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Outline
Quirks: 

What are they?

Why think about them?

Signals in two cases:

Very long strings - anomalous muon tracks.

Short strings and Folded SUSY                                            
- resonances and anomalous UE’s.
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Quirks
Consider a new strong force

Matter:

SU(3)c × SU(2)L × U(1)Y × SU(N)

q
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SM quantum 
numbers
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′
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is a Quirk
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Types of Quirks
We can categorize quirks

q
′ = ( ,N)SM quantum 

numbers
spin 01/2

quirks squirks

Colored or Non-colored
(under our QCD)

important for production, etc.
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Quirky Dynamics
In regular QCD:
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Quirky Dynamics
In regular QCD:

p

q

q̄

p

In “quirky QCD” this costs too much energy.
squarks’ are produced and remain bound!       

q̃

q̃
∗

p p

   Bjorken (79), Quinn and Gupta (81),...
Strassler and Zurek(06)

Luty et al. (08+)  
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Quirky Dynamics
Now what?                                                     
Quirks will loose kinetic energy to string tension.

Energy conservation:

q̃

q̃
∗

Λ
2

production

turning point

Ek =
√

ŝ − 2mq′ ∼ mq′

E = Λ
2
lmax

can be very long!lmax ∼
mq′

Λ2
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Examples:
Lets consider two extreme choices for Λ

Loooong strings

Λ ∼ few GeVΛ ∼ few eV

lmax ∼ meters lmax ∼ few fermi

Excited bound state

Weird muon 
tracks.

Resonance.
Soft radiation.

motivated by 

a model

 for hierarchy
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Looooong Strings.
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Long Strings
Each end hadronizes separately. 
Assume a charged hadron.

A striking sginal:
Two “connected muons”.
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Triggering
Naively, this will pass a muon trigger. 

But, track curvature and direction is not 
consistent with a muon coming from the 
interaction point.     May fail LVL2.

Possibilities:

Slow muon?

“Stable stau” trigger?

Timing?
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Triggering
An interestin possibility:                         
Trigger events with tracks curving along   
the magnetic field.

Anything that does this is 
exotic and worth keeping. 

(Unless its noise?)

B
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Microscopic Strings.
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Model Building
The hierarchy problem suggests a new symmetry.

      
top stop

SUSY
colored colore

d

A huge impact on 
collider phenomenology!

Can squarks be uncolored?
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Just a Factor of 3

tL

tR

or

t̃L, t̃R t′L, t′R

???

Little Higgs
Twin Higgs

←→
←→

Supersymmetry

Standard Model

FIG. 1: The diagram on top shows the contribution to the
Higgs mass squared parameter in the SM from the top loop,
while the lower two diagrams show how this contribution
is cancelled in supersymmetric theories and in little Higgs
theories. In twin Higgs models the cancellation takes place
through a diagram of the same form as in the little Higgs
case but the particles running in the loop need not be charged
under color. In analogy with this, we seek a theory where the
cancellation takes the same form as in the supersymmetric
diagram but the states in the loop are not charged under
color.

cancelled by a diagram of the same form as in the
supersymmetric case, but where the scalars running in
the loop are not charged under Standard Model color?

The purpose of this paper is to answer this question
firmly in the affirmative, and in so doing to construct
an entirely new class of theories that address the LEP
paradox. Our starting point is the observation that
in the large N limit a relation exists between the
correlation functions of a class of supersymmetric the-
ories and those of their non-supersymmetric orbifold
daughters that holds to all orders in perturbation theory
[14, 15, 16, 17]. The masses of scalars in the daughter
theory are protected against quadratic divergences by
the supersymmetry of the mother theory. The crucial
point is that in most cases the correspondence between
the mother and daughter theories continues to hold
approximately even away from the large N limit, and
this can be used to protect the Higgs mass from large
radiative corrections at one loop.∗

∗ For an earlier approach to stabilizing the weak scale also based
on the large N orbifold correspondence see [18].

