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Improved Naturalness, or a heavy Higgs
(400GeV < mh < 600 GeV)

•“Divergence cancelling” physics pushed very heavy
•Dominant source of fine tuning now the Higgs, not top
•Must be new “precision cancelling” physics around
•LHC now searches for “precision cancelling” states
•New physics may offer DM candidate
•Huge impact on LHC physics

Examples
•Higgs triplet (no DM)
•Inert doublet model 
•Extra leptons (this talk)

Barbieri,  Hall,  Rychkov
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Extra Leptons Model

∆L = −λLHN − λ′LcH̃N + MLLLc +
1
2
MNN2 + h.c. ,

L =
(

ν

E

)
, Lc =

(
Ec

νc

)Four 
parameters

•Require EWPT agree
•DM abundance agrees with WMAP
•LIP not too light

0.15 < ∆T < 0.35
0.09 < Ω h2 < 0.13

mν1 > 45 GeV



Patrick Fox

Allowed by: 

∆T
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Figure 2: Contour plot showing the allowed region for the doublet mass ML and singlet mass MN

for one choice of Yukawa couplings, λ = 1.7 and λ′ = 0.6. The gray regions are allowed, i.e., they have
a contribution to ∆T in the range [0.15, 0.35]. The outer boundary corresponds to ∆T = 0.15 and the
inner boundary to ∆T = 0.35, with the contour lines in the gray region equally spaced.

3.2 Dark matter abundance

Parametrically the annihilation cross section of the DM scales in a similar fashion to ∆T

since the cross section behaves as σ ∼ V 2
11, with V11 ∼

(

λ2 − λ′2
)

v2

M2
L

. Given the lower bound,

discussed in the previous section, on the difference of the Yukawa couplings λ and λ′ due to

the EWPT constraint, there is a lower bound on ML since low values leads to too little dark

matter. We find this lower bound to be around 250GeV.

The lightest of the three neutrino states is stable and is our WIMP dark matter candidate,

which we denote by χ (= ν1). The computation of the abundance requires evaluating the

annihilation cross sections for all three allowed final states, f f̄ , W+W− and ZZ, where f is

any SM fermion. We neglect the contribution coming from exchanging the Higgs because of

its large mass. MP: move this comment somewhere else? This is in contrast to the

situation for LHC phenomenology where, due to the much larger center of mass energy, the

heavy Higgs gives a sizable contribution to production cross sections.

– 6 –

∆T = 0.15

∆T = 0.35



!750 !500 !250 0 250 500 750

ML

0

100

200

300

400

500

600

M
N

Λ1#1.7, Λ2#0.6

500.

400.

400.

300.

300.

200.

200.

150.

150.

100.

100.

100.

100.

45.

45.

45.

Figure 3: Contour plot showing parameter regions as a function of the doublet mass ML and the
singlet mass MN for one choice of Yukawa couplings, λ = 1.7 and λ′ = 0.6. The predicted dark matter
abundance agrees with the observed value in the dark blue bands, but is too large (small) in the yellow
(green) regions. This plot should be compared to Fig. 2.

than mW , so that the decay channel ν3 → EW is open. Finally, the mass splitting between

the two lightest neutrinos is almost always larger than 200 GeV and is larger than 300 GeV

in more than 90% of parameter space.

4. Direct detection of dark matter

In addition to cosmological bounds on dark matter abundance there are constraints on its

properties coming from direct detection searches of WIMPs in the halo of the Milky Way.

By looking for WIMP–nucleus scattering as the Earth moves through the WIMP background

several experiments have obtained upper bounds on scattering cross sections, as a function

of WIMP mass. There are two contributions to the cross section, spin-independent and spin-

dependent scattering, whose expressions will be discussed below. At present the experimental

bounds are stronger for the spin-independent cross section. Due to the smallness of the

coupling of the lightest neutrino to Z and the large mass of the Higgs we do not expect the
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Allowed by: 
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General features of parameter space
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Figure 4: General features of the lepton spectrum. The † means that this inequality is only true over
approximately half of parameter space.

present bounds to constrain our model. However, for some regions of parameter space we

may expect a discovery in the 2007 CDMS run, while the most sensitive experiments planned

for the future would be able to discover or to rule out most of the parameter space.

Using the the method presented in [12] (see also [13–15]) to compare results from different

experiments, we calculate the “standard” WIMP scattering cross section, σ0, on nucleons and

compare it to the experimental bounds. This standard cross section (actually the WIMP-

nucleon cross section at zero momentum transfer) is defined by

dσ(q = 0)

d|q|2 ≡ σ0

4µ2v2
, (4.1)

where µ = mNmχ/(mN + mχ) is the reduced mass of the nucleon-WIMP system (mN is the

nucleon mass), v is the WIMP velocity in the lab frame, and q is the momentum transfer.

