θ+Θ−

A mass near 150 GeV also appears in another de-
viation from the standard model: preliminary CDF
data in the 3b final state shows an excess in the in-
variant mass distribution of the leading two jets [4].
That deviation may arise from the Θ0Θ0 → (bb̄)(bb̄)
process [3]. The transverse energy distributions of
the jets in that case appear to favor a pair pro-
duction mechanism through an s-channel resonance
rather than through QCD. The simple renormaliz-
able coloron model presented in [3] can be easily
adapted to include the octo-triplet discussed here.
It is sufficient to charge the scalar field Σ (respon-
sible for breaking the SU(3) × SU(3) extension of
the QCD gauge group [38]) under SU(2) × U(1)Y ,
as proposed in [39]. The color-octet scalars present
in the spectrum can be identified with our Θ± and
Θ0 (although a small mass splitting can be induced
by the Higgs VEV), and they couple to the coloron
field G′

µ as follows

gs
1−tan2 θ

2 tan θ
fabcG′a

µ

[(
Θb+∂µΘc−+H.c.

)

+Θb0∂µΘc0
]

. (3.25)

Here tan θ is a parameter in the 0.1−0.3 range. The
coloron couples to quarks proportional to gs tan θ,
while it couples only in pairs to gluons at renormal-
izable level [2]. Thus, single G′

µ production proceeds
entirely through quark-antiquark collisions.

The resonant pp̄ → G′
µ → Θ+Θ− production

(Figure 9) may be an order of magnitude larger than
QCD pair production [3]. This theory preserves the
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Figure 10: Same as Figure 7 except that a coloron
contributes in the s-channel to Θ+Θ− production.
The blue solid line represents events in our simula-
tion for B(Θ±→ W±bb̄) = 3.9%, MΘ+ = 160 GeV,
MG′ = 340 GeV, tan θ = 0.15 and ΓG′ = 6.5 GeV.

good agreement with the CDF data shown in Fig-
ure 7 provided the branching fraction B3 is decreased
accordingly. The width of the coloron ΓG′ is sensi-
tive to tan θ and to the octet masses. Assuming
that the coloron decays only into qq̄, Θ+Θ− and
Θ0Θ0 (additional decay channels may increase the
width [3]), we find ΓG′ in the 3.2 − 6.5 GeV range
for MΘ+ = 160 GeV, tan θ = 0.15, a coloron mass
MG′ = 340 GeV, and MΘ0 in the 160 − 140 GeV
range. For this set of parameters with ΓG′ = 6.5
GeV we generate events as described in section 3.3.
The invariant mass distribution of the leading two
jets is shown in Figure 10 for a rate

2B3(1− B3) σ
(
pp̄ → G′→ Θ+Θ−

)
# 3.8 pb . (3.26)

Acceptance (without including W branching frac-
tions) is 7.3% for this process. The branching frac-
tion inferred from the above rate is small, B3 =
3.9%, implying that the coloron Θ+Θ− production
dominates by an order of magnitude over the QCD
Θ+Θ− contribution. Nevertheless, we include in
Figure 10 both production mechanisms and their
interference, as well as the electroweak Θ+Θ− pro-
duction.

Figure 11 shows the mjj distribution in the in-
clusive case (W plus two or more jets), with the
normalization of the CDF Wjj background reduced
by 5%. The subtracted data is consistently higher
than the signal in themjj ≈ 170−240 GeV range, so
one could conclude that the QCD production mech-
anism (see Figure 8) provides a better description
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Figure 11: Same as Figure 10 except that two or
more jets pass the cuts. The CDF data points are
taken from Fig. 5 of [15] after background subtrac-
tion with the normalization of the CDF Wjj back-
ground reduced by 5%.

of the CDF data. However, next-to-leading order
effects are not included in these figures, and it is
conceivable that they sufficiently raise the high-mass
tail of the resonant production shown in Figure 11.
Furthermore, the CDF result for the inclusive case
(Fig. 5 of [15]) does not include systematic errors.
We also emphasize that our detector simulation us-
ing PGS 4 [35] is only a rough approximation to the
CDF full detector simulation.