We make use of these ideas to construct simple ex-
tensions of the SM that stabilize the weak scale against
radiative corrections up to about 5 TeV. In general, the
low energy spectrum of such a ‘folded supersymmetric’
theory is radically different from that of a conventional
supersymmetric theory, and the familiar squarks and
gauginos need not be present. While the diagrams that
cancel the one loop quadratically divergent contributions
to the Higgs mass have exactly the same form as in
the corresponding supersymmetric theory, the quantum
numbers of the particles running in the loops, the ‘folded
superpartners’ (or ‘F-spartners’ for short), need not be
the same. This means that the characteristic collider
signatures of folded supersymmetric theories tend to be
distinct from those of more conventional supersymmetric
models.

A folded supersymmetric theory does not in general
possess any exact or approximate symmetry that guaran-
tees that the form of the Lagrangian is radiatively stable.
It is therefore particularly important to understand if
ultraviolet completions of these theories exist. We
show that supersymmetric ultraviolet completions where
corrections to the Higgs mass from states at the cutoff
are naturally small can be obtained by imposing suitable
boundary conditions on an appropriate higher dimen-
sional theory compactified down to four dimensions.
We investigate in detail one specific model constructed
along these lines. While in this theory the one loop
radiative corrections to the Higgs mass from gauge loops
are cancelled by gauginos, the corresponding radiative
corrections from top loops are cancelled by particles
not charged under SM color. In such a scenario the
familiar supersymmetric collider signatures associated
with the decays of squarks and gluinos that have been
pair produced are absent. Instead, the signatures include
events with hard leptons and missing energy that can
potentially be identified at the LHC.

This paper is organized as follows. In the next section
we explain the basics of orbifolding supersymmetric the-
ories to non-supersymmetric ones and give some simple
examples showing the absence of quadratic divergences
in the daughter theory. In section III we apply these
methods to show how the quadratic divergences of the
Higgs in the SM can be cancelled, and outline ultraviolet
completions of these theories based on Scherk-Schwarz
supersymmetry breaking on higher dimensional orbifolds.
In section IV we present a realistic ultraviolet complete
model based on these ideas and briefly discuss its phe-
nomenology.

II. CANCELLATION OF DIVERGENCES IN
ORBIFOLDED THEORIES

What is the procedure to orbifold a parent supersym-
metric field theory? First, identify a discrete symme-
try of the parent theory. In order to obtain a non-
supersymmetric daughter theory this discrete symmetry

2

×3

×3
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FIG. 1: The diagram on top shows the contribution to the
Higgs mass squared parameter in the SM from the top loop,
while the lower two diagrams show how this contribution
is cancelled in supersymmetric theories and in little Higgs
theories. In twin Higgs models the cancellation takes place
through a diagram of the same form as in the little Higgs
case but the particles running in the loop need not be charged
under color. In analogy with this, we seek a theory where the
cancellation takes the same form as in the supersymmetric
diagram but the states in the loop are not charged under
color.

cancelled by a diagram of the same form as in the
supersymmetric case, but where the scalars running in
the loop are not charged under Standard Model color?

The purpose of this paper is to answer this question
firmly in the affirmative, and in so doing to construct
an entirely new class of theories that address the LEP
paradox. Our starting point is the observation that
in the large N limit a relation exists between the
correlation functions of a class of supersymmetric the-
ories and those of their non-supersymmetric orbifold
daughters that holds to all orders in perturbation theory
[14, 15, 16, 17]. The masses of scalars in the daughter
theory are protected against quadratic divergences by
the supersymmetry of the mother theory. The crucial
point is that in most cases the correspondence between
the mother and daughter theories continues to hold
approximately even away from the large N limit, and
this can be used to protect the Higgs mass from large
radiative corrections at one loop.∗

∗ For an earlier approach to stabilizing the weak scale also based
on the large N orbifold correspondence see [18].

