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Quirks

“Quirks” -- New particles transforming under 
a new strong force “infracolor”

ΛIC <<  MQ

as well as (part of) SM group.

Kang & Luty 0805.4642



ΛIC <<  MQ

Infracolor strings 
don’t break -- 

no fragmentation.

QCD strings break
-- fragmentation.

ΛQCD > Mu,d

pionsbound
quirks



Stretched Infracolor String
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Wonga Wonga

Collider signal qualitatively distinct for
macroscopic versus microscopic

Our interest is microscopic:
10 keV  <<  ΛIC  <<  MQ
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Energy loss, spin-down, annihilation



Energy Loss Assumption
•

•

•
•

•
•

•
•

Release:

≈ ΛIC  energy
and/or

≈ ΛQCD  energy

at each
crossing.

QCD 
brown muck

infracolor 
brown muck
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Infraglueball Emission

For ΛIC << MQ, infraglueballs (g’g’) 
escape detector as missing energy

( glueball decay rate suppressed by          )ΛIC

M8

9

Q

Fig. 1. Loop graphs contributing to the coupling of the standard model
and infracolor sector.

The operator Eq. (2.1) mediates infracolor glueball decay, for example to photons
or gluons. The rate is of order

Γ ∼ 1

8π

�
g2g�2
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Note that this is very sensitive to both Λ and mQ. We have

cτ ∼ 10 m
�

Λ
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We see that the infracolor glueballs can decay inside a particle detector for Λ >∼
50 GeV, while the lifetime becomes longer than the age of the universe for Λ <∼
50 MeV.

2.2 Star Cooling

Stars with temperature T >∼ Λ can potentially cool due to emission of infracolor
glueballs. Due to the rapid decoupling of infracolor interactions from standard model
interactions in Eq. (2.1), we find that this does not give interesting bounds.

We will focus on bounds from SN1987A, which has the highest temperature
(T ∼ 30 MeV) of the astrophysical systems used to constrain light particles. We
can estimate the bounds by comparing to axion cooling, which constrains the ax-
ion decay constant fa >∼ 109 GeV. For both the axion and infracolor, the dominant
energy loss mechanism is nuclear bremmstrahlung.

Below the QCD scale the coupling Eq. (2.1) gives rise to an effective coupling of
infracolor gauge fields to nucleons:

Leff ∼
g2g�2ΛQCD

16π2m4
Q

N̄NF �2
µν . (2.4)
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Quirky Calculability

calculable estimatable calculable

QCD

Quirks



(Quirkonium Decays)

Depending on whether quirks are
chiral versus non-chiral,

the relative quirkonia decay rates
are qualitatively distinct and interesting! 

See talk by Ricky Fok later this session.
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CDF Wjj excess

CDF:  http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html

http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
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We consider the physics and collider phenomenology of quirks that transform nontrivially under

QCD color, SU(2)W as well as an SU(N)ic infracolor group. Our main motivation is to show that

the recent Wjj excess observed by CDF naturally arises in quirky models. The basic pattern is that

several different quirky states can be produced, some of which β-decay during or after spin-down,

leaving the lightest electrically neutral quirks to hadronize into a meson that subsequently decays into

gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying

the simplest viable models: scalar quirks (“squirks”) transforming as color triplets, SU(2)W triplets

and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

“One-armed lobster diagram”
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of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of
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(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

“One-armed lobster diagram”
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FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

Electroweak 
production

Energy loss

Weak decay

Annihilation into
gluon pair
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(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

Electroweak 
production

Quirks transform as triplet under SU(2)L (with Y=0)
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mass peak are shown in schematic diagrams. The top,
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†
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∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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QCD color, SU(2)W as well as an SU(N)ic infracolor group. Our main motivation is to show that

the recent Wjj excess observed by CDF naturally arises in quirky models. The basic pattern is that

several different quirky states can be produced, some of which β-decay during or after spin-down,

leaving the lightest electrically neutral quirks to hadronize into a meson that subsequently decays into

gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying

the simplest viable models: scalar quirks (“squirks”) transforming as color triplets, SU(2)W triplets

and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

Weak decay

Engineer quirk spectrum such that
Δm = m(u±) - m(u0) ≈ 40-80 GeV; 
large enough for β-decay prior to 
direct annihilation u±u0  -> SM
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(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

Annihilation into
gluon pair

Strategy

Quirks carry QCD color such that
lightest electrically neutral quirk 
dominantly decays into gg 



Outline
•   Quirks, infracolor, and quirkonia

•   Wjj arising from (s)quirk production

•   Idea  ->  Strategy

•   Model -> Calculations

•   Associated processes (esp. WWjj)

•   Summary



Model

Scalar quirks “squirks” transforming under
[SU(N)IC,SU(3)c,SU(2)L,U(1)Y]:

U[N,3,3,0]  and  S[N,3,1,0]

Fundamentals 
under infracolor 

Triplets under 
QCD color 



Model

Scalar quirks “squirks” transforming under
[SU(N)IC,SU(3)c,SU(2)L,U(1)Y]:

U[N,3,3,0]  and  S[N,3,1,0]

( )
SU(2)L triplet; Y=0 

u3
u+

u-

SU(2)L singlet; Y=0

U S



Squirk Interactions of 

Renormalizable interactions include:

dark matter applications [7–21]. (Other work on hidden
valley models can be found in [22–24].) Certain kinds of
quirks have already been searched for at the Tevatron by
the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
Wjj signal, while avoiding the many constraints from
LEP II, Tevatron, and UA2:

1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
erator to lead to mass splittings, while also min-
imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W

±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
no heavy flavor.

4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
sitivity.

6. Light squirk pair production u0u
†
0 results in a dijet

invariant mass around 150 − 160 GeV. The pro-
duction cross section is far smaller than Tevatron’s
dijet sensitivity [27], making it safe from Tevatron
searches. The production cross section of this reso-
nance at the CERN SppS (

√
s = 630 GeV) collider

is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.

At this point we should emphasize that some aspects
of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the

1 Noteable exceptions, where quirks acquire masses through elec-
troweak symmetry breaking, can be found in Refs. [16, 20].

SU(N)ic SU(3)c SU(2)L U(1)Y
U N 3 3 0
S N 3 1 0

TABLE I. Scalar quirk quantum numbers.

various possibilities. What can be calculated unambigu-
ously is i) squirk pair production (at leading order, far
from the cross section threshold), ii) the weak decay rate
of squirks (from which we use to infer the weak decay
of the squirky mesons), and iii) squirky meson annihila-
tion rates into Standard Model fields. What cannot be
calculated reliably is the dynamics of the “spin-down”
process, as the high energy squirks shed their momen-
tum to settle into a (near) ground state squirky meson,
and the spectrum and content of the resulting radiation.
An attempt at modeling this radiation is underway [21].
As a consequence, we do not attempt a full simulation
of squirky production. Instead, we calculate quantities
that are under control, with estimates of signal efficien-
cies, and point out where simulations could improve our
understanding. To deal with the remaining uncertainties
due to non-perturbative infracolor dynamics we discuss
some of the possible scenarios for this spin down and their
effects on phenomenology in Sec. IV.

