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• Is weak scale natural? (Experimental question)

• If nothing else is found, till which energies the “Standard Model” 
can be valid?

The 125GeV hint may be the Higgs
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Stability of the Electroweak Vacuum

• Question has been addressed long time ago in the 
Standard Model
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Stability of the EW vacuum
• Higgs quartic coupling (a.k.a. mH) 

runs at loop level

• Can run non-perturbative or 
negative

• In the Standard Model depending 
on the values of the Higgs and top 
masses there might be another 
minimum at large field values

• Our vacuum could be absolutely 
stable, unstable or metastable (but 
sufficiently long lived)

• For a given Higgs mass, stability 
constraint up to which scale the 
SM is a valid theory

At loop level, the quartic runs with scale.

Running to high energies, the quartic may 
approach one of two special values.
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Fig. 2. (a) Plot of A (dashed line) and A. (solid line) as a function of the scale/z(t)  for A and as as in Fig. 1, Mt = 160 GeV and 
MH = 100 GeV. (b) Plot of the scalar potential, V(~b), corresponding to Fig. 2a, represented in a convenient choice of units as described 
in the text. 
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Fig. 3. Plot of A as a function of the scale/z(t) for Mt = 160 GeV, 
A = 1019 GeV and as = 0.124. The curves are shown for intervals 
of 5 GeV in MH in the range 85 GeV < MH < 115 GeV. The 
thicker (tangent) line corresponds to the case MH = 101 GeV. 

( M e  = 101 GeV) ,  which is tangent to the horizontal 
axis at A0 = 4 x 1011 GeV, represents a l imiting case: 
for MH > 101 GeV the potential has no maximum and 
therefore is completely safe for any choice of  A [see 
condition ( a )  above] ; for Mn < 101 GeV the models 
are safe depending on the value of  A < A0. Hence, for 
A > A0 the lower bound on MH is insensitive to the 

value of  A. The situation depicted in this example, i.e. 
for Mt = 160 GeV, typically occurs when the top mass 
is rather small, since then the top Yukawa coupling is 
too small at large scales to maintain fla negative [ see 
Eq. (10)  ]. When the top mass is higher the situation is 
different and is illustrated with the case  M t  = 174 GeV 
in Fig. 4. There we see that for each value of  MH, ~ ( t )  
crosses the horizontal axis at most once, and there is 
a value of  Mn for which the cross occurs at A = 1019 
GeV. In consequence, for A < 1019 GeV there is a 
one-to-one correspondence between the choice of  A 
and the value of  the lower bound on MH. 

Finally, we would like to point out that generically 
the potential is not unbounded from below since when- 
ever there is a maximum, there is an additional mini-  
mum for a larger value of  ~b, as illustrated in Fig. 2b. 
This is because ~ gets back to the posit iye rage for 
large enough scales. Hence, the potential becomes 
eventually positive and monotonical ly increasing, al- 
though in some cases, e.g. for Mt = 174 GeV, this 
occurs for values of  ~ beyond 1019 GeV. 

5. Numerical results and comparison with SUSY 
bounds 

As stated in the Introduction and has become clear 
in previous sections, the lower bound on M e  is a func- 
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SM+??
• We know there is physics beyond the standard model that 

requires new dynamics

• neutrino masses

• dark matter

• baryonic asymmetry

• Some of the models presented to address these questions 
require new interactions with the Higgs

• minimally including these new ingredients may change the 
Higgs stability picture → different cutoff 
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SM+WIMP DM

• WIMP Dark matter is “unique”:

• weak scale mass → many decades in energy to affect 
Higgs

• couplings can be sizable

• indipendent constraints → correlations with Direct 
Detection measurements

Explore Higgs stability of SM+WIMP DM  in the rest

<σv> ~ 1 pb
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SM+WIMP DM

• Explore lower SU(2)xU(1) representations w/ spin 0 
and 1/2 DM
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SM+WIMP DM

• Explore lower SU(2)xU(1) representations w/ spin 0 
and 1/2 DM

•  triplet

scalar DM

•  singlet

•  doublet
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Figure 5: Same as Fig. (3) but for SM + doublet scalar and varying ⇤D with ⌅D = ⌅�
D = ⇤�

D=0.

theories and the MSSM is
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⇤
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ycT ⇥ g̃u/
⇤
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, (5)

using the notation of [10]. Furthermore, in the limit of exact supersymmetry, g̃(�)u = g(�) sin �

and g̃(�)d = g(�) cos �.
For the case of new scalars we consider the following theories:

singlet scalar: ��L =
1

2
mSS

2 +
⌅S

2
S4 +

⇤S

2
S2|H|2

triplet scalar: ��L =
1

2
mTT

2 +
⌅T

2
T 4 +

⇤T

2
T 2|H|2

doublet scalar: ��L = mD|D|2 + ⌅D

2
|D|4 + ⇤D

2
|D|2|H|2 + ⇤�

D

2
|DH†|2.

