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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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FIG. 2. In blue, a plot of the rate of Higgs events into SM states normalized to the SM. The green

line is the invisible branching ratio of the Higgs into mirror twin particles. The vertical orange and

red lines are the 95% confidence bound from precision electroweak constraints for a 1 and 5 TeV

cuto↵ respectively.

mass. Their analysis was carried out assuming a cuto↵ ⇤ =3 TeV. In general, however, the

leading contributions to the oblique parameters go like
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where mZ is the mass of the Z boson. For ✏ su�ciently small we expect these parameters

to dominate the analysis. In that case we may translate the bound on ✏ at ⇤ to a bound on

✏0 at ⇤0 by

✏2 ln

✓
⇤

mZ

◆
= ✏2

0

@1 +
ln
�

⇤

⇤

0

�

ln
⇣

⇤

0

mZ

⌘

1

A ln

✓
⇤0

mZ

◆
⌘ ✏02 ln

✓
⇤0

mZ

◆
. (32)

The 2� bound on ✏0 can be translated into a limit on the top partner mass. In Fig. 2 we

denote bound corresponding to a 1 and 5 TeV cuto↵ by the vertical orange and red lines

respectively.

Finally, we estimate the tuning �m of the Higgs mass parameter m2 as a function of the

top partner mass as a measure of the naturalness of the MTH model. We use the formula

�m =

����
2�m2

m2

h

����
�1

(33)
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Figure 1: Process that keeps the A and B sectors in equilibrium.

Because decays to SM states are preferred, the visible sector is reheated to at a higher temperature
than the mirror sector. Consequently the contribution of the mirror sector to the radiation density
in the early universe is suppressed, allowing the cosmological bounds on this scenario to be satisfied.
However, mirror neutrinos are significantly heavier than their SM counterparts, resulting in a sizable
contribution to the overall cosmological mass density in neutrinos that can be probed in upcoming
CMB experiments.

RH: refer to Nnaturalness.

2 Cosmology in Twin Higgs

The cosmology of the original Mirror Twin Higgs model is somewhat problematic. In the Twin Higgs,
the little hierarchy problem is addressed via a Higgs portal interaction between the SM Higgs and that
of a mirror SM. We will label states that are charged under our SM with A and those charged under
the mirror SM as B. In the identical version of the model the only di↵erence between the SM and its
twin copy is that the former has a Higgs vev of hHAi ⇠ v = 246 GeV, and the later has a Higgs vev
of hHBi = f which is a factor of a few larger. The lightest Higgs is a pseudo-Nambu-Goldstone boson
which is composed of

h ⇠ cos

✓
v

f

◆
hA + sin

✓
v

f

◆
hB . (2.1)

Since each of the Higgs bosons hA and hB couples to fermions in its copy of the standard model, the
mass eigenstate h will couple to both sets of fermions. As a result, in the early Universe the 125 GeV
Higgs mediates a scattering cross section of A femions of of B fermions, see Fig 1.

h�vi ⇠
⇣
yi

Ayj
B

⌘
2 v2

f2

T 2

m4

h

, (2.2)

at a temperature T , where yA and yB are the Yukawa couplings of the heaviest fermion that is in
equilibrium in the respective sector at that temperature. Equilibrium between the A and B sectors
is maintained down to the temperature at which the scattering rate is comparable to the expansion
rate, nh�vi ⇠ H. In this case A and B sectors are in equilibrium down to a temperature of O(1) GeV.
It should be noted that this Higgs portal interaction is an integral part of the twin mechanism which
addresses the little hierarchy problem in this framework. Reducing the ratio v/f significantly cannot
be done without significant amount of tuning.

Let us now estimate the energy density in mirror radiation. It will be particularly convenient to
focus on the ratio of energy densities of the two sectors, ⇢B/⇢A. At T ⇠ few GeV the temperatures of
the two sectors are equal, and thus the energy density ratio is simply the ratio of the e↵ective number
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Figure 10. Summary of discovery potential at LHC run 1, LHC14 with 300 fb

�1, HL-LHC and 100 TeV if
the searches in Table 5, or similar, are approximately background-free, and ⇠ 10 events allow for discovery.
Note different scaling of vertical axes. For comparison, the inclusive TLEP h ! invisible limit, as applied to
the perturbative prediction for Br(h ! all glueballs), is shown for future searches as well. Lighter and darker
shading correspond to the optimistic (pessimistic) signal estimates  = 

max

(
min

), under the assumption that
h decays dominantly to two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m