II. MODEL

We extend the Standard Model to include one set of
squirks, U and S with quantum numbers given in Ta-
ble I. The gauge-invariant operators involving these fields
include the mass terms
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S. The operators pro-
portional to λU4,S4 will turn out to affect certain anni-
hilation channels. Since our analysis does not depend on
the existence of these interactions, we do not consider
them further.
The triplet field U can be written in terms of its isospin

components

U =
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U2

U3



 (4)
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the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
Wjj signal, while avoiding the many constraints from
LEP II, Tevatron, and UA2:

1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
erator to lead to mass splittings, while also min-
imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W

±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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LEP II vanishes.
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tion rates into Standard Model fields. What cannot be
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erator to lead to mass splittings, while also min-
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two distinct squirk pair production processes shown
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u0, could be
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between u± and u0.
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Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
sitivity.

6. Light squirk pair production u0u
†
0 results in a dijet
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nance at the CERN SppS (
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dark matter applications [7–21]. (Other work on hidden
valley models can be found in [22–24].) Certain kinds of
quirks have already been searched for at the Tevatron by
the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
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LEP II, Tevatron, and UA2:

1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
erator to lead to mass splittings, while also min-
imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W

±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
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LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
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0 results in a dijet
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of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the

1 Noteable exceptions, where quirks acquire masses through elec-
troweak symmetry breaking, can be found in Refs. [16, 20].

SU(N)ic SU(3)c SU(2)L U(1)Y
U N 3 3 0
S N 3 1 0

TABLE I. Scalar quirk quantum numbers.

various possibilities. What can be calculated unambigu-
ously is i) squirk pair production (at leading order, far
from the cross section threshold), ii) the weak decay rate
of squirks (from which we use to infer the weak decay
of the squirky mesons), and iii) squirky meson annihila-
tion rates into Standard Model fields. What cannot be
calculated reliably is the dynamics of the “spin-down”
process, as the high energy squirks shed their momen-
tum to settle into a (near) ground state squirky meson,
and the spectrum and content of the resulting radiation.
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of squirky production. Instead, we calculate quantities
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and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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imizing the electroweak precision contribution re-
sulting from this splitting.
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a squirk–anti-squirk bound state system is into gg.
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and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
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LEP II vanishes.
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than 100 GeV, and so are beyond the LEP II sen-
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6. Light squirk pair production u0u
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0 results in a dijet
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searches. The production cross section of this reso-
nance at the CERN SppS (
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is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.

At this point we should emphasize that some aspects
of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the
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An attempt at modeling this radiation is underway [21].
As a consequence, we do not attempt a full simulation
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cies, and point out where simulations could improve our
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and thus can acquire any mass without any additional
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Here is a summary of our basic strategy to explain the
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1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
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imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W
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u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
no heavy flavor.

4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
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6. Light squirk pair production u0u
†
0 results in a dijet

invariant mass around 150 − 160 GeV. The pro-
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dijet sensitivity [27], making it safe from Tevatron
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nance at the CERN SppS (
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is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.
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An attempt at modeling this radiation is underway [21].
As a consequence, we do not attempt a full simulation
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valley models can be found in [22–24].) Certain kinds of
quirks have already been searched for at the Tevatron by
the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
Wjj signal, while avoiding the many constraints from
LEP II, Tevatron, and UA2:

1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
erator to lead to mass splittings, while also min-
imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W

±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
no heavy flavor.

4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
sitivity.

6. Light squirk pair production u0u
†
0 results in a dijet

invariant mass around 150 − 160 GeV. The pro-
duction cross section is far smaller than Tevatron’s
dijet sensitivity [27], making it safe from Tevatron
searches. The production cross section of this reso-
nance at the CERN SppS (
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s = 630 GeV) collider

is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.

At this point we should emphasize that some aspects
of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the

1 Noteable exceptions, where quirks acquire masses through elec-
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An attempt at modeling this radiation is underway [21].
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understanding. To deal with the remaining uncertainties
due to non-perturbative infracolor dynamics we discuss
some of the possible scenarios for this spin down and their
effects on phenomenology in Sec. IV.

II. MODEL

We extend the Standard Model to include one set of
squirks, U and S with quantum numbers given in Ta-
ble I. The gauge-invariant operators involving these fields
include the mass terms

1

2
M

2
UU

†
U +

1

2
M

2
SS

†
S (1)

and quartic interactions including

λ4(S
†
S)(U †

U) + λU (H
†
H)(U†

U) + λS(H
†
H)(S†

S)

+ λU4(U
†
U)2 + λS4(S

†
S)2 (2)

as well as

κ(H†τaH)(S†
Ua) + h.c. . (3)

The operators proportional to λU,S lead to shifts in the
masses of U and S, as well as Higgs boson trilinear and
quartic interactions with U

†
U , S†

S. The operators pro-
portional to λU4,S4 will turn out to affect certain anni-
hilation channels. Since our analysis does not depend on
the existence of these interactions, we do not consider
them further.
The triplet field U can be written in terms of its isospin

components

U =




U1

U2

U3



 (4)

2

dark matter applications [7–21]. (Other work on hidden
valley models can be found in [22–24].) Certain kinds of
quirks have already been searched for at the Tevatron by
the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
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and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
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the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
Wjj signal, while avoiding the many constraints from
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±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
no heavy flavor.

4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
sitivity.

6. Light squirk pair production u0u
†
0 results in a dijet

invariant mass around 150 − 160 GeV. The pro-
duction cross section is far smaller than Tevatron’s
dijet sensitivity [27], making it safe from Tevatron
searches. The production cross section of this reso-
nance at the CERN SppS (

√
s = 630 GeV) collider

is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.

At this point we should emphasize that some aspects
of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the

1 Noteable exceptions, where quirks acquire masses through elec-
troweak symmetry breaking, can be found in Refs. [16, 20].