We make use of these ideas to construct simple ex-
tensions of the SM that stabilize the weak scale against
radiative corrections up to about 5 TeV. In general, the
low energy spectrum of such a ‘folded supersymmetric’
theory is radically different from that of a conventional
supersymmetric theory, and the familiar squarks and
gauginos need not be present. While the diagrams that
cancel the one loop quadratically divergent contributions
to the Higgs mass have exactly the same form as in
the corresponding supersymmetric theory, the quantum
numbers of the particles running in the loops, the ‘folded
superpartners’ (or ‘F-spartners’ for short), need not be
the same. This means that the characteristic collider
signatures of folded supersymmetric theories tend to be
distinct from those of more conventional supersymmetric
models.

A folded supersymmetric theory does not in general
possess any exact or approximate symmetry that guaran-
tees that the form of the Lagrangian is radiatively stable.
It is therefore particularly important to understand if
ultraviolet completions of these theories exist. We
show that supersymmetric ultraviolet completions where
corrections to the Higgs mass from states at the cutoff
are naturally small can be obtained by imposing suitable
boundary conditions on an appropriate higher dimen-
sional theory compactified down to four dimensions.
We investigate in detail one specific model constructed
along these lines. While in this theory the one loop
radiative corrections to the Higgs mass from gauge loops
are cancelled by gauginos, the corresponding radiative
corrections from top loops are cancelled by particles
not charged under SM color. In such a scenario the
familiar supersymmetric collider signatures associated
with the decays of squarks and gluinos that have been
pair produced are absent. Instead, the signatures include
events with hard leptons and missing energy that can
potentially be identified at the LHC.

This paper is organized as follows. In the next section
we explain the basics of orbifolding supersymmetric the-
ories to non-supersymmetric ones and give some simple
examples showing the absence of quadratic divergences
in the daughter theory. In section III we apply these
methods to show how the quadratic divergences of the
Higgs in the SM can be cancelled, and outline ultraviolet
completions of these theories based on Scherk-Schwarz
supersymmetry breaking on higher dimensional orbifolds.
In section IV we present a realistic ultraviolet complete
model based on these ideas and briefly discuss its phe-
nomenology.

II. CANCELLATION OF DIVERGENCES IN
ORBIFOLDED THEORIES

What is the procedure to orbifold a parent supersym-
metric field theory? First, identify a discrete symme-
try of the parent theory. In order to obtain a non-
supersymmetric daughter theory this discrete symmetry
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3/ , Folded SUSY
(Burdman, Chacko, Goh, RH)

Hierarchy solved by squirks!
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Folded SUSY

ΛQCD

QCD QCD’

QCD scale
s are 

relate
d by a

 Z2.

LEP b
ounds

Motivates both colored and non-colored (s)quirks.   
e.g.

q̃L = (1, 2, 3)1/6

SU(3)c × SU(2)L × U(1)Y × SU(N)under
15



Quirky Dynamics
The squirks eventually stop.                           
come back.                                              
oscillate.

This system will loose energy by radiation.

q̃

q̃
∗

q̃

q̃
∗

q̃

q̃
∗

ω ∼
Λ2

mq̃

" Λ ∼ mglue

Soft:
photon dominated

Hard:
glueball dominated.
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Photons vs. Glue
Can we guesstimate                ?

Suppose the photon was massive:                                

We’d expect                                         .

But photon does not have a mass!                          
The kinematic suppression due to the mass depends 
on impact parameter and energy. May easily be a 
factor few

Eγ/Eglue

mγ ∼ mglue

Eγ

Eglue

∼

α(mγ)

αs′(mglue)
∼

1

20

Esoft

Ehard

∼

mq̃Λ
2b3

α2
s′

Settle for 10%
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An Event
Consider squirk production via a W:

W
±

ũ

d̃

Ongoing work w/ Burdman et alOngoing work w/ Wizansky. 18



An Event
Consider squirk production via a W:

W
±

ũ
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An Event
Consider squirk production via a W:

W
±

Z
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An Event
Consider squirk production via a W:

W
±

Z
0W

±

ũ

d̃

“squirkonium” 1S }

A peak in the invariant 
mass of  W+Z 

m
2
WZ = m

2
1S ∼ 4m

2
q̃

}
Soft radiation of 
photons and 

(hidden) glueballs

Ongoing work w/ Burdman et alOngoing work w/ Wizansky. 18



Annihilation
Annihilation to W+photon:  S/B~1 (before    -cut)

200 300 400 500 600 700

0.005
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0.5

η

S
Bσ

(p
p
→

W
±

γ
)

pb

mq′ ∼ 2mWγ
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An Event

Can we see such soft photons?
Can it compete with the Underlying Event?

Is the “antenna pattern” visible?
(This is not what the detectors were designed for!) 

Eγ ∼
Λ2

√

ŝ
∼

Λ2

mq̃

∼ 0.1 - 1 GeV

20

Figure 1: A schematic cartoon of the initial and final states of an LHC event with squirk production
via an s-channel W±. The two protons are incoming along the horizontal axis. The squirks
are produced and oscilate along the dashed axis. The final state includes an antenna pattern of
soft photons (two cone like shapes aligned with the squirk production axis) and a pair of hard
annihilation products (Wγ in this case) which can be used for triggering. In this picture we assume
the ideal case where energy is lost only by soft EM radiation.

where by angular momentum considerations b ∼ l/mq′ for angular momentum l. Upon production
l = 1 and the impact parameter is small giving an annihilation probability of α2. However, as we
commented above the impact parameter will grow on average like the square root of the number
of photons emitted. The probability to annihilate will thus decrease like the number of quanta
emitted on average. The probability for emitting a photon is given by

Prad ∼
TĖ

ω
∼ α . (6)

Therefore, an order of α−1 photons will be emitted before the initial probability to annihilate
becomes appreciable. However emission of α−1 will reduce the annihilation probability further. We
thus find that the bound squirkonium system will likely decay radiatively to a low lying state before
annihilating. This is fortunate not only because the soft radiation provides an interesting signal,
but also because the hard annihilation will occur at a fixed invariant mass, easing is identification
independently [11].

To summarize the simplified case of pure EM energy loss, a cartoon of the final state of a squirk
production event via an s-channel W± is shown in figure 1. The final state will be composed of a
hard pair of annihilation products, say a Wγ or WZ pair, and diffuse “antenna pattern” of soft
photons which would contribute to the underlying event.

A more realistic analysis must include radiation of hidden glueballs. It is interesting to note
that during most of the motion glueball emission is kinematically suppressed. The frequency with
which the semi classical oscillator would “prefer” to radiate is set by Λ2/mq′ " Λ. In this frequency
however, there are no available states in the QCD’ sector since the gap, which is the mass of the
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EM Showers

Estimate:

~30% of photons 
convert to electron-
positron pairs in 
tracking system.

~50% of energy 
reaches Ecal.

Possible Signals:
1. High charge track multiplicity

2. Calorimetric Signal

21
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Tracking Signal

Cheu and Parnell-Lampen (ATLAS)
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Hidden Valleys
Quirks

The Signal
The Analysis
Conclusions

PBS Event Display

Tommer Wizansky Antenna Signals from the Hidden Valley

“Detector Simulation” 

We simulated the photon signal  
according to a simple antenna 
model.

Analyze soft photons with       
a dedicated simulation of  a 
“toy detector” (using GEANT4).

Take                 as a parameter 
(can change event by event).

Eγ/Eglue

what is the sensitivity?
what are the backgrounds? min-bias? pile-up? etc.
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PBS

Hidden Valleys
Quirks

The Signal
The Analysis
Conclusions

PBS (Pretty Bad Simulation)

Tommer Wizansky Antenna Signals from the Hidden Valley
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Figure 1: Multipole expansion of calorimeter energy distributions. The multipole coefficients are
shown for the bound state radiation from Figure 3 (solid) and a flat distribution of photons (dashed).
The normalization of the y axis is arbitrary.

may be a power handle to identify new physics events and eliminate backgrounds. The DSP signal
can also serve as a smoking gun signal for the for quirky hidden valley dynamics which we will
describe presently. The geometry, and orientation and total energy of the DSP can further give us
valuable information about new particle, such as their spin.

