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SUSY: Higgs quartic too small, fine-tuned
RS: bad precision EW, FCNC
Realistic RS: little hierarchy problem
Higgsless: bad precision EW, fine-tuned
Composite pGB Higgs: VEV fine-tuned
Little Higgs: bad precision EW, fine-tuned
T-parity Little Higgs: very complex

Models of TeV Scale Physics

Csaki      http://bit.ly/WcCAm

Don’t have a complete model where
everything just fits together



Looking Under the 
Lamppost

quirks/hidden valleys/unparticles



MX ∼ TeV gg → X + . . .

X → Ynew + . . .

MX ! TeV OSMOnew

Mn
X

New Sector

X
SM New



Quirk/Hidden Valley/
Unparticle Model

X

CFT, no confinement        unparticles

QCD-like confinement        hidden valley

stringy confinement        quirks n=0

n=few

n=many

X is a heavy fermion with both 
SM and New gauge couplings

n fermionsNewSM



Λ < 100 eV
Quirks

Luty, Kang hep-ph/0805.4642



Quirks
10 keV < Λ < MeV

Luty, Kang hep-ph/0805.4642



Summary of Weird Signatures

                                                                          

               anomalous curved tracks                    

    displaced vertices, anomalous ionization    

                                                                         

    

                    soft hadron showers                      

    

                                                                     

   hidden glueball decays, photon showers 
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Chacko, Harnik hep-ph/0805.4667

Quirks



Energy

Inaccessibility

Barrier

Some Particles
Unable to Decay

Within Valley
Slow Decay Back to 

SM Sector 
Through Barrier

Hidden Valleys

Strassler, Zurek hep-ph/0604261, 0605193

Multiparticle
production in
Hidden Valley

LHC



Hidden Valleys

q

q

Q

Q

v-hadrons

Analogous to e+e-  hadrons

Strassler, Zurek hep-ph/0604261

Z’



q

q

Q

Q

v-hadrons

But some v-
hadrons decay in 
the detector to 
visible particles, 
such as bb pairs, 
qq pairs, leptons 
etc.

Z’

Some v-hadrons 
are stable and 
therefore invisible

Strassler, Zurek hep-ph/0604261

Hidden Valleys



New neutral resonances
 Often boosted in production; jet substructure key observable

Long-lived resonances 
 Often large missing energy
 Displaced vertices common (possibly 1 or 2, possibly >10 per event)

Multiparticle production
 6-60 quark/lepton final states possible

Strassler, Zurek hep-ph/0604261

Hidden Valley Features 



∆(p) ∝ (−p2 − iε)d−2

dΦ(p) ∝ 1
Γ(d− 1)

θ(p0)θ(p2)(p2)d−2

Unparticles

Georgi hep-ph/0703260, 0704.2457

 

  must be equivalent to RS2



Broken CFT’s
are Interesting

 

  IR cutoff at TeV turns RS2 to RS1

  address the hierarchy problem

  new phenomenology for LHC
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∆(p) ∼ (µ2 − p2 − iε)d−2

Spectral Densities
RS1Unparticle/RS2

M

ρ

Massive Unparticle

M

ρ

Fox, Rajaraman, Shirman hep-ph/0705.3092



σunparticle = (2− d)σparticle

Colored  Unproduction

d < 2

R-Hadrons, anomalous jets/E loss

Cacciapaglia, Marandella, JT hep-ph/0708.0005



2 jets +

Pair production

     is aligned to visible  

!pT

!pT

CFT stuff radiation
not aligned!pT

pT

Anomalous Jets



QCD radiation

Hard jet + 2 jets +  

      in opposite direction 
to the hard jet

!pT

!pT

Detailed calculation and simulation needed 
(background)

Anomalous Jets



S = −
∫

d4x H†(∂2 + µ2)2−dH

Unhiggs Model



Unhiggs Model

S = −
∫

d4x H†(D2 + µ2)2−dH + λttR
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Stancato JT, hep-ph/0807.3961



m2
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Mass Divergence

Solve the little hierarchy problem?
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Figure 8: Qualitative behavior of Λmax as a function of d

Thus, Eq. (5.3) leads to a larger value of the maximum cutoff, Λmax, for larger values of d, as
in Figure 8. Thus, we can push the UV scale past the usual SM value of ∼ 1 TeV for values
of d greater than 1. For example, the cutoff can be near 10 TeV without much fine-tuning
for d ∼ 1.7.