SU(N)ic SU(3)c SU(2)L U(1)Y
U N 3 3 0
S N 3 1 0

TABLE I. Scalar quirk quantum numbers.

various possibilities. What can be calculated unambigu-
ously is i) squirk pair production (at leading order, far
from the cross section threshold), ii) the weak decay rate
of squirks (from which we use to infer the weak decay
of the squirky mesons), and iii) squirky meson annihila-
tion rates into Standard Model fields. What cannot be
calculated reliably is the dynamics of the “spin-down”
process, as the high energy squirks shed their momen-
tum to settle into a (near) ground state squirky meson,
and the spectrum and content of the resulting radiation.
An attempt at modeling this radiation is underway [21].
As a consequence, we do not attempt a full simulation
of squirky production. Instead, we calculate quantities
that are under control, with estimates of signal efficien-
cies, and point out where simulations could improve our
understanding. To deal with the remaining uncertainties
due to non-perturbative infracolor dynamics we discuss
some of the possible scenarios for this spin down and their
effects on phenomenology in Sec. IV.

II. MODEL

We extend the Standard Model to include one set of
squirks, U and S with quantum numbers given in Ta-
ble I. The gauge-invariant operators involving these fields
include the mass terms

1

2
M

2
UU

†
U +

1

2
M

2
SS

†
S (1)

and quartic interactions including

λ4(S
†
S)(U †

U) + λU (H
†
H)(U†

U) + λS(H
†
H)(S†

S)

+ λU4(U
†
U)2 + λS4(S

†
S)2 (2)

as well as

κ(H†τaH)(S†
Ua) + h.c. . (3)

The operators proportional to λU,S lead to shifts in the
masses of U and S, as well as Higgs boson trilinear and
quartic interactions with U

†
U , S†

S. The operators pro-
portional to λU4,S4 will turn out to affect certain anni-
hilation channels. Since our analysis does not depend on
the existence of these interactions, we do not consider
them further.
The triplet field U can be written in terms of its isospin

components

U =




U1

U2

U3



 (4)

2

( )u3u+u-U , S

masses

Higgs portal

quartics

“double wonga wonga”

isospin splitting



After EWSB, this leads to mass mixing among the q=0 squirks:

u±,u3

S

dark matter applications [7–21]. (Other work on hidden
valley models can be found in [22–24].) Certain kinds of
quirks have already been searched for at the Tevatron by
the D0 collaboration [26]. Typically, squirks and quirks
transform as a vector-like representation of the SM gauge
group as well as a vector-like representation of infracolor,
and thus can acquire any mass without any additional
Higgs sector.1

Here is a summary of our basic strategy to explain the
Wjj signal, while avoiding the many constraints from
LEP II, Tevatron, and UA2:

1. We consider squirks (scalars), rather than quirks
(fermions), mainly to employ a renormalizable op-
erator to lead to mass splittings, while also min-
imizing the electroweak precision contribution re-
sulting from this splitting.

2. The Wjj signal arises from a combination of the
two distinct squirk pair production processes shown
in Fig. 1. The weak decay, u± → W

±
u0, could be

2-body or 3-body, depending on the mass splitting
between u± and u0.

3. All of the squirks are color triplets under QCD.
Hence, the leading visible annihilation channel of
a squirk–anti-squirk bound state system is into gg.
This provides our source of the jet-jet resonance,
and consequently, we predict the flavor of the jets
in the excess observed by CDF to be pure glue with
no heavy flavor.

4. The electrically-neutral squirks are mixtures among
the T3 = 0 component of an electroweak triplet as
well as an electroweak singlet. Hence, they do not
couple to the γ or the Z. This implies the tree-level
production cross section of the lightest squirks at
LEP II vanishes.

5. The electrically-charged squirks have masses larger
than 100 GeV, and so are beyond the LEP II sen-
sitivity.

6. Light squirk pair production u0u
†
0 results in a dijet

invariant mass around 150 − 160 GeV. The pro-
duction cross section is far smaller than Tevatron’s
dijet sensitivity [27], making it safe from Tevatron
searches. The production cross section of this reso-
nance at the CERN SppS (

√
s = 630 GeV) collider

is less than 1 pb per infracolor. The UA2 bound is
roughly 90 pb [28], and thus does not restrict Nic.

At this point we should emphasize that some aspects
of squirk production and decay can be calculated or sim-
ulated with standard collider tools, but some cannot and
one must resort to estimates or parameterization of the

1 Noteable exceptions, where quirks acquire masses through elec-
troweak symmetry breaking, can be found in Refs. [16, 20].

SU(N)ic SU(3)c SU(2)L U(1)Y
U N 3 3 0
S N 3 1 0

TABLE I. Scalar quirk quantum numbers.

various possibilities. What can be calculated unambigu-
ously is i) squirk pair production (at leading order, far
from the cross section threshold), ii) the weak decay rate
of squirks (from which we use to infer the weak decay
of the squirky mesons), and iii) squirky meson annihila-
tion rates into Standard Model fields. What cannot be
calculated reliably is the dynamics of the “spin-down”
process, as the high energy squirks shed their momen-
tum to settle into a (near) ground state squirky meson,
and the spectrum and content of the resulting radiation.
An attempt at modeling this radiation is underway [21].
As a consequence, we do not attempt a full simulation
of squirky production. Instead, we calculate quantities
that are under control, with estimates of signal efficien-
cies, and point out where simulations could improve our
understanding. To deal with the remaining uncertainties
due to non-perturbative infracolor dynamics we discuss
some of the possible scenarios for this spin down and their
effects on phenomenology in Sec. IV.

II. MODEL

We extend the Standard Model to include one set of
squirks, U and S with quantum numbers given in Ta-
ble I. The gauge-invariant operators involving these fields
include the mass terms

1

2
M

2
UU

†
U +

1

2
M

2
SS

†
S (1)

and quartic interactions including

λ4(S
†
S)(U †

U) + λU (H
†
H)(U†

U) + λS(H
†
H)(S†

S)

+ λU4(U
†
U)2 + λS4(S

†
S)2 (2)

as well as

κ(H†τaH)(S†
Ua) + h.c. . (3)

The operators proportional to λU,S lead to shifts in the
masses of U and S, as well as Higgs boson trilinear and
quartic interactions with U

†
U , S†

S. The operators pro-
portional to λU4,S4 will turn out to affect certain anni-
hilation channels. Since our analysis does not depend on
the existence of these interactions, we do not consider
them further.
The triplet field U can be written in terms of its isospin

components

U =




U1

U2

U3



 (4)

2

u±
u0

u1

Isospin Splitting

This is the main reason for squirks (instead of quirks) 
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FIG. 2. Leading order production cross section at Tevatron
σ(u±u

†
0 + u0u

†
∓). The three contours correspond to three

choices of m0 = 75, 80, 85 GeV from top to bottom. The cross
section shown in this figure includes the QCD color factor
and both electric charges, but does not include the infracolor
(enhancement) factor, nor the mixing angle (suppression) as-
sociated with the U3 component of u0.

which has important implications. The first, and per-
haps most important, is that u0 and u1 cannot be pair-
produced at LEP II at tree-level.2 Second, the bound
states formed from u0u

†
0 and u1u

†
1 cannot decay into pairs

of photons or (potentially off-shell) Zs.
The neutral squirks, u0 and u1, can be pair-produced

through QCD. The Tevatron production cross section
of neutral squirk pairs is shown in Fig. 3. The lightest
bound state of squirks must ultimately annihilate back
into SM particles. There are several final state topologies
that can result: gg and g�g� (infragluon pair), illustrated
in Fig. 3, as well as W+W− (not shown).