(6)

Here S and T are real scalars while D is a complex scalar. Contrary to the fermionic case, the
pure doublet scalar case can have direct couplings to the Higgs and therefore can be considered
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SM+WIMP DM

• Explore lower SU(2)xU(1) representations w/ spin 0 
and 1/2 DM

•  triplet

scalar DM

•  singlet

•  doublet
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Scalar Singlet:

•  triplet

scalar DM

•  singlet

•  doublet
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SM+WIMP DM

• Explore lower SU(2)xU(1) representations w/ spin 0 
and 1/2 DM

•  triplet

scalar DM

•  singlet

•  doublet
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where we have defined Hc ⇥ �H�, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
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evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
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The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6

0.2

0.3

0.1

0.

106 108 1010 1012 1014 1016

115

120

125

130

⇥ �GeV⇥

m
H
�GeV

⇥
1.62.

1.2

0.8

106 108 1010 1012 1014 1016
100

120

140

160

180

200

220

240

⇥ �GeV⇥

m
H
�GeV

⇥

SM � Triplet Scalar

Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying ⇥T with ⇤T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⇥ �H�, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di⇥cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6

•  singlet/doublet

•  triplet/doublet

(Hc ⌘ �H⇤)

fermionic DM

0.2

0.3

0.1

0.

106 108 1010 1012 1014 1016

115

120

125

130

⇥ �GeV⇥
m
H
�GeV

⇥
1.62.

1.2

0.8

106 108 1010 1012 1014 1016
100

120

140

160

180

200

220

240

⇥ �GeV⇥

m
H
�GeV

⇥

SM � Triplet Scalar

Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying ⇥T with ⇤T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⇥ �H�, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di⇥cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6

0.2

0.3

0.1

0.

106 108 1010 1012 1014 1016

115

120

125

130

⇥ �GeV⇥

m
H
�GeV

⇥
1.62.

1.2

0.8

106 108 1010 1012 1014 1016
100

120

140

160

180

200

220

240

⇥ �GeV⇥

m
H
�GeV

⇥

SM � Triplet Scalar

Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying ⇥T with ⇤T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⇥ �H�, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di⇥cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6

•  singlet/doublet

•  triplet/doublet

(Hc ⌘ �H⇤)vector-like
for anomalies

required for singlet-
like thermal DM

Singlet/Doublet:

Triplet/Doublet:

(vector-like doublets for anomalies)

Wednesday, May 30, 12



SM+WIMP DM
• Fermionic Dark matter can couple to the Higgs only if it comes 

in two representations (otherwise Minimal Dark Matter with 
fixed mass) fermionic DM

0.2

0.3

0.4

0.1
0.

106 108 1010 1012 1014 1016

115

120

125

130

⇥ �GeV⇥
m
H
�GeV

⇥

1.62.
1.2

0.8

106 108 1010 1012 1014 1016
100

120

140

160

180

200

220

240

⇥ �GeV⇥

m
H
�GeV

⇥

SM � Doublet Scalar
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theories and the MSSM is
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ycT ⇥ g̃u/
⇤
2

, (5)

using the notation of [10]. Furthermore, in the limit of exact supersymmetry, g̃(�)u = g(�) sin �

and g̃(�)d = g(�) cos �.
For the case of new scalars we consider the following theories:

singlet scalar: ��L =
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doublet scalar: ��L = mD|D|2 + ⌅D
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|D|4 + ⇤D
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|D|2|H|2 + ⇤�

D

2
|DH†|2.

(6)

Here S and T are real scalars while D is a complex scalar. Contrary to the fermionic case, the
pure doublet scalar case can have direct couplings to the Higgs and therefore can be considered
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Obviously these are generalizations of MSSM.

We have more leeway for the DM, though.

The MSSM is a 
special case:
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Methodology
• Run 2-loop RGE (coded Machacek and Vaughn) + 1-loop 

threshold corrections (Sirlin & Zucchini, Bagger et al.)

• Compute relic abundance and σSI

• Check for (meta)-stability and perturbativity

For Scalars:

Stability along all 
the field directions:

stability and scalars

With add’l scalars, the vacuum structure is 
enriched.  For example, singlet scalar DM:
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�H � 0

�S � 0

S � �2
p
�H�S

absolute
stability

Perturbativity in all the couplings 
(:= scale at which RGEs blow up)

non-perturbativity

We also consider when couplings blow up.

includes the shift between pole and running mass due to QCD interactions which is known to
three loops [17].

We have chosen our MS matching scale Q to be the top pole mass mt. Our boundary
conditions for SM parameters are determined by Eq. (8), Eq. (8), and Eq. (10), where we have
run �s(mZ) from mZ to mt using the SM two-loop RGEs enhanced by the three-loop QCD beta
function [15]. We then run the RGEs up to a scale Q = � and determine the value of ⌅H at
that scale. As defined in Eq. (1), if ⌅̂H < ⌅H < 0 then the vacuum is metastable but long-lived,
while if ⌅H < ⌅̂H then the vacuum is unstable and decays within the age of the Universe.