6 Loop Induced Kinetic Term

As we mentioned in Section 2, loop effects will also induce terms in the Lagrangian of the
form

Lkin = − C

Λ2d−2
H†D2H (6.1)

where C is a dimensionless coefficient. Qualitatively, our analysis above is not affected by
this term. However, we can estimate its quantitative effect by comparing it with the kinetic
term in the original Lagrangian (2.3). The ratio, R, of the momentum scales between the
two terms is:

R =
C

Λ2d−2 p2

p2(2−d)
= C

(
p2

Λ2

)d−1

. (6.2)

Since we are considering values for an Unhiggs threshold around ≈ 100 GeV, we take
p ≈ 100 GeV. Inserting our previous value of Λ = 10 TeV, we find

R = C(.0001)d−1 . (6.3)

We expect C < 1 since it is a loop suppressed coefficient. For values of d near one, R ≈ C
and the loop induced term will have a relatively small quantitative effect. However, for
moderate values of d, R becomes extremely small and the term in Eq. (6.1) will have no
appreciable effect on the results of the previous sections. This loop induced term will affect
the region near d = 2 where a pure unparticle is highly gaugephobic [7] since it provides an
additional contribution to gauge couplings.

16

loop < tree



Precision Measurements

Falkowski & Perez-Victoria, hep-ph/0901.3777
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Figure 4: The trajectories in the ∆S − ∆T plane for constant Unhiggs parameters ν, µ, R
and varying muh. For a given µ and ν, the UV scale Λ = 1/R is set to the maximum value
allowed by perturbativity (or to the Planck scale, if the former is larger). Different points
correspond to varying the Unhiggs mass muh in the range [50, 1000] GeV (red circles, from
left to right, in steps of hundred except for the first step). For reference, in each case we
plotted the trajectory in the SM when mh is varied in the range [50, 1000] GeV (solid black).

We conclude that the electroweak precision observables are consistent with the Unhiggs with
a mass gap of order 100 GeV, irrespectively of whether there is an isolated pole below the
continuum or not.

What about the direct searches at LEP? When the Unhiggs spectral function has a pole
well below the continuum (as is the case when muh

<
∼ µ), that pole behaves much like the

SM Higgs and the 115 GeV lower limit from LEP does apply. That is because in that case
the effective Unhiggs propagators reduce to the SM Higgs propagator for p2 " µ2 (including
p2 ∼ m2

uh, where the resonance is located). If, on the other hand, there is no isolated pole,
then the physical properties of the Unhiggs are vastly different and the LEP limits have to
be reconsidered.

In the SM, the cross section for the Higgs production in the Higgsstrahlung process is
proportional to

σSM(E) ∼
∫

dĒfσ(E − Ē)
mhΓh(Ē2)

(Ē2 − m2
h)

2 + m2
hΓh(Ē2)2

. (14)

Here, fσ is a Gaussian distribution of width σ, which naively accounts for experimental
uncertainties (we take σ = 10 GeV). Next, E is the center-of-mass energy of the emitted
Higgs boson, and Γh is the Higgs width. We focus here on the energies accesible at LEP,
E ∼ 100 GeV, in which case the latter is in practice the width of the H → bb̄ decay. For the

9
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ξ2 ≡ σ(e+e− → HZ)
σSM
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Figure 7: ξ2 as a function of d for µ = 100 GeV, m = 75 GeV and µ = 100 GeV, m = 50
GeV

phase space goes to zero as d → 1 because of the fact that Ad=1 = 0. Also, the part of the
phase space containing the pole has the following d→ 1 limit:

lim
d→1

dΦh,pole(q
2) = 2πθ(q0)δ(q2 −m2) . (4.7)

Thus, for µ > m, the Unhiggs phase space in Eq. (4.6) does indeed reduce to the Standard
Model Higgs result.

Using Eqs. (4.2), (4.5) and (4.6), ξ2 can be calculated numerically as a function of d for
any values of the parameters µ and m. A plot of ξ2 vs. d for two pairs of µ and m is shown in
Figure (7). As expected, ξ2 falls as d gets larger and is approximately zero for d→ 2. This
shows that for moderate to high values of d, the suppression of the Unhiggs-Gauge couplings
allows for an Unhiggs lighter than 114 GeV to have evaded detection at LEP.

5 Yukawa Couplings and the UV cutoff

Consider the top Yukawa coupling given in Eq. (2.3) which leads to an htt interaction term

LY =
1√
2

λt

Λd−1
htt . (5.1)

From the usual top loop correction to the quadratic Unhiggs term in the action we find

δm4−2d
h =

3|λt|2

8π2
Λ4−2d . (5.2)

Qualitatively, we want the correction to the Unhiggs mass term to be at most of the
order of the tree level term to avoid excessive fine-tuning. This means we want

δm4−2d
h =

3|λt|2

8π2
Λ4−2d < µ4−2d . (5.3)
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Unhiggs at LEP
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a light Unhiggs could have been 
missed at LEP



Unhiggs at LHC

generically a light Unhiggs would be missed
at the LHC using current search strategies



Conclusions
no compelling non-SUSY model

probably other ways to 
address the hierarchy problem

luckily Nature is smarter
than us, and will soon tell 

us the answer

if we are able to ask the right questions!