A better discriminant between the resonant and
QCD production mechanisms is provided by the CDF
kinematic distributions [40] for the exclusive search
in the mjj ≈ 115 − 175 GeV window. The trans-
verse momentum distribution of the dijet system
(Figure 12) shows that resonant production fits the
data much better than QCD Θ+Θ− production. We
reach the same conclusion using the ∆Rjj distri-
bution of the angular separation between the two
jets (Figure 13). Although some of the data points
are not well fitted (the pTjj = 72 − 80 GeV bin
and the ∆Rjj = 3.2 − 3.4 bin) by our theoretical
predictions, the shapes of both the pTjj and ∆Rjj

distributions are in remarkable agreement. In both
Figures 12 and 13 we use the same background sub-
traction as in Figure 7, where only one background
(Wjj with combined electron and muon contribu-
tions) is rescaled (increased by 1%). We expect that
a fit of the standard model background plus our sig-
nal, where various background normalizations are
allowed to vary, would improve the agreement be-
tween Θ+Θ− production and the CDF Wjj excess.
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Very good fit, but unlike QCD production, misses the tail. 

Same simulation method (FeynRules, MG5, Pythia, PGS)
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The blue solid line represents events in our simula-
tion for B(Θ±→ W±bb̄) = 3.9%, MΘ+ = 160 GeV,
MG′ = 340 GeV, tan θ = 0.15 and ΓG′ = 6.5 GeV.

good agreement with the CDF data shown in Fig-
ure 7 provided the branching fraction B3 is decreased
accordingly. The width of the coloron ΓG′ is sensi-
tive to tan θ and to the octet masses. Assuming
that the coloron decays only into qq̄, Θ+Θ− and
Θ0Θ0 (additional decay channels may increase the
width [3]), we find ΓG′ in the 3.2 − 6.5 GeV range
for MΘ+ = 160 GeV, tan θ = 0.15, a coloron mass
MG′ = 340 GeV, and MΘ0 in the 160 − 140 GeV
range. For this set of parameters with ΓG′ = 6.5
GeV we generate events as described in section 3.3.
The invariant mass distribution of the leading two
jets is shown in Figure 10 for a rate

2B3(1− B3) σ
(
pp̄ → G′→ Θ+Θ−

)
# 3.8 pb . (3.26)

Acceptance (without including W branching frac-
tions) is 7.3% for this process. The branching frac-
tion inferred from the above rate is small, B3 =
3.9%, implying that the coloron Θ+Θ− production
dominates by an order of magnitude over the QCD
Θ+Θ− contribution. Nevertheless, we include in
Figure 10 both production mechanisms and their
interference, as well as the electroweak Θ+Θ− pro-
duction.

Figure 11 shows the mjj distribution in the in-
clusive case (W plus two or more jets), with the
normalization of the CDF Wjj background reduced
by 5%. The subtracted data is consistently higher
than the signal in themjj ≈ 170−240 GeV range, so
one could conclude that the QCD production mech-
anism (see Figure 8) provides a better description
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Figure 11: Same as Figure 10 except that two or
more jets pass the cuts. The CDF data points are
taken from Fig. 5 of [15] after background subtrac-
tion with the normalization of the CDF Wjj back-
ground reduced by 5%.

of the CDF data. However, next-to-leading order
effects are not included in these figures, and it is
conceivable that they sufficiently raise the high-mass
tail of the resonant production shown in Figure 11.
Furthermore, the CDF result for the inclusive case
(Fig. 5 of [15]) does not include systematic errors.
We also emphasize that our detector simulation us-
ing PGS 4 [35] is only a rough approximation to the
CDF full detector simulation.