First the effective Lagrangian for neutrino–quark scattering is derived by integrating out

at tree level the vector bosons and Higgs from (2.5). This leads to

L = bV
q χ̄γµγ5χ q̄γµq + bA

q χ̄γµγ5χ q̄γµγ5q + fq χ̄χ q̄q, (4.2)

where χ represents the dark matter particle and q any quark. In the above we defined the
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Figure 6: Cross sections for spin-dependent dark matter searches for WIMP–neutron scattering
(upper) and WIMP–proton scattering (lower). The green regions are our parameter space. The solid
black curves are the present CDMS [19] and NAIAD exclusion limits. The dashed gray curve in the
neutron plot is the projected SuperCDMS limit.

we have both vectorlike and chiral mass terms for the heavy leptons. For a review of models

with heavy leptons, see [32].

We define four possible classes of signatures and choose one particular point in parameter

space for each of these signatures. These parameter points are chosen such that they are

close to maximizing the signature under discussion and are therefore to be seen as best case
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we have both vectorlike and chiral mass terms for the heavy leptons. For a review of models

with heavy leptons, see [32].

We define four possible classes of signatures and choose one particular point in parameter

space for each of these signatures. These parameter points are chosen such that they are

close to maximizing the signature under discussion and are therefore to be seen as best case
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DM Direct detection
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Figure 5: Cross sections for spin-independent dark matter searches. The green region is our parameter
space. The solid black curve is the present CDMS exclusion limit [18]. The upper dashed curve is
the projected CDMS II limit from the 2007 run. The lower dashed curve is the projected bound from
the first 25 kg-phase of the planned SuperCDMS experiment. The black points represent our LHC
phenomenology points from Table 1.

lighter than ∼ 1–2 TeV. These new states need not carry color charge [26] and will be very

difficult to find at the LHC. Even for new colored states this potentially pushes their mass

well beyond the reach of the LHC [27]. Thus, it may be that the only low energy states

accessible by the LHC are the Higgs and the vectorlike charged and neutral leptons.

A Higgs as heavy as ∼ 500 GeV will be discovered in the four lepton channel with an

integrated luminosity of less than 30 fb−1. It is sufficiently broad4 that it will even have its

width measured to about 6% accuracy after 300 fb−1 [28, 29]. Thus, if the lightest neutrino,

χ, is not observed in dark matter searches, after a few years of running at the LHC we may

be left with the confusion of a heavy Higgs and no other new states to explain it, yet we know

from EWPT that they must be there.

We now investigate the possibility of seeing the extra leptons at the LHC. Analyses have

been carried out in the past for the case of an extra family of leptons. One major distinction

from these previous works is the existence here of a heavy Higgs, which allows resonant

production of the heavy leptons, greatly affecting the phenomenology. Often analyses have

assumed the extra neutrinos are massless [30], or that the leptons are chiral so that for anomaly

cancellation there are additional quarks which can affect production cross sections [31], or

that the leptons are vector-like and so do not couple to the Higgs. Another difference is that

4In the SM a Higgs of 500 GeV has a width of 64GeV; here the additional states available for its decay

may appreciably alter the total width.
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LHC signals?
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Figure 4: General features of the lepton spectrum. The † means that this inequality is only true over
approximately half of parameter space.

present bounds to constrain our model. However, for some regions of parameter space we

may expect a discovery in the 2007 CDMS run, while the most sensitive experiments planned

for the future would be able to discover or to rule out most of the parameter space.

Using the the method presented in [12] (see also [13–15]) to compare results from different

experiments, we calculate the “standard” WIMP scattering cross section, σ0, on nucleons and

compare it to the experimental bounds. This standard cross section (actually the WIMP-

nucleon cross section at zero momentum transfer) is defined by

dσ(q = 0)

d|q|2 ≡ σ0

4µ2v2
, (4.1)

where µ = mNmχ/(mN + mχ) is the reduced mass of the nucleon-WIMP system (mN is the

nucleon mass), v is the WIMP velocity in the lab frame, and q is the momentum transfer.

First the effective Lagrangian for neutrino–quark scattering is derived by integrating out

at tree level the vector bosons and Higgs from (2.5). This leads to

L = bV
q χ̄γµγ5χ q̄γµq + bA

q χ̄γµγ5χ q̄γµγ5q + fq χ̄χ q̄q, (4.2)

where χ represents the dark matter particle and q any quark. In the above we defined the
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Higgs
Signal λ λ′ MN ML mχ m2 m3 Ωh2 ∆T ∆ΓH

Higgs width 1.8 1.0 420 380 65 395 750 0.099 0.20 15.5

One lepton 1.5 0.3 220 330 78 372 513 0.093 0.26 4.7

Two leptons 1.7 0.6 440 280 83 310 666 0.091 0.17 9.3

Three leptons 1.4 0.8 100 280 78 300 478 0.096 0.16 7.2

Table 1: The benchmark points used in the text. For each point we show the four model parameters,
the masses of the neutral leptons, the dark matter abundance, the contribution to the T -parameter,
and the contribution to the total Higgs width. All dimensionful values are given in GeV.
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Figure 7: Statistics of the correction to the Higgs width (in GeV) across the allowed parameter space.

roughly 6% accuracy [28, 29]. The contribution to the width from a pair of vector neutrinos

is

Γh→νiνj
=

(

m2
H − (mi + mj)2

)3/2 (

m2
H − (mj − mi)2

)1/2

8πm3
H

U2
ij. (5.1)

Thus if the new Hνiνj couplings give a large enough contribution to the total decay

width of the Higgs boson, the shift compared to the expected SM width could be observed.