Although our model has negligible LEP II produc-
tion of squirks, it is amusing to consider the size of the
cross section for generalized squirks with (Q,T3) arbi-
trary. We find that cross section for colored squirks is
roughly 0.6 pb for Q = 0, |T3| = 1/2. The cross section
increases if Q �= 0 is taken. Since the total hadronic cross
section at LEP II is measured to within ±0.5 pb to 95%
CL [29], even without considering the distinctive kine-
matics (dijet invariant mass peak), we see that 80 GeV
squirks transforming under the electroweak group are es-
sentially ruled out. This is the motivation for our model
employing an electroweak triplet that carries vanishing
hypercharge.

C. u±u
†
±

Charged squirk pair production, possible β-decay,
spin-down, and annihilation is a fascinating but intricate

2 There is a set of one-loop diagrams involving virtual W s and
virtual u± exchange, but this is very small.
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FIG. 3. Leading order production cross sections at Tevatron
for σ(u±u

†
±) with (top curve; MU → m±) and σ(u0u

†
0) or

σ(u1u
†
1) (bottom curve; MU → m0 or m1). Again, like Fig. 2,

the cross sections include the QCD color factor and both elec-
tric charges, but do not include the infracolor factor.

process. Charged squirk pairs can be produced through
QCD, and so their production rate at hadron colliders
is large. The cross section at the Tevatron is shown in
Fig. 3.
The signature of charged squirks depends crucially on

the various competing timescales of spin-down, β-decay,
and annihilation. If both charged squirks were to rapidly
β-decay, u± → W±u0, this leads to a W+W−u0u

†
0 sig-

nal, with u0u
†
0 annihilating into gg (or invisibly to g�g�).

Whether this process is a feature or a constraint de-
pends on several factors, particularly, the mass splitting
m± − m0 and the associated efficiency of detecting the
W decay products.
There is, however, another process that competes with

β-decay, namely the squirky spin-down and annihilation.
As we will show in the next few sections, there is a region
of parameter space where the spin-down and annihilation
of u±u

†
± occurs faster than β-decay, leading to gg, g�g�,

γγ, and W+W− signatures.

D. u±u
†
1 + u1u

†
∓

The production of the charged plus the heavier neu-
tral squirk proceeds through a s-channel W± just like
Sec. III A. This cross section is enhanced by the number
of QCD colors and infracolors, while suppressed by the
mixing angle of the U3 component of u1. While this
process has a substantially smaller cross section than
the one with u0, there are several interesting signatures.
First, if the β-decay process u1 → W±u∓ occurs quickly,
then this process contains the same rich phenomenol-
ogy of Sec. III C along with an additional W±, which
itself could be off-shell. If instead spin-down occurs
rapidly, then a competition is set up between β-decay
with subsequent annihilation of η+−, versus direct an-

4

Tevatron EW Production:  u±u0 + u±u0

σ per infracolor!

m(u0) = 
75 GeV
80 GeV
85 GeV

†
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We consider the physics and collider phenomenology of quirks that transform nontrivially under

QCD color, SU(2)W as well as an SU(N)ic infracolor group. Our main motivation is to show that

the recent Wjj excess observed by CDF naturally arises in quirky models. The basic pattern is that

several different quirky states can be produced, some of which β-decay during or after spin-down,

leaving the lightest electrically neutral quirks to hadronize into a meson that subsequently decays into

gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying

the simplest viable models: scalar quirks (“squirks”) transforming as color triplets, SU(2)W triplets

and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky

W± u±

u†0

W±

u0 g, g�

g, g�

g u±

u†±

W±

W∓

u0

u†0

g, g�

g, g�

FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

m(u±) 

†



SU(N)IC with N ≈ 3 or 4,
would appear to be sufficient!

BUT!!   Dynamics more subtle; 
several other production processes;

(some  highly constrained, 
others can *add* to our signal)



Outline
•   Quirks, infracolor, and quirkonia

•   Wjj arising from (s)quirk production

•   Idea  ->  Strategy

•   Model -> Calculations

•   Associated processes (esp. WWjj)

•   Summary
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FIG. 2. Leading order production cross section at Tevatron
σ(u±u

†
0 + u0u

†
∓). The three contours correspond to three

choices of m0 = 75, 80, 85 GeV from top to bottom. The cross
section shown in this figure includes the QCD color factor
and both electric charges, but does not include the infracolor
(enhancement) factor, nor the mixing angle (suppression) as-
sociated with the U3 component of u0.

which has important implications. The first, and per-
haps most important, is that u0 and u1 cannot be pair-
produced at LEP II at tree-level.2 Second, the bound
states formed from u0u

†
0 and u1u

†
1 cannot decay into pairs

of photons or (potentially off-shell) Zs.
The neutral squirks, u0 and u1, can be pair-produced

through QCD. The Tevatron production cross section
of neutral squirk pairs is shown in Fig. 3. The lightest
bound state of squirks must ultimately annihilate back
into SM particles. There are several final state topologies
that can result: gg and g�g� (infragluon pair), illustrated
in Fig. 3, as well as W+W− (not shown).

Although our model has negligible LEP II produc-
tion of squirks, it is amusing to consider the size of the
cross section for generalized squirks with (Q,T3) arbi-
trary. We find that cross section for colored squirks is
roughly 0.6 pb for Q = 0, |T3| = 1/2. The cross section
increases if Q �= 0 is taken. Since the total hadronic cross
section at LEP II is measured to within ±0.5 pb to 95%
CL [29], even without considering the distinctive kine-
matics (dijet invariant mass peak), we see that 80 GeV
squirks transforming under the electroweak group are es-
sentially ruled out. This is the motivation for our model
employing an electroweak triplet that carries vanishing
hypercharge.

C. u±u
†
±

Charged squirk pair production, possible β-decay,
spin-down, and annihilation is a fascinating but intricate

2 There is a set of one-loop diagrams involving virtual W s and
virtual u± exchange, but this is very small.
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FIG. 3. Leading order production cross sections at Tevatron
for σ(u±u

†
±) with (top curve; MU → m±) and σ(u0u

†
0) or

σ(u1u
†
1) (bottom curve; MU → m0 or m1). Again, like Fig. 2,

the cross sections include the QCD color factor and both elec-
tric charges, but do not include the infracolor factor.

process. Charged squirk pairs can be produced through
QCD, and so their production rate at hadron colliders
is large. The cross section at the Tevatron is shown in
Fig. 3.
The signature of charged squirks depends crucially on

the various competing timescales of spin-down, β-decay,
and annihilation. If both charged squirks were to rapidly
β-decay, u± → W±u0, this leads to a W+W−u0u

†
0 sig-

nal, with u0u
†
0 annihilating into gg (or invisibly to g�g�).