A better discriminant between the resonant and
QCD production mechanisms is provided by the CDF
kinematic distributions [40] for the exclusive search
in the mjj ≈ 115 − 175 GeV window. The trans-
verse momentum distribution of the dijet system
(Figure 12) shows that resonant production fits the
data much better than QCD Θ+Θ− production. We
reach the same conclusion using the ∆Rjj distri-
bution of the angular separation between the two
jets (Figure 13). Although some of the data points
are not well fitted (the pTjj = 72 − 80 GeV bin
and the ∆Rjj = 3.2 − 3.4 bin) by our theoretical
predictions, the shapes of both the pTjj and ∆Rjj

distributions are in remarkable agreement. In both
Figures 12 and 13 we use the same background sub-
traction as in Figure 7, where only one background
(Wjj with combined electron and muon contribu-
tions) is rescaled (increased by 1%). We expect that
a fit of the standard model background plus our sig-
nal, where various background normalizations are
allowed to vary, would improve the agreement be-
tween Θ+Θ− production and the CDF Wjj excess.
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Figure 17: pT distribution of the dijet system for
events satisfying 115 ≤ mjj ≤ 175 GeV. The blue
solid line is for a coloron with the same parameters
as in Figure 15, while the red dashed line is for QCD
Θ+Θ− production with MΘ+ = 155 GeV. The CDF
data points with statistical error bars are taken from
Fig. K9 of [40] after background subtraction.
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Figure 18: Same as Figure 17 for the angular sepa-
ration ∆Rjj of the two leading jets. The CDF data
are taken from Fig. K7 of [40] after background
subtraction.

Figure 2), so that the (jj)(Wbb̄) signal discussed in
section 3.3 will soon be within the reach of the CMS
and ATLAS experiments. Using typical parameters
that explain the CDF dijet resonance, B3 = 40%
and MΘ = 155 GeV, we find that the process in
Figure 10 has a leading-order rate (before cuts) of

σ
(
pp → Θ+Θ−→ (jj)("νbb̄)

)
# 52 pb , (3.27)

where " = e, µ. Furthermore, the (W+bb̄)(W−bb̄)
process also has a large rate, suppressed only by a

factor of 2(1/B3−1) ≈ 3 compared to (jj)(Wbb̄), so
the fully leptonic ("+νbb̄)("−ν̄bb̄) signal has a cross
section of 3.7 pb and will also be soon within the
reach of the LHC.

In the non-minimal model (section 3.4 and Fig-
ure 14) where resonant G′

µ → Θ+Θ− production is
the main process responsible for the CDF excess, the
(jj)("νbb̄) rate at the 7 TeV LHC is reduced by a
factor of ∼ 5 compared to Eq. (3.27), due to smaller
parton distributions for quark-antiquark collissions:

σ
(
pp → G′→ Θ+Θ−→ (jj)("νbb̄)

)
# 10 pb . (3.28)

Although QCD Θ+Θ− production is still present
in the coloron model, explaining the CDF signal
requires a 10 times smaller B3 branching fraction,
which reduces the gluon initiated contribution to the
(jj)(Wbb̄) signal. The smaller B3 ≈ 3.9% also sup-
presses the (W+bb̄)(W−bb̄) signal in this model (the
rate is 43 fb).

While our analysis has emphasized the region
around MΘ = 150 GeV, future searches could dis-
cover much heavier octo-triplets which decay into
final states involving top quarks. For non-negligible
values of the C33 parameter, the processes Θ+Θ− →
(tb̄)(t̄b) and Θ0Θ0 → 4t are important tests of the
octo-triplet decaying through higher-dimensional op-
erators (these final states have been studied in [14]).

4 Conclusions

We have shown that the renormalizable extension
of the standard model with one octo-triplet (i.e., a
scalar in the adjoint representation of the standard
model gauge group) involves two new parameters:
the octo-triplet mass MΘ and cubic self-coupling
µΘ. For µ2

Θ/MΘ ' 10−9 GeV the charged octo-
triplet almost always decays into Wg in the absence
of other new particles. The rate for this 1-loop pro-
cess is accidentally suppressed (see Appendix C),
but the decay is prompt as long as µ2

Θ/MΘ ! 10−7

GeV. The neutral octo-triplet decays to Zg or γg,
with widths comparable to that for Θ±→W±g. For
µΘ → 0, the main decay is a tree-level 3-body pro-
cess, Θ± → Θ0e±ν, with a displaced vertex, while
Θ0 is stable.