Note that ⌅H ⇥ 0 is a necessary but not su⇤cient condition for absolute stability of the
vacuum. Likewise, 0 > ⌅H > ⌅̂H does not guarantee that the lifetime of the vacuum exceeds the
age of the Universe. The reason for this is that in theories with new scalar fields, the vacuum
structure is enriched. Absolute stability of the vacuum implies further conditions on scalar field
theories: the self-quartic couplings satisfy ⌅S,⌅T ,⌅D ⇥ 0, while the cross-quartic couplings are
bounded by

⇤S ⇥ �2
�

⌅H⌅S (11)

⇤T ⇥ �2
�

⌅H⌅T (12)

⇤D + ⇤�
D ⇥ �2

�
⌅H⌅D, (13)

for all scales below the cuto⇥ �. If these criteria are not satisfied, then there will exist field
directions in which the potential is unbounded from below at large field values. Alternatively, if
the additional scalar fields acquire vacuum expectation values, this can also substantially alter
the stability of the vacuum [16]. However, we will not consider this possibility since our interest
is in DM.

In addition to the question of stability we also investigate the perturbativity of interactions
in the ultraviolet. For our purposes we define perturbativity to be the criterion that for each
coupling g, the contribution of g to its own beta function is bounded by unity. Precisely, we
require that dg/d logQ = ⇥(g) < 1, which can be read o⇥ trivially from RGEs presented in
App. A. As we will see, the constraint of perturbativity will be largely unimportant for the case
of new fermionic states, but can play an essential role in determining the cuto⇥ for theories with
new scalars. For the scalars, the perturbativity bounds on the scalar couplings are

⇤2
S < 16⇧2/4, ⌅2

S < 16⇧2/36 (14)

⇤2
T < 16⇧2/4, ⌅2

T < 16⇧2/44 (15)

⇤2
D,⇤

�
D
2 < 16⇧2/2, ⌅2

D < 16⇧2/12. (16)

To evaluate the properties of DM in each of these theories, we have implemented each
model in LanHEP [18] and evaluated relic abundances and direct detection cross-sections in
micrOMEGAs [19]. For the direct detection cross-sections we have employed the most recent
lattice results [20] for the nuclear form factors,

f (p)
Tu = 0.0280 f (p)

Td = 0.0280 f (p)
Ts = 0.0689. (17)

9

where the threshold is defined from when 
the RHS of the RGEs diverge.
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Full picture:
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Full picture:
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Full picture:

• Requirements of relic abundance limit the desert
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Changing the mass
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Figure 6: Contour plots for SM + singlet/doublet fermion with singlet-like DM, shown in the
(ycS, yS) plane at fixed values of mS and mD. The purple bands corresponds to ⌦h2 = 0.11±0.01.
The red/blue regions are excluded/allowed by XENON100, with �SI denoted. The gray contours
in the upper left/lower right quadrants denote the scale ⇤ (GeV) at which the vacuum becomes
metastable/unstable.
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Figure 6: Contour plots for SM + singlet/doublet fermion with singlet-like DM, shown in the
(ycS, yS) plane at fixed values of mS and mD. The purple bands corresponds to ⌦h2 = 0.11±0.01.
The red/blue regions are excluded/allowed by XENON100, with �SI denoted. The gray contours
in the upper left/lower right quadrants denote the scale ⇤ (GeV) at which the vacuum becomes
metastable/unstable.
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Changing the DM composition
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Figure 6: Contour plots for SM + singlet/doublet fermion with singlet-like DM, shown in the
(ycS, yS) plane at fixed values of mS and mD. The purple bands corresponds to ⌦h2 = 0.11±0.01.
The red/blue regions are excluded/allowed by XENON100, with �SI denoted. The gray contours
in the upper left/lower right quadrants denote the scale ⇤ (GeV) at which the vacuum becomes
metastable/unstable.
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Singlet-like
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Figure 7: Same as Fig. (6) but for SM + singlet/doublet fermion with doublet-like DM.
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Direct detection & the desert
• Dark Matter detection provides an indication of how 

low additional new physics can be
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Scalar DM
• Constraints more complicated:
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Scalar DM
• Constraints more complicated:
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Scalar DM
• Constraints more complicated:
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Summary
• If a Standard Model-like Higgs and no other sign of new physics is 

found, the interesting question is how heavy new physics can be

• WIMP DM is a well motivated and appealing extension of the SM 

• The presence of WIMP DM coupling to the Higgs modifies the well-
known SM answer and in many cases tend to lower the SM cutoff

• Cutoff can be as low as 10-100 TeV

• Low cutoffs easier to be probed

• If SM-like Higgs and WIMP DM only things found, we will have 
indications of how light other NP must be → presence of “oases” in 
the energy desert
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