1.2 Motivation: the Hierarchy and Uncolored Partners

Diffuse soft photons arise in well motivated models that address the (little) hierarchy problem.
Model building for natural solutions of the hierarchy problem in the last several decades has focused
on the introduction of a new symmetry beyond those of the standard model that protects the
electroweak scale. Supersymmetry is by far the most studied example of this and considered the
leading candidate for BSM physics at the LHC [5]. Even if, the “big” hierarchy is solved by strong
dynamics, precision electroweak tests at LEP have motivated the introduction of a symmetry bellow
the few TeV scale. For example, this is the case in Little Higgs models [6], RS models of a composite
Higgs [7], and left-right twin Higgs models [8].

The introduction of the new symmetry relates the top quark, and other SM matter to new
states which cancel the quadratic divergences of the standard model’s electroweak scale by new
corrections to the Higgs mass. In all of the examples mentioned above, the symmetry is realized
such that the new top partners are colored under the standard model QCD. These scenaria thus
generically predict the existence of a new colored state within the reach of the LHC.

3

Pattern Recognition
a)

 0
 2000
 4000
 6000
 8000
 10000
 12000
 14000

z(mm)

!
(r

a
d
)

-800 -600 -400 -200  0  200  400  600  800

 0

 1

 2

 3

 4

 5

 6

b)

 0
 200
 400
 600
 800
 1000
 1200
 1400

z(mm)

!
(r

a
d
)

-800 -600 -400 -200  0  200  400  600  800

 0

 1

 2

 3

 4

 5

 6

Figure 3: Calorimeter energy deposition in the toy detector simulation. The distribution is shown
for (a) bound state radiation and (b) a flat distribution of photons.

While this toy detector does not, by any means, replicate the full architecture of the ATLAS
detector, it does capture the most important points. First, the energy loss through pair production
of primary photons and subsequent radiation and absorption of the secondary particles is correctly
reproduced. The energy deposition in the calorimeter for a sample of [???], with a uniform angular
distribution is plotted in Figure ??. The average energy loss per photon is in good agreement with
Equation ?? as well as with an equivalent run of the full ATLAS detector simulation. Second, the
EM showers produced by the photons as they propagate through the detector are fully simulated
by GEANT4, producing a realistic angular smearing of the energy deposition.

A cross section of the toy detector is shown in Figure ?? [I HAVEN’T MANAGED TO GET A
POSTSCRIPT IMAGE OF THE DETECTOR]. As an example we also show the propagation of
a single 500MeV photon through the inner detector to the calorimeter. The multiple scattering of
the particles, as well as the bending of charged particle trajectories are evident.
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(preliminary)

The pattern is visible!
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Pattern Recognition
(preliminary)

Angular distribution distinct 
from the background.

26
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Figure 5: Multipole expansion of calorimeter energy distributions. The multipole coefficients are
shown for the bound state radiation (solid) and the minimum bias event (dashed) from Figure 4.
The normalization of the y axis is arbitrary.

exhibit a wide variation and many of them are atypical and could be mistaken for bound state
radiation.

For the purpose of a statistical analysis we define the following variable:

sinα =

√

〈

C2
l

〉

− 〈Cl〉2
√

〈

C2
l

〉

, (9)

where the averages are taken over the first five multipoles. If we consider these multipoles to be the
components of a vector in five-dimensional space, then sinα is precisely sine of the angle between
this vector and the diagonal passing through the origin. Hence, this variable measures the degree
to which the multipoles tend to differ from each other. Since the signal events are characterized by
large differences between the l = 2 and the other multipoles, we expect sinα to be larger compared
to the minimum bias events.