At the Tevatron and the LHC, octo-triplets are
produced in pairs with relatively large cross sections
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Figure 17: pT distribution of the dijet system for
events satisfying 115 ≤ mjj ≤ 175 GeV. The blue
solid line is for a coloron with the same parameters
as in Figure 15, while the red dashed line is for QCD
Θ+Θ− production with MΘ+ = 155 GeV. The CDF
data points with statistical error bars are taken from
Fig. K9 of [40] after background subtraction.
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Figure 18: Same as Figure 17 for the angular sepa-
ration ∆Rjj of the two leading jets. The CDF data
are taken from Fig. K7 of [40] after background
subtraction.

Figure 2), so that the (jj)(Wbb̄) signal discussed in
section 3.3 will soon be within the reach of the CMS
and ATLAS experiments. Using typical parameters
that explain the CDF dijet resonance, B3 = 40%
and MΘ = 155 GeV, we find that the process in
Figure 10 has a leading-order rate (before cuts) of

σ
(
pp → Θ+Θ−→ (jj)("νbb̄)

)
# 52 pb , (3.27)

where " = e, µ. Furthermore, the (W+bb̄)(W−bb̄)
process also has a large rate, suppressed only by a

factor of 2(1/B3−1) ≈ 3 compared to (jj)(Wbb̄), so
the fully leptonic ("+νbb̄)("−ν̄bb̄) signal has a cross
section of 3.7 pb and will also be soon within the
reach of the LHC.

In the non-minimal model (section 3.4 and Fig-
ure 14) where resonant G′

µ → Θ+Θ− production is
the main process responsible for the CDF excess, the
(jj)("νbb̄) rate at the 7 TeV LHC is reduced by a
factor of ∼ 5 compared to Eq. (3.27), due to smaller
parton distributions for quark-antiquark collissions:

σ
(
pp → G′→ Θ+Θ−→ (jj)("νbb̄)

)
# 10 pb . (3.28)

Although QCD Θ+Θ− production is still present
in the coloron model, explaining the CDF signal
requires a 10 times smaller B3 branching fraction,
which reduces the gluon initiated contribution to the
(jj)(Wbb̄) signal. The smaller B3 ≈ 3.9% also sup-
presses the (W+bb̄)(W−bb̄) signal in this model (the
rate is 43 fb).

While our analysis has emphasized the region
around MΘ = 150 GeV, future searches could dis-
cover much heavier octo-triplets which decay into
final states involving top quarks. For non-negligible
values of the C33 parameter, the processes Θ+Θ− →
(tb̄)(t̄b) and Θ0Θ0 → 4t are important tests of the
octo-triplet decaying through higher-dimensional op-
erators (these final states have been studied in [14]).

4 Conclusions

We have shown that the renormalizable extension
of the standard model with one octo-triplet (i.e., a
scalar in the adjoint representation of the standard
model gauge group) involves two new parameters:
the octo-triplet mass MΘ and cubic self-coupling
µΘ. For µ2

Θ/MΘ ' 10−9 GeV the charged octo-
triplet almost always decays into Wg in the absence
of other new particles. The rate for this 1-loop pro-
cess is accidentally suppressed (see Appendix C),
but the decay is prompt as long as µ2

Θ/MΘ ! 10−7

GeV. The neutral octo-triplet decays to Zg or γg,
with widths comparable to that for Θ±→W±g. For
µΘ → 0, the main decay is a tree-level 3-body pro-
cess, Θ± → Θ0e±ν, with a displaced vertex, while
Θ0 is stable.

At the Tevatron and the LHC, octo-triplets are
produced in pairs with relatively large cross sections

13

Benchmark QCD and production rates (not including acceptances)

Naive estimate: assume same acceptances as CDF (few %) both 
models predict a few hundred total events at LHC so far.

Coloron cross section smaller because of relatively smaller quark 
luminosities at the LHC. Resonant production is boosted at the 
Tevatron where CM energy is closer to threshold.

Current results may be borderline for QCD production, but Coloron 
induced events are invisible at current luminosity
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Figure 3: Upper plot: Dijet mass distribution for electron and muon events combined, with Njet = 2

(left) and Njet ≥ 2 (right). The data points are plotted (full circles) with their statistical uncertainties.