Whether this process is a feature or a constraint de-
pends on several factors, particularly, the mass splitting
m± − m0 and the associated efficiency of detecting the
W decay products.
There is, however, another process that competes with

β-decay, namely the squirky spin-down and annihilation.
As we will show in the next few sections, there is a region
of parameter space where the spin-down and annihilation
of u±u

†
± occurs faster than β-decay, leading to gg, g�g�,

γγ, and W+W− signatures.

D. u±u
†
1 + u1u

†
∓

The production of the charged plus the heavier neu-
tral squirk proceeds through a s-channel W± just like
Sec. III A. This cross section is enhanced by the number
of QCD colors and infracolors, while suppressed by the
mixing angle of the U3 component of u1. While this
process has a substantially smaller cross section than
the one with u0, there are several interesting signatures.
First, if the β-decay process u1 → W±u∓ occurs quickly,
then this process contains the same rich phenomenol-
ogy of Sec. III C along with an additional W±, which
itself could be off-shell. If instead spin-down occurs
rapidly, then a competition is set up between β-decay
with subsequent annihilation of η+−, versus direct an-

4

Tevatron Colored Squirk Production
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We consider the physics and collider phenomenology of quirks that transform nontrivially under

QCD color, SU(2)W as well as an SU(N)ic infracolor group. Our main motivation is to show that

the recent Wjj excess observed by CDF naturally arises in quirky models. The basic pattern is that

several different quirky states can be produced, some of which β-decay during or after spin-down,

leaving the lightest electrically neutral quirks to hadronize into a meson that subsequently decays into

gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying

the simplest viable models: scalar quirks (“squirks”) transforming as color triplets, SU(2)W triplets

and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and

σ per infracolor!
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FIG. 4. One of several diagrams illustrating squirky pair

production through QCD of the lightest electrically-neutral

squirks pp̄ → u0u
†
0 and annihilation u0u

†
0 → gg. Radiation

(into color gluons, infracolor glueballs, etc.) is not shown.

nihilation η+1 → Wγ. It is also possible that β-decay
of u± → W±u0 occurs, forcing u1 → W±u∓ followed

by u∓ → W∓u0. This gives a spectacular three-W plus

2-jet signal.

As we will see in the next several sections, the produc-

tion of u0u
†
0, u1u

†
1, and u±u

†
± are most relevant for the

Wjj signal.

IV. WEAK DECAY AND SPIN-DOWN

We now consider the quirky dynamics that occurs after

the squirk pair is produced. This includes β-decay, spin-
down, and the annihilation of the squirks into SM fields.

The annihilation cross section itself is a sensitive decreas-

ing function of the angular momentum of the squirk sys-

tem. The angular momentum of the system is of order

L ∼ 1 in the hard production, and then grows as the

excited state losses energy through radiation. Since ev-

ery radiated quantum is expected to change the angular

momentum by ∆L ∼ ±1, L grows roughly as the square

root of the number of emitted quanta. As a result, the

squirky bound state typically loses its excitation energy

before annihilation [7]. On the other hand, β-decay can

occur during the energy loss process, as it is independent

of angular momentum. Thus, in this section we discuss

the competition between β-decay and energy loss, and

then in Sec. V we calculate the decay rates of squirko-

nium states formed only after energy loss has occurred.

A. β-decay

Weak decay of bound squirks or quirks can be readily

approximated by considering the decay of an individual

squirk in isolation. This is entirely analogous to heavy

quark decay of (heavy) quarkonia in the SM. Charged

and heavy neutral squirks can β-decay through u± →
W±u0 and u1 → W±u∓. When the mass splitting among

these states ∆mi = |m±−mi| is smaller than MW , which

is the main parameter region of interest to us, the rate is

given by

Γβ(u± → W±u0) =
NfG2

F s
2
θR(m±,m0,mW )

48π3
(15)

where the function R is presented in its full glory in Ap-

pendix B. The kinematic function R scales approximately

as |∆m|5, as expected for a 3-body decay. The mixing

angle is defined by the transformation given in Eq.(8).

The rate scales as the number of SM flavors and colors

to decay into, Nf , which is 9 for mτ < |∆m| < mt +mb.

The rate for u1 → W±u∓ is analogous,

Γβ(u1 → W∓u±) =
NfG2

F s
2
θR(m1,m±,mW )

24π3
, (16)

where the relative factor of 2 (compared with the charged

squirk case) accounts for the two possible electric charge

combinations. The inverse decay rate is roughly

tβ,u± ∼ (3× 10
−21

sec)×
�
40 GeV

∆m0

�5 �
0.717

sθ

�2

. (17)

B. Spin-down

The “spin-down” or energy loss process for squirks

transforming under both QCD and infracolor is an in-

teresting but difficult problem. In general, the energy

loss can proceed through the radiation of a) regular QCD

hadrons – mostly charged and neutral pions, or b) infra-

color glueballs.3 Given the intrinsically non-perturbative

nature of this emission, we will not assert which of these

two distinct processes dominates, but instead simply

make estimates assuming one or the other does, and dis-

cuss the phenomenology.

One reasonable approach to the mechanism of energy

loss is to assume that at every squirky oscillation, the

two QCD-hadronized squirks at the end of the infracolor

string collide at semi-relativistic velocities, emitting a

soft hadron, carrying energy roughly of order ΛQCD or

Λic [7, 21]. The period of the squirk oscillations is of or-

der µ/Λ2
ic, where µ is the reduced mass of the two-squirk

system.

Consider first the case where only QCD dominates and

the excited squirky system loses energy of order ∆E ∼
ΛQCD ∼ 1 GeV after every oscillation.4 The time to lose

the total excitation energy Eij =
√
ŝ − (mi + mj) for

3 Photons may also play an important role [11] in the case where
quirks or squirks are charged and uncolored, but this will be
subdominant to QCD radiation for our model.