0

is
the mass of the lightest glueball 0

++; the vertical axes correspond to mirror stop mass in Folded SUSY (see
Eq. (3.8)) and mirror top mass in Twin Higgs and Quirky Little Higgs (see Eq. (3.12)). Vertical solid (dashed)
lines show where  might be enhanced (suppressed) due to non-perturbative mixing effects, see Section 3.5.

mirror squarks would be a distinctive signal, but their mass is not tied directly to the little hierarchy
problem and they could easily escape detection in a natural theory [56]. In the Twin and Quirky
Little Higgs models, precision Higgs measurements with 3000 fb

�1 of data may probe top partners
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Long-lived particles (LLPs) are a common feature in many beyond the Standard Model theories, including
supersymmetry, and are generically produced in exotic Higgs decays. Unfortunately, no existing or proposed
search strategy will be able to observe the decay of non-hadronic electrically neutral LLPs with masses above
⇠ GeV and lifetimes near the limit set by Big Bang Nucleosynthesis (BBN), c⌧ . 107 � 108 m. We propose
the MATHUSLA surface detector concept (MAssive Timing Hodoscope for Ultra Stable neutraL pArticles),
which can be implemented with existing technology and in time for the high luminosity LHC upgrade to find
such ultra-long-lived particles (ULLPs), whether produced in exotic Higgs decays or more general production
modes. We also advocate for a dedicated LLP detector at a future 100 TeV collider, where a modestly sized
underground design can discover ULLPs with lifetimes at the BBN limit produced in sub-percent level exotic
Higgs decays.

I. INTRODUCTION AND MOTIVATION

The Standard Model (SM) of particle physics, completed
by the 2012 discovery of a 125 GeV Higgs boson, is consistent
with almost all phenomena observed at colliders in the last few
decades. In spite of this success, there are very strong reasons
to suspect the existence of beyond-the-SM (BSM) physics,
which could manifest at collider energies in many different
ways. Long-lived particles (LLPs) with macroscopic decay
lengths & µm are a particularly intriguing possibility, both due
to their experimental distinctiveness and because they arise in
BSM theories proposed to address virtually every fundamen-
tal mystery of particle physics. This includes supersymmet-
ric (SUSY) theories which address the well-known Hierarchy
Problem, like mini-split SUSY [1, 2], gauge mediation [3],
RPV SUSY [4, 5] and Stealth SUSY [6]. LLPs also fea-
ture prominently in Neutral Naturalness [7–9], Hidden Val-
leys [10–15], models of dark matter [16–21], explanations for
the matter-antimatter asymmetry of the universe [22–27], and
models that generate neutrino masses [28–33].

LLPs can be produced at colliders in many production
modes. While electrically charged or hadronic LLPs leave
a variety of signatures in the main detector, we focus on neu-
tral1 LLPs, which can only be detected as displaced decays
from the central interaction point, or as missing transverse en-
ergy (MET) if they escape. While searches for displaced de-
cays are very challenging, significant progress has been made

⇤ johnpaul@physics.rutgers.edu
† dcurtin1@umd.edu
‡ lubatti@u.washington.edu
1 For our purposes, this general definition includes SM-singlets that arise e.g.

in Hidden Sectors, but also particles which carry only SU(2)L charge like
neutrinos, which can arise e.g. in SUSY.

in recent years [34–45], and experimental efforts at the Large
Hadron Collider (LHC) and future colliders [46–49] are likely
to cover much of the possible signature space.

Unfortunately, collider searches for LLPs face a funda-
mental limitation. A neutral LLP is a sterile state, com-
pletely non-interacting with SM matter and only visible once
it decays. The decay length is an unknown parameter in
many theoretical models. The only near-universal constraint
comes from cosmology: Big Bang Nucleosynthesis (BBN),
which occurred when the universe was about 1 second old, is
very well understood within the SM and strongly constrained
by measurements of cosmological parameters and elemental
abundances [50]. LLPs decaying during or after BBN would
change these observables. Avoiding this requires their lifetime
to be in the range c⌧ . 107 � 108 m, unless their energy den-
sity is very small, their branching ratio to SM hadrons is very
small, or they are cosmologically stable (see e.g. [51, 52]).
Experimentally, it is encouraging that the range of allowed
lifetimes is finite (up to the above caveats), but the ceiling of
allowed decay lengths is frustratingly high. Therefore, ultra-
long-lived particles (ULLPs) produced at the LHC will escape
the main detector with extremely high probability.

An escaping ULLP shows up as missing energy in the main
detector. If the ULLPs carry significant momentum and are
produced with a high enough production cross section, LHC
dark matter and/or SUSY searches would identify the ULLPs
as characteristic MET. However, in the event of such a dis-
covery it would be unknown if the MET is due to an escaping
stable particle or a ULLP, a distinction of great cosmological
relevance. In the latter case, accurate characterization of the
BSM sector would require direct detection of the ULLP decay.