The blue solid line is the total Standard Model prediction and the yellow hatched band indicates the sys-

tematic uncertainties calculated as described in the text. The colored histograms indicate the expected

sample composition, and are stacked in order of increasing number of events, except for the WW/WZ
contribution, which is plotted last for clarity. Lower panel: Data over total Standard Model prediction.

The error bars and the yellow hatched band indicate the statistical and systematic uncertainties respec-

tively.

The systematic uncertainties represented with the hatched yellow band in Figures 1 to 3 include ex-

perimental uncertainties from the jet energy scale and resolution, lepton reconstruction and identification

efficiency, and lepton energy or momentum resolution. The dominant uncertainty is the one due to the

jet energy scale.

As discussed above, the CDF requirement of exactly two jets, Njet = 2, with pT > 30 GeV may need

to be relaxed in the LHC conditions. The jet multiplicity distributions after all the other event selection

criteria are applied are shown in Figure 2 for the electron (left) and muon (right) channels. About 70%

of the events have jet multiplicity Njet = 2.

The dijet invariant mass distributions for the electron and muon channels combined are shown in

Figure 3 for events with exactly two jets, Njet = 2 (left), and for events with two or more jets, Njet ≥ 2

(right). When the electron and muon channels are combined the jet energy scale and resolution uncer-

tainties are considered to be completely correlated between the two channels while the other sources of

uncertainty are considered to be uncorrelated. The expected diboson contribution is only about 1.2% of

the total in both samples. As discussed above, the fraction of WW/WZ events is much smaller at the

LHC than at the Tevatron. Furthermore, the CDF selection is not optimal for observing a diboson signal

in ATLAS.

There is no excess apparent in any of the dijet mass distributions.

6 Statistical analysis

To search for physics beyond the Standard Model, a statistical analysis [23,24] is applied to the dijet mass

distribution to establish the absence or presence of a resonance in this spectrum. In a first step, the fit

method allows the invariant mass distribution of the backgrounds to vary within systematic uncertainties,

in order to best describe the data. At this stage of the analysis, all the expected contributions including

the W+jets component are considered as backgrounds. The background uncertainties are parametrized

5

  Preliminary ATLAS Spectrum 

Possibly a small excess near 160-170 GeV.  Too soon to tell 

Uncertainties near 150 GeV  O( few 100) events for each bin

Diboson peak (white) not yet visible 
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Bonus: B Mixing 
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Figure 7: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.
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Figure 8: 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.

Θ0 exchange is

〈
Bs|HΘ|Bs

〉
"

(
C23

MΘmψ

)2
M4

Bs
f2
Bs

ηQCD

5B2 + 3B3

288
,

(3.20)

whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be

p̄
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g
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p
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Θ+

Figure 9: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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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In Eq. (3.14) we neglected mb everywhere (which is
a good approximation for m2

b ! E2
0) with the ex-

ception of the denominator where the m2
b term be-

comes important for MΘ near the 2-body threshold,
mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as

Γ(Θ+→W+bb̄) $ 2.9× 10−6 GeV |C33|2

×
F(MΘ)

F(150 GeV)

(
1TeV

mψ

)2

. (3.17)

The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| ! |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).

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
=

(
C23 mb

2MΘmψ

)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

〉
$

(
C23

MΘmψ

)2
M4

Bs
f2
Bs

ηQCD

5B2 + 3B3

288
,

(3.20)

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.

whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 $ 0.80 and B3 $ 0.93 are lattice “bag”
parameters [29] 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)

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 [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], then mψ is below the electroweak scale;
for example φs = −45◦ gives mψ = 260 GeV. Such
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mt + mb. To cover that case we also included the
top quark width, Γt ≈ 1.3 GeV, in the propagator.
Numerically, the 3-body width can be written as
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×
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The ratio F(MΘ)/F(150 GeV) is given by 1.51 for
MΘ = 155 GeV, and by 2.28 for MΘ = 160 GeV.

It is remarkable that the above 3-body decay
through a virtual top quark has a width close to
that for the 2-body decay into cs̄, given in Eq. (3.10).
Assuming for illustration that |C23|, |C32| ! |C22| =
|C33| we find that the branching fraction into Wbb̄
is 69, 76, 82% for MΘ = 150, 155, 160 GeV, respec-
tively.