4 It is not unreasonable for the energy loss process to be domi-
nated by QCD due to kinematics. This is because QCD contains
pions, which are lighter than glueballs, unlike the situation with
infracolor.
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teresting but difficult problem. In general, the energy

loss can proceed through the radiation of a) regular QCD
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color glueballs.3 Given the intrinsically non-perturbative

nature of this emission, we will not assert which of these

two distinct processes dominates, but instead simply

make estimates assuming one or the other does, and dis-

cuss the phenomenology.
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loss is to assume that at every squirky oscillation, the
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string collide at semi-relativistic velocities, emitting a

soft hadron, carrying energy roughly of order ΛQCD or
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Typical hadron collider production and annihilation:

•  gg:  Resonance in dijets near Mjj ≈ 150-160 GeV;
    super-safe from UA2 and Tevatron bounds

•  g’g’:  Annihilation to infraglue weakly constrained
    by monojet search (radiate extra g)

LEP production zero (u0:  T3=0; Y=0).



u±u±†

One possibility of production and annihilation:

•  If β-decay proceeds rapidly, get several pb of WWjj

•  If β-decay not so rapid, can have direct annihilation
    u±u± -> gg; g’g’; γγ; u0u0
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gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying
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spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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†
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†
0 + u0u

†
∓.

where α4,U4 ≡ λ4,U4/(4π). This so-called “double
wonga-wonga” process is unique in that the annihilation
is from heavy squirks to light squirks without any hard
SM emission. In practice, the light squirks will subse-
quently spin-down, analogous to the spin-down phase fol-

lowing ordinary collider production of squirks, and then
the light squirks bind up into an η00 and annihilate as
discussed in Sec. VA.

VI. BRANCHING FRACTIONS AND SIGNAL
ESTIMATES

With the various decay rates in hand we can now com-
pute the total cross sections for several final states of
interest. We will again separate the discussion according
to the different initial states.

A. u±u
†
0 + u0u

†
∓

The detailed branching fraction “tree of life” of the
quirk pair u±u

†
0 + u0u

†
∓ is shown in Fig. 5. The first

branch splits between β-decay of u± (right branch) versus
radiative energy loss, leading to the ground state meson
η±0 (left branch). The relative probabilities of these two
branches are set by Eqs. (19) and (20).
Following the left branch, in which the ground state

η±0 is reached, the tree of life then branches further, as
the meson η±0 can decay into several different channels.
Considering all possible β-decay branchings of u±u

†
0 into

W±u0u
†
0, the relevant branching fraction here is

BR(η±0 → W±u0u
†
0) =

Γβ

Γβ + ΓWγ
(32)

where the Γβ is given by Eq. (15) and Γ(Wγ) is given by
Eq. (29).
Assuming one of the β-decay branches is taken, the

tree of life results in the squirk pair u0u
†
0, which after

energy loss, ends in the ground state η00. The branching
fraction of η00 into visible SM particles is given by

BR(η00 → gg) =
Γ(η00 → gg)

Γ(η00 → gg) + Γ(η00 → g�g�)
, (33)

where the decay rates are given in Sec. VB.
Combining these branching fractions, we obtain the

cross section of u±u
†
0 + u0u

†
∓ into the Wjj final state,

σ±0(Wjj) = σ(pp̄ → u±u
†
0)

�
BR(u±u

†
0 → W±u0u

†
0) + BR(u±u

†
0 → η±0)BR(η±0 → W±u0u

†
0)
�
BR(η00 → gg) (34)

where the two terms in the square bracket represent the two paths to our final state, determined whether β-decay or
energy loss occurred first. The cross section into the Wγ final state is

σ±0(Wγ) = σ(pp̄ → u±u
†
0)

�
BR(u±u

†
0 → η±0)BR(η±0 → W±γ)

�
. (35)

This final state has a bound of about σWγ � 8-13 pb to
95% CL, using constraints from D0 [36] and CDF [37].
The cross sections given for σ(pp̄ → u±u

†
0) are under-

stood to sum both u±u
†
0 and u0u

†
∓ contributions.

8

FERMILAB-PUB-11-271-T

Quirks at the Tevatron and Beyond

Roni Harnik,
1
Graham D. Kribs,

1, 2
and Adam Martin

1

1
Theoretical Physics Department, Fermilab, Batavia, IL 60510

2
Department of Physics, University of Oregon, Eugene, OR 97403

We consider the physics and collider phenomenology of quirks that transform nontrivially under

QCD color, SU(2)W as well as an SU(N)ic infracolor group. Our main motivation is to show that

the recent Wjj excess observed by CDF naturally arises in quirky models. The basic pattern is that

several different quirky states can be produced, some of which β-decay during or after spin-down,

leaving the lightest electrically neutral quirks to hadronize into a meson that subsequently decays into

gluon jets. We analyze LEP II, Tevatron, UA2, and electroweak precision constraints, identifying

the simplest viable models: scalar quirks (“squirks”) transforming as color triplets, SU(2)W triplets

and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb−1

of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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and singlets, all with vanishing hypercharge. We calculate production cross sections, weak decay,

spin-down, meson decay rates, and estimate efficiencies. The novel features of our quirky model

includes: quirkonium decay proceeds into a pair of gluon jets, without a b-jet component; there is

essentially no associated Zjj or γjj signal; and there are potentially new (parameter-dependent)

contributions to dijet production, multi-W production plus jets, Wγ, γγ resonance signals, and

monojet signals. There may be either underlying event from low energy QCD deposition resulting

from quirky spin-down, and/or qualitatively modified event kinematics from infraglueball emission.

I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
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†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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†
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†
0 + u0u

†
∓.

where α4,U4 ≡ λ4,U4/(4π). This so-called “double
wonga-wonga” process is unique in that the annihilation
is from heavy squirks to light squirks without any hard
SM emission. In practice, the light squirks will subse-
quently spin-down, analogous to the spin-down phase fol-

lowing ordinary collider production of squirks, and then
the light squirks bind up into an η00 and annihilate as
discussed in Sec. VA.

VI. BRANCHING FRACTIONS AND SIGNAL
ESTIMATES

With the various decay rates in hand we can now com-
pute the total cross sections for several final states of
interest. We will again separate the discussion according
to the different initial states.