In other scenarios, ULLP detection is even more urgent.
For example, relatively low-scale hidden sectors or squeezed
spectra lead to ULLP production with momenta . 100 GeV,
which generically makes MET searches at the LHC extremely
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challenging. In this case, direct detection of the ULLP decay
might be the only avenue to their discovery. Exotic Higgs
Decays are perhaps the best motivated of these scenarios.2

Searches for exotic decays of the recently discovered 125
GeV Higgs boson are one of the most promising discovery
avenues for new physics [54]. The Higgs is copiously pro-
duced at pp colliders through its coupling to the top quark via
gluon fusion, but its decay width is dominated by the small
bottom quark Yukawa yb ⇠ 0.02. This means that even very
small couplings of the Higgs to new degrees of freedom can
manifest as exotic decay modes with observably large branch-
ing fractions. Such couplings are generic in BSM scenarios,
since new hidden sectors that include neutral LLPs can couple
to the Higgs via portal operators of low effective dimension.

In particular, this makes exotic Higgs decays one of the
most plausible sources of LLPs. Furthermore, these LLPs
will in general obey the BBN lifetime bound, since their
coupling to the Higgs implies thermal contact with the SM
plasma.3 This is realized, for example, in theories of Neu-
tral Naturalness [55–59], and generic scenarios with Hidden
Valleys [10–15] or dark photons [60–62]. The large rate of
Higgs and hence ULLP production can compensate to some
extent for the low probability of decaying in the detector, but
this is not enough to probe ULLPs with lifetimes near the
BBN bound. This is especially regrettable, since invisible
Higgs decays with ⇠ 10% branching ratios are discoverable
at the High-Luminosity LHC (HL-LHC) [63, 64]. At future
lepton colliders, sub-percent invisible decays can be directly
probed [49, 65]. For all of these MET signals, full characteri-
zation of the produced final state would be invaluable.

It is for these reasons that we advocate in this paper for
the construction of dedicated LLP detectors at hadron collid-
ers. For the purpose of sensitivity estimates, we focus here on
exotic Higgs decays as a benchmark model, where sensitiv-
ity to ULLPs at the BBN lifetime bound would allow for full
coverage of an essentially finite parameter space. However,
extending our sensitivity to long decay lengths is generally
motivated to discover and diagnose many BSM scenarios.

At the HL-LHC, ULLP decays could be detected by in-
strumenting a suitably large volume near the interaction
point, with sufficient shielding to suppress backgrounds from
prompt particles produced in the collision.4 We propose the
MATHUSLA detector concept (MAssive Timing Hodoscope
for Ultra Stable neutraL pArticles), which is located at the sur-
face above and slightly displaced from the interaction point.
This detector extends the lifetime range of LLP searches by
three orders of magnitude compared to the main detector and
could discover ULLPs near the BBN limit. With present tech-
nology and available land above the CMS or ATLAS interac-
tion points, this detector could be constructed in time for the
HL-LHC upgrade.

2 For very light LLPs like sub-GeV sterile neutrinos, fixed target experiments
like SHiP [53] can be sensitive to BBN lifetimes.

3 An exception to this argument may be inflationary scenarios with very low
reheating temperatures.

4 This is similar in spirit to the MilliQan external detector proposed to find
stable milli-charged particles produced at the LHC [66, 67].

20m

200m

100m

100m

Surface Detector

(side view)

FIG. 1. Possible geometric configurations for the MATHUSLA sur-
face detector at the HL-LHC. Gray shading indicates areas assumed
to be sensitive to LLP decays. The surface detector is a 200m square
building, centered along the beam line.

II. MATHUSLA SURFACE DETECTOR FOR THE HL-LHC

We propose constructing a dedicated detector to observe
ULLPs decaying into charged SM particles away from the
main detector. The HL-LHC will produce Nh ⇡ 1.5 ⇥ 108

Higgs bosons. When producing ULLPs in exotic Higgs de-
cays, the number of observed ULLP decays is roughly

N

obs

⇠ Nh · Br(h ! ULLP ! SM) · ✏
geometric

· L

bc⌧

(1)

where L is the linear size of the detector along the ULLP’s
direction of travel, ✏

geometric

is the chance that the ULLP will
pass through the detector (i.e. geometric coverage), and b

is the Lorentz boost |~p|/m of the produced ULLP. Since the
Higgs boson is dominantly produced on threshold, if it decays
to n ULLPs with mass mX , their characteristic boost will be

b ⇠ mh

nmX
, (2)

so typically b . 3 for n = 2 and mX & 20 GeV.5 Assuming
the ULLP decays exclusively to the SM,6 observation of a few
ULLP decays with a lifetime of c⌧ ⇠ 107 m requires