In Figure 6 we compare the sinα values for three samples of 500 events. The first sample
consists of signal events overlayed on top of minimum bias, with all the energy of the bound state
emitted in photons, the second consists of similar events for which only %10 of the energy was
emitted in photons and the third is pure minimum bias. If we impose a threshold of sinα > 0.7 we
find that, in the first case 0.74 of the events pass that cut, in the second case 0.17 of the events
pass, and for minimum bias only 0.02 of the events are above threshold. Since, for the models
we are considering, we expect a signal to background ratio of approximately 1 [RONY, EXPAND
ON THIS], we conclude that sinα provides a powerful method for distinguishing signal events from
background.
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Pattern Recognition
(preliminary)

Angular distribution distinct 
from the background.
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Figure 6: sinα for samples of 500 events: signal events with %100 of the energy emitted in photons
(solid), %10 of the enegry in photons (dashed) and minimum bias events (dot-dashed).

5 Discusion

5.1 Other Models with Underlying Event Signals

In this work we have focused on a specific example of new physics, uncolored quirks, which lead to
a diffuse soft signal at the LHC. We will now list a few more possible scenarios in which underlying
event studies in this spirit can lead to more information or even discovery of new physics.

Colored Quirks: The first simple example of a similar signal is the case of colored quirks or
squirks with a similar QCD’ scale of a few to ten GeV [?]. Such colored quirks can also arise in
folded supersymmetric models [8] as exotic gauginos in the bi fundamental representation of the
two QCDs. Strong production allows for a high event rate and a higher mass reach. On the other
hand, the hard annihilation signal will most often be two jets, with a higher QCD background.
The radiative decay of quirkonium in this case will most likely be to QCD pions. The kinematic
suppression for hadron emission due to the small hierarchy between the frequency of the motion
and the QCD’ gap will not be relevant for our QCD because of the light pions. In fact the typical
spectrum in this range of parameters is comparable to the pion mass. The techniques for analyzing
this signal will be similar to those discusses in the preceding sections. The large number of soft
charged pions will lead to a high multiplicity of soft charged tracks in the transverse region and
may be observable in conventional underlying events studies [7]. Furthermore, the neutral pions,
which would naively consist of a third of the energy will decay promptly to two photons which will
yield calorimetric a signal very similar to that studied in the previous section.

Hidden-Valley/Unparticles and Higgs decay: The Hidden Valley scenario [1] has been pro-
posed recently as an interesting possibility for novel LHC signals. The general idea involves the
production of new particles which are charged under a new strong force. These particles will shower
and hadronize according to the strong dynamics of the new sector. Such a showering process will
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Figure 5: Multipole expansion of calorimeter energy distributions. The multipole coefficients are
shown for the bound state radiation (solid) and the minimum bias event (dashed) from Figure 4.
The normalization of the y axis is arbitrary.

exhibit a wide variation and many of them are atypical and could be mistaken for bound state
radiation.
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large differences between the l = 2 and the other multipoles, we expect sinα to be larger compared
to the minimum bias events.

In Figure 6 we compare the sinα values for three samples of 500 events. The first sample
consists of signal events overlayed on top of minimum bias, with all the energy of the bound state
emitted in photons, the second consists of similar events for which only %10 of the energy was
emitted in photons and the third is pure minimum bias. If we impose a threshold of sinα > 0.7 we
find that, in the first case 0.74 of the events pass that cut, in the second case 0.17 of the events
pass, and for minimum bias only 0.02 of the events are above threshold. Since, for the models
we are considering, we expect a signal to background ratio of approximately 1 [RONY, EXPAND
ON THIS], we conclude that sinα provides a powerful method for distinguishing signal events from
background.

13



Summary of experimental issues

Quirks raise interesting challenges:

Triggers for anomalous muon like tracks.

Trigger for curves along the B field.

Some NP searches, e.g. resonances, may be improved 
by an accompanying underlying event 
study. 

Possible observables:
Multipoles of soft energy deposition in Ecal.

Number of charged tracks in central region....
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