A. u±u
†
0 + u0u

†
∓

The detailed branching fraction “tree of life” of the
quirk pair u±u

†
0 + u0u

†
∓ is shown in Fig. 5. The first

branch splits between β-decay of u± (right branch) versus
radiative energy loss, leading to the ground state meson
η±0 (left branch). The relative probabilities of these two
branches are set by Eqs. (19) and (20).
Following the left branch, in which the ground state

η±0 is reached, the tree of life then branches further, as
the meson η±0 can decay into several different channels.
Considering all possible β-decay branchings of u±u

†
0 into

W±u0u
†
0, the relevant branching fraction here is

BR(η±0 → W±u0u
†
0) =

Γβ

Γβ + ΓWγ
(32)

where the Γβ is given by Eq. (15) and Γ(Wγ) is given by
Eq. (29).
Assuming one of the β-decay branches is taken, the

tree of life results in the squirk pair u0u
†
0, which after

energy loss, ends in the ground state η00. The branching
fraction of η00 into visible SM particles is given by

BR(η00 → gg) =
Γ(η00 → gg)

Γ(η00 → gg) + Γ(η00 → g�g�)
, (33)

where the decay rates are given in Sec. VB.
Combining these branching fractions, we obtain the

cross section of u±u
†
0 + u0u

†
∓ into the Wjj final state,

σ±0(Wjj) = σ(pp̄ → u±u
†
0)

�
BR(u±u

†
0 → W±u0u

†
0) + BR(u±u

†
0 → η±0)BR(η±0 → W±u0u

†
0)
�
BR(η00 → gg) (34)

where the two terms in the square bracket represent the two paths to our final state, determined whether β-decay or
energy loss occurred first. The cross section into the Wγ final state is

σ±0(Wγ) = σ(pp̄ → u±u
†
0)

�
BR(u±u

†
0 → η±0)BR(η±0 → W±γ)

�
. (35)

This final state has a bound of about σWγ � 8-13 pb to
95% CL, using constraints from D0 [36] and CDF [37].
The cross sections given for σ(pp̄ → u±u

†
0) are under-

stood to sum both u±u
†
0 and u0u

†
∓ contributions.
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We calculated β-decay and estimated energy loss to arrive at 
“net” WWjj, Wjj, γγ signals from the various paths.  

Incorporating crude estimates of kinematics with cuts, we find
Wjj can just as easily arise from WWjj, esp when W decay off-shell.
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I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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FIG. 1: From top left to bottom right: background and top signal predictions, overlaid to data, for the lepton transverse energy
spectrum, the dilepton invariant mass, E/

T
, HT distributions, the number of jets distribution and the jet transverse energy

spectrum in 5.1 fb−1 pre-tagged top DIL candidate events.
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VII. BENCHMARKS AND EFFICIENCIES

We present two benchmarks with the parameters,
masses, cross sections, branching fractions in Table II.
The two benchmarks represent two qualitatively differ-
ent regimes: Benchmark 1 has rapid spin-down, and
then squirky β-decay or annihilation, whereas Bench-
mark 2 has rapid β-decay, and then annihilation. Each
Benchmark results in qualitatively distinct signal kine-
matics, as we will explain. For each Benchmark, we also
present our estimates of the relevant limits on certain
parameters and signal rates. The input parameters are
Nic,MV ,MS , δ,λ4. We took Nic = 3, 4 infracolors for
Benchmark 1,2, leading to a signal rate into dijets that
easily satisfies the UA2 bound. We took MV ,MS , δ such
that the masses worked out to m±,m0 = 120, 80 GeV
and m±,m0 = 145, 75 GeV. This allows us to illustrate
the qualitative differences between ∆m = 40 GeV ver-
sus ∆m = 70 GeV. We chose MS to be slightly heav-
ier than MV , such that the contributions to the isospin-
violating electroweak correction, ∆T , essentially vanish,
as described in Appendix A. Finally, we took λ4 to be
of order one, which ensures the cross section σ+−(γγ) is
less than 10 fb. Smaller values of λ4 imply larger rates,
of order tens of fb, into diphotons.

The cross sections σ(u0u
†
0), σ(u±u

†
0 + u0u

†
∓), and

σ(u±u
†
±) can be read off from Figs. 2,3. Weak production

is suppressed by couplings, while the colored production
of σ(u±u

†
±) is enhanced by couplings but further sup-

pressed by kinematics, leading to rates at the Tevatron
that are roughly comparable.

Each model has Λic � msquirk, such that the infracolor
coupling, αic(mq), is perturbative when evaluated at the
mass of the squirk. The choice Λic ∼ few GeV implies
infraglueballs decay well outside the detector, but de-
cay fast enough to not cause cosmological conundrums.
Hence, the g�g� final state leads to no hard SM parti-
cles, and possibly missing energy (depending on the de-
cay kinematics).

The cross sections σ±0(Wjj) and σ+−(WWjj) corre-
spond to Eqs. (34) and (37) respectively. These cross
sections form the starting point for obtaining the Wjj
signal, as well as several additional signals for which the
Tevatron has already placed constraints.

We have then estimated the efficiency to detection
for three signals: the efficiency for σ±0(Wjj) to pass
the CDF Wjj analysis cuts [1], the efficiency for
σ+−(WWjj) to pass the CDF Wjj analysis cuts (where
one W ’s decay products are missed or not energetic
enough to pass the CDF cuts), and finally, the efficiency
for σ+−(WWjj) to pass the CDF tt̄ pre-tag analysis cuts
[38], which we call σ(�+�−(�)jj)× eff.

Our estimates are based on a “stand-in” model for
squirk production and decay, modeled as intermediate
resonances with masses the same as η+−, η±0 and η00,
allowing for β-decay into η±0 which in turn can β-decay
into η00. We have implemented both of these models in

Bench Bench Exp’t

1 2 Bound

Nic 3 4 -

Λic 1.6 6.2 -

MV 120 145 -

MS 150 250 -

δ 106.5 172 -

λ4 2 1 -

m0 80 75 -

m± 120 145 � 100

m1 175 279 -

sθ 0.82 0.89 -

σ(u0u
†
0
) 33 42 -

σ(u±u
†
0
+ u0u

†
∓) 2.5 1.9 -

σ(u±u
†
±) 6.2 3.5 -

BR(u0u
†
0
→ gg) 0.51 0.48 -

BR(u0u
†
0
→ g�g�) 0.49 0.52 -

σUA2(u0u
†
0
→ gg) 0.3 0.6 � 90

σ±0(Wjj) 0.72 0.84 -

σ+−(WWjj) 2.4 2.4 -

σ(�+�−(
�
)jj)× eff 1.6 2.0 � 2

σ(Wjj)× eff 1.3-2.0 1.0-1.5 � 1.9
WWjj/Wjjtotal ∼ 85% ∼ 69% -

σ+−(γγ) 0.006 0.004 � 0.01-0.04
σ±0(Wγ) 1.1 0.2 � 8-14

∆T 0.02 0.01 −0.05 → 0.2

σLHC7(u0u
†
0
) 480 430 -

σLHC7(u±u
†
±) 200 130 -

TABLE II. Benchmark models in parameter space. All masses

in GeV, all cross sections are in pb for Tevatron (except

“LHC7” for
√
s = 7 TeV LHC and “UA2” for

√
s = 630 GeV

CERN SppS). The cross sections are discussed in Sec. III,

the branching fractions into various final states discussed in

Sec. VI, the efficiencies are discussed in Sec. VII, and ∆T
calculation is done in Sec. A.