L ⇠ (20 m)

✓
b

3

◆✓
0.1

✏

geometric

◆
0.3

Br(h ! ULLP)
. (3)

Therefore, ULLPs near the BBN lifetime bound arising from
exotic Higgs decays near current limits [68, 69] could be dis-
covered if the detector had a linear size of ⇠20 m in the direc-
tion of travel and ⇠10% geometric coverage. Central to this
estimate is the assumption that the dedicated ULLP detector
operates in a very low background regime. A necessary re-
quirement is that the detector is shielded from the background

5 n > 2 typically implies higher-dimensional operators, cascade decays
in the hidden sector, or a hidden confining gauge group that produces a
shower. We focus on n = 2 which suffices to discuss detector require-
ments.

6 Generically, a coincidence of small widths is required for a ULLP to decay
to both SM and hidden sector particles.
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FIG. 2. Schematic of a possible design for MATHUSLA, with a
robust multi-layer tracker at the top and a segmented scintillator veto
surrounding the entire detector. Also shown are two possible dis-
placed vertex signals from LLP decays (top) and the five most impor-
tant backgrounds (bottom). Black arrows indicate charged particles
and their direction of travel.

of hadronic particles produced in association with the pp col-
lisions.

Placing the detector on the surface automatically satisfies
the shielding requirement, but the O(100 m) distance from
the interaction point requires a very large detector with an area
of order (200 m)2 and about 20 m height to achieve a suffi-
ciently large decay volume, as shown schematically in Fig. 1.
The precise location on the surface is not critical, and the vol-
ume could be broken up into submodules, provided that the
horizontal distance is . 100 m. Consequently, for a given ��

coverage, the rapidity of the detector does not greatly affect
geometric acceptance to LLP decays.7 It may, however, be
convenient to center MATHUSLA near ⌘ = 0.

The final design of the MATHUSLA detector and its asso-
ciated signal acceptance and background rejection requires a
detailed simulation study and small-scale test that is beyond
the scope of this paper. Here we outline a possible design that
makes use of existing and well-tested technologies to demon-
strate that the proposed approach will identify clearly LLP de-
cays and provide the information needed to reject expected
backgrounds.

Fig. 2 shows one possible instrumentation of MATHUSLA,
assuming the geometry of Fig. 1. The air-filled-decay vol-
ume is surrounded by 1 cm thick plastic scintillator tiles (top,
bottom and sides) with a robust, highly redundant, multilayer
tracker located at the top. The tracking system allows for re-
construction of the trajectories of charged particles and pro-
vides timing information. The separation between tracking
planes can be of order 1 m or somewhat less. One well-
established candidate technology for this large area tracker are

7 For example, if LLPs are produced in exotic Higgs decays, simulations
show that their rapidity distribution, weighted by inverse boost, is approxi-
mately uniform.

Resistive Plate Chambers (RPCs) that have cm spatial and ns
timing resolution. RPCs have been deployed in detectors with
areas greater than ⇠ 5000 m2 [70, 71].

For now, we assume on the order of ⇠ 5 layers of tracking
chambers, although the number in a final design may be dif-
ferent depending on the outcome of a detailed background re-
jection study. This combination of tracking and timing infor-
mation from the tracking system and surrounding scintillator
detectors provides information for rejecting (vetoing) back-
grounds. For read-out, the scintillator detectors will be seg-
mented, with the segment size requiring detailed study. The
tracking chamber readout geometry depends of the choice of
technology, but in general terms this is unlikely to be a prob-
lem due to the low occupancy of the detector.8

There are many options regarding the construction of the
detector structure. For example, partial burial may be prefer-
able given its large volume. At any rate, the civil engineering
requirements are modest. Given that the proposed detector
technologies are very well understood, MATHUSLA could
feasibly be built in time for the HL-LHC upgrade.