In most of the allowed parameter space the shift is due to H → ν1ν1 and is a contribution

to the invisible width. We find that in about one third of the allowed parameter space this

correction to the width is large enough to be observed (see Fig. 7). So although our four

chosen parameter points all have relatively large contributions to the Higgs width we hasten

to add that this is not always the case.

5.1.2 One lepton

The one lepton signal comes from the production channel qq̄′ → E±ν1 → W±ν1ν1. The cross

– 16 –

•Heavy Higgs
•Higgs width H → Z Z → 4 l

L ≈ 30 fb
−1

, Γ = 64 GeV

New “precision 
cancelling” states
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•On shell EW Gauge Bosons
•One lepton
•Two leptons
•Three leptons

New “precision cancelling” states

E±ν1

ν2ν1

E±ν2

Background too large

Production too small?
Just right?

Two lepton ν2ν1 → ν1ν1 Z → ν1ν1µ
+µ−

•Dimuon invariant mass close to 
•Muons collimated, high pT, central
•Large missing energy

mZ

Dominant backgrounds: WW, ZZ, WZ, t̄t
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Cuts Signal WW ZZ WZ tt̄

σ/fb σ/fb σ/fb σ/fb σ/fb

No cuts 5.7 922 136 292 8600

Nj < 3, NBj = 0, Nµ = 2, Ne = 0 4.5 494 79.5 85.8 869

|Mµµ − mZ | < 10GeV 4.1 60.2 60.5 56.2 105

+ ∆φµµ < 2 3.32 17.6 23.7 19.8 46.3

+ ∆φZ /ET
< 2.5 3.05 14.5 20.9 15.2 17.9

+ pµµ
T > 100GeV 2.34 0.79 10.0 5.53 4.53

+ /ET > 100GeV 1.27 0.43 8.85 3.17 1.28

+ |ηµµ| < 1 1.27 0.24 4.58 1.56 0.69

Table 2: Incremental effects of the cuts for the dilepton case on the signal and the various SM
backgrounds, the number of events corresponds to 100 fb−1 luminosity.
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Figure 10: Distribution of HT =
∑

visible |pT | for the 2 lepton (muon only) signal after 100 fb−1.
The green is tt̄ background, yellow is the diboson background and blue is the signal.

(
√

ŝ ! 500GeV) the production cross section is smaller than in the previous cases, typically

of the order of 50–100 fb. In particular the distribution of the cross section σ(p p → W±Zν1ν1)

over the allowed parameter space is shown in Fig. 11. The presence of both a W and a Z leads

to richer final states and this might help in reducing the SM backgrounds. The subsequent

decay of the gauge bosons will give final states with 3 leptons + /ET , 2 leptons + 2 jets +
/ET or 1 lepton (+ 2 jets) + /ET . We do not consider here the case of one lepton and missing

transverse energy since it has already been studied in the previous sections.
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Figure 13: Number of events after 100 fb−1 for signal and backgrounds as a function of the scalar
sum of visible energy HT .

after 300 fb−1. However one has to keep in mind that the above analysis is not fully realistic,

and the above numbers will likely change with improvements in detection simulation and

reconstruction, and if additional sources of background are found to be important. Moreover

as shown in Fig. 11 the benchmark point used in the analysis has a rather large cross section,

while the bulk of the allowed parameter space has smaller cross sections (by a factor of 2−3).

5.2 General discussion

Here is the place to discuss a few general things, such as:

We could also study hadronic decays instead of leptonic.

It would be good if the experiments did their chargino–neutralino analyses on mass shell

as well, since they are being model dependent.

Etc.

5.3 Signals at a linear collider

We also note that this model could be studied in detail at a future linear collider, but we

postpone detailed studies for the future.

We could add a few comments here...

6. Other models of improved naturalness: Inert model or triplet Higgs

Should this be a subsection of Section 4 instead?
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Conclusions

•Heavy Higgs “improves naturalness”
•Divergence cancelling physics too heavy for LHC
•Precision cancelling hard to see
•Extra leptons is one realisation

1.Direct detection of DM
2.Heavy Higgs ~500 GeV ???
3.Higgs has the wrong width
4.?????
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