Finally, the decay Θ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈
|C23|2

|C33|2
Γ(Θ+→W+bb̄) , (3.18)

may also have a substantial branching fraction if the
C23 parameter is large. In that case, though, the
main competing channel is likely to be Θ+→ c b̄, as
can be seen from Eq. (3.11).

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
=

(
C23 mb

2MΘmψ

)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

〉
$

(
C23

MΘmψ

)2
M4

Bs
f2
Bs

ηQCD

5B2 + 3B3

288
,

(3.20)
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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.

whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 $ 0.80 and B3 $ 0.93 are lattice “bag”
parameters [29] 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)

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 [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], then mψ is below the electroweak scale;
for example φs = −45◦ gives mψ = 260 GeV. Such

7
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(3.20)

whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
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Figure 9: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

8
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whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
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duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
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extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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.

8

Using the SM contribution and the known B mass difference
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whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be

p̄

W+

g

W−

g

p

Θ−

Θ+

Figure 9: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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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�
150GeV

MΘ

��
C2

Bs
+1−2CBscosφs

�−1/4

Mass needed to produce a given CPV phase

For large phases ~ π/4, this requires Mψ ~ 300 GeV, which is not ruled out.  
Only decay process is   ψ --> Θ q  -->  3j. 

Pair production yields 6 jet events with pairs of 3j resonances. Still allowed 
above ~ 200 GeV 

36/38

Wednesday, September 7, 2011



Bonus: B Mixing 

j

j

j

j

p

p̄

Θ−

Θ+

Figure 7: Representative diagram for pair pro-
duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
states.

bL

Θ0

sL

Ψ
d

R sL

Ψ
d

R
bL

Figure 8: 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.

Θ0 exchange is

〈
Bs|HΘ|Bs

〉
"

(
C23

MΘmψ

)2
M4

Bs
f2
Bs

ηQCD

5B2 + 3B3

288
,

(3.20)

whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
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by the Ψ fermion. Similar diagrams lead to
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extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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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whereMBs and fBs = (231±15)MeV [27] 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 [28]; B2 " 0.80 and B3 " 0.93 are lattice “bag”
parameters [29] 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)

where CBs is a positive parameter and −π < φs < π
is a phase. The standard model contribution can be
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duction 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),(W+bs̄)(jj), or (jb)(Wbb̄) final
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extracted from the estimate given in [30, 31]:

〈
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 × |C23|
(
150GeV

MΘ

)

×
(
C2
Bs

+1−2CBscosφs
)−1/4

, (3.23)

and a less illuminating expression of φs in terms of
the phase of C23. For MΘ = 150 GeV, C23 = 0.2,
CBs = 0.9, and a small CP-violating phase φs =
−5◦, we get mψ = 568 GeV. However, if the phase is
large, as suggested by the D0 like-sign dimuon asym-
metry [32], 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 production leads to a 6-jet fi-
nal state. The CDF search [33] 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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Mass needed to produce a given CPV phase

For large phases ~ π /4, this requires  Mψ ~ 300 GeV, which is not ruled out.  
Only decay process 

Pair production we get 6 jet events with 3j resonances. Not ruled out by 3j 
searches above ~ 250 GeV 

ψ → Θq → 3j

Nonzero phases can contribute to like sign dimuon asymmetry 
(D0 sees ~ 4σ excess ) 
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Conclusion

CDF and D0 discrepancy is not yet resolved. Not clear yet whether D0 
actually disagrees 

Octo-triplet scalars give a good fit to the CDF data 

Minimal model features small widths, loop decays, and diboson resonances

 Higher dimension operators allow (jj)(Wjj) decays that give right topology

Resonant production through s-channel coloron can modify kinematics 

Production through coloron gives better fit to other kinematic plots 

Extended model w/ vectorlike quark can also induce CPV in B meson mixing 

Dont take my word for it, play with the model files                                   
http://theory.fnal.gov/people/dobrescu/octet/
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