Neutral LLPs decaying visibly in MATHUSLA result in a
spectacular signal, with two examples shown in Fig. 2 (c) and
(d). A spray of charged particles, two in the case of lepton
final states and O(10) in the case of hadronic final states,
travel upwards due to the LLP’s boost. The large area cov-
erage and good tracking capabilities of MATHUSLA allow
most of the charged particle trajectories to be individually re-
constructed with detailed timing information. The trajectories
can be fitted to reconstruct a displaced vertex (DV), with the
additional stringent requirement that all trajectories are coin-
cident in time at the DV. The scintillator can be used as a veto
to ensure that the charged particles originated at the DV: there
should be no hits along the line between the vertex and the
LHC main interaction point (IP), as well as along the lines ob-
tained by extrapolating the charged particle trajectories back-
wards. These are powerful signal requirements, especially for
hadronic LLP decays. The DV from an LLP decaying to lep-
tons only has two charged particles associated with it, but it
must satisfy additional geometric requirements: the line from
the IP through the DV must lie in the plane spanned by and
between the two charged particle trajectories.

By far the largest background is from atmospheric cosmic
ray muons, see Fig. 2 (e). They have a rate of O(10 MHz)
over the entire detector [50], resulting in ⇠ 1015 charged par-
ticle trajectories integrated over the whole the HL-LHC run.
A very high rejection efficiency of this background is possible
using a combination of timing and trajectory reconstruction
because of the highly distinct signatures produced by cosmic
ray muons compared to the decay of an LLP.

The vast majority of cosmic rays travel down, not up like
final states from the decay of an LLP originating at the pp

8 Depending on the angle, a cosmic ray takes ⇠ 70� 100 ns to traverse the
detector volume. Therefore, given the O(10 MHz) incident rate, the av-
erage cosmic ray occupancy rate of the entire detector in a 100 ns window
is order one. A variety of segmentation strategies can easily accommodate
the read-out requirements of such an event rate, even taking the much larger
peak occupation during high-multiplicity shower events into account.
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This captures the leading correction to the S and T parameters from variations in the couplings of
the SM-like Higgs in the limit mA ! 1 and is quite small for the parameter range of interest.
Additional corrections arise from the remaining Higgs scalars H1,2, A1,2, H

±
1,2 at the scale mA &

TeV. However, as in the MSSM, the these additional states decouple with increasing mA; in partic-
ular the sectors (H1, A1, H

±
1 ) and (H2, A2, H

±
2 ) are approximately degenerate so that electroweak

corrections are small. In the limit g, g0 ! 0, the (H1, A1, H
±
1 ) sector is exactly degenerate,

and corrections from this sector to S and T vanish; for nonzero g, g0 this leads instead to the
customary MSSM-like contributions that are strongly suppressed by O(m2

Z/m
2
A) in the regime

of interest. Corrections from the (H2, A2, H
±
2 ) sector are additionally suppressed by a factor of

v2/f 2 due to the smallness of mixing with the A sector, but in the g, g0 ! 0 limit nonzero splitting
between H2, A2, and H±

2 persists. Expanding the appropriate loop functions (e.g., [40]), in the limit
m2

A � �2f 2, the leading contributions to S and T from the (H2, A2, H
±
2 ) sector are parametrically

of order
�S ⇡ 1

16⇡

�2v2

m2
A

�T ⇡ 1

48⇡

�2

g2s2W

�2f 2

m2
A

. (24)

There are also contributions from loops involving one scalar from each sector, but these share an
overall suppression factor of O(v2/f 2

) due to mixing, as well as a similar magnitude of mass
splitting between states, leading to corrections of the same order as Eq. 24. Taken together, the
corrections to S are insignificant, while the corrections to T are typically numerically of the same
magnitude as those in Eq. 23, and both show the expected decoupling as mA ! 1. However,
the corrections to T have the potential to generate (mild) tension with precision electroweak limits
if mA ⇠ �f . TeV, though this depends in detail on the extended Higgs sector and is readily
susceptible to cancellations. Finally, corrections from the remainder of the sparticle spectrum are
parametrically small unless there is substantial mixing in the squark sector.

There are no pernicious new sources of flavor violation in the SUSY twin Higgs beyond those
usually encountered at one loop. In particular, the extended Higgs sector automatically satisfies
the Glashow-Weinberg condition [41] due to a combination of holomorphy and gauge invariance,
guaranteeing the absence of new tree-level contributions to flavor-changing neutral currents. At
one loop, the decoupling of charged Higgs states protects against prohibitive contributions to, e.g.,
b ! s�. Although sfermions may all be in the multi-TeV range, this alone is insufficient to
suppress one-loop FCNC in the presence of large flavor-violating soft masses, and so the usual
solutions to the supersymmetric flavor problem are still required.
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where h = (h1, h2) is the Higgs doublet of the SM
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Now consider again the Z2 symmetric top quark sector, Eq. 3. To quadratic order in h this
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FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1

,�
2

) is of

the form

V (�
1

,�
2

) = V
1

(�
1

) + V
2

(�
2

) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,
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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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