MadGraph [42] with various mass splittings. The model-
ing of missing energy cannot be reliably done, given the
squirky spin-down process that can emit infraglueballs
which escape the detector as missing energy.

Nevertheless, we can implement the various lepton, jet,
missing energy and transverse mass cuts on the “stand
in” model to obtain “stand in” efficiencies which should
give us a reasonable idea of where the squirk model stands
with respect to the various signals after cuts. Both
benchmarks lead to some excess in the dileptonic pre-
tag tt̄ sample (σ(�+�−(�)jj) plus missing energy), but
within the 95% CL limit from CDF. Both benchmarks
also lead to between 1-2 pb of Wjj signal, where the
range corresponds to including (not including) the miss-
ing energy and transverse mass cuts for the lower (upper)
end of the range shown. Also shown in Table II is the
ratio WWjj/Wjjtotal which corresponds to the fraction
of Wjj signal after efficiencies that arise from the two-
armed lobster versus the one-armed lobster. We conclude
that the squirk model we have presented is capable of
generating a Wjj signal consistent with the CDF excess,
so long as the efficiency of detection of squirks is compa-
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Benchmarks

Specific parameters satisfying our estimates
of all constraints.
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I. INTRODUCTION

CDF has recently reported a 4.1σ excess in the Wjj
event sample in 7.3 fb

−1
of data for dijet invariant masses

between 120 − 160 GeV [1, 2]. The excess comprises of

hundreds of events in the �jj+/ET channel, corresponding

to a sizeable cross section, σ ∼ few pb to account for the

smaller leptonic branching fraction and the efficiency of

detecting the signal. Several explanations have already

appeared [3, 4], as well as detailed discussion of the size

and shape of the Standard Model (SM) background [5].

In this paper we present an explanation of this ex-

cess invoking pair production of “quirks” [7], defined be-

low, which subsequently undergo radiative energy loss

and weak decay, finally annihilating into dijets. There

are two main pathways that begin with quirk produc-

tion and end with a Wjj signal consistent with the CDF

analysis after their cuts: The first path consists of elec-

troweak production of a heavy-light quirk pair, where the

heavy quirk β-decays into a light quirk, emitting a W±
,

and then the remaining quirk–anti-quirk system settles

into a quirkonium ground state. The quirkonium decays

into gluon jets that reconstruct an invariant mass peak.

The second path consists of strong production of a heavy

quirk-anti-quirk pair, where both quirks β-decay to their

lighter electroweak partners. Even though two W bosons

are emitted in this process, one W decay can be missed

by the CDF analysis, particularly when the decay prod-

ucts are light quark jets that have energies below the

CDF jet energy cuts. Schematic diagrams of the produc-

tion and decay of the heavy-light quirk system and the

heavy-heavy quirk system is shown in Fig. 1.

In this paper we consider “squirks” – the scalar ana-

logues of “quirks” [6, 7], which are new fields trans-

forming under part of the SM gauge group along with a

new strongly-coupled “infracolor” group SU(N)ic. The

strong coupling scale of the infracolor group, Λic, is as-

sumed to be much smaller than the masses of all quirky
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u†0
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g, g�

FIG. 1. Two classes of squirk pair production and β-decay
that can lead to a Wjj final state with a dijet invariant

mass peak are shown in schematic diagrams. The top,

“one-armed lobster” diagram corresponds to weak produc-

tion pp̄ → W ∗ → u±u
†
0 + u0u

†
∓, following by charged squirk

β-decay u± → W±u0, and finally annihilation of the neutral

quirks into a pair of gluons or infragluons (g�). The bottom,

“two-armed lobster” diagram corresponds to strong produc-

tion of a heavy quirk-anti-quirk pair, following by β-decay
of both heavy squirks, and finally annihilation of the neutral

quirks into gluons. The latter production can pass the CDF

analysis with a modest efficiency when the decay products of

one of the W ’s are not detected. Quirky spin-down radiation

(into color gluons, infracolor glueballs, etc.) is not shown for

either diagram.

(or squirky) fields transforming under infracolor. Con-

sequently, infracolor strings do not break, and quirk (or

squirk) pairs remain in a bound state even when they

are produced with high kinetic energies. This leads to

several interesting collider physics, model building and
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Summary
•  New non-Abelian infracolor force + (s)quirks

•  “Even” microscropic quirks have surprisingly
    interesting collider signals

•  Wjj as squirk production 
    -- no associated Zjj or γjj signal
    -- WWjj feeding into top sample
    -- γγ resonance (small?) from u±u± annih
    -- underlying event?  unusual kinematics? 
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FIG. 7. Contours of ∆T per infracolor, but including QCD
color, in the (mU ,mS) parameter space. From left to right the
contours are −0.1,−0.05,−0.025,+0.025, 0.05, 0.1, 0.25. The
“funnel” region has ∆T � 0 due to a cancellation between
the loops of the light and heavy neutral scalars.

in electroweak representations with zero hypercharge.

The correction to T arises from the mass differ-

ence between the charged and neutral components of

the isotriplets. This has been calculated for a general

scalar multiplet with arbitrary isospin and hypercharge

in Ref. [45]. Applying their results to our case, we obtain

∆T =
NcNic

16πs2wM
2
W

�
c2θf(m0,m±)− s2θf(m1,m±)

�
(A1)

in terms of the self-energy loop function

f(ma,mb) = m2
a +m2

b −
2m2

am
2
b

m2
a −m2

b

log
m2

a

m2
b

(A2)

As expected for a renormalizable theory, the correction

to T is finite, and vanishes in the various limits: m0 →
m1 (the operator vanishes); mV � mS (decouple the V
scalar); and mS � mV (decouple the S scalar).

Since the model contains negligible additional con-

tributions to ∆S, the quantity ∆T can be bounded

from fits to S and T , e.g. [46], where one can allow

−0.05 � ∆T � 0.2 and remain within the 95% CL limits

for mh = 115 GeV. Wide ranges of parameters allow

for sizeable splitting between the charged and neutral

squirks (allowing weak decay to proceed, c.f. Sec.IVA),

while having T easily within the electroweak bounds.

Appendix B: Collected Formulae

Here we collect some analytic formulae used in earlier parts of the paper. The function f used in Eq. (35) for the

weak annihilation of η±0 into Wγ is
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The function R used in the formula for the beta decay rate of u± → u0 +W ∗
in Eq. (15) is

R(m±,m0,mW ) =
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where

∆̃2 ≡
�

(m0 +m± −mW )(m0 −m± +mW )(−m0 +m± +mW )(m0 +m± +mW ) (B3)

and

∆̂2 ≡
�

(−m0 +m± +mW )(m0 +m± −mW )(m0 −m± +mW )(m0 +m± +mW ) (B4)
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m1 (the operator vanishes); mV � mS (decouple the V
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