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• Is there a Higgs naturalness problem?

• What is the LHC telling us?

• Why do we live on the ragged edge of doom?

• Radiative EWSB without SUSY?

• Classically scale invariant modification of the SM?

• Radiative B-L breaking

• Dark matter + Higgs portal + radiative EWSB

Collaborators:                                                                                                  
Wolfgang Altmannshofer, Bill Bardeen, Marcela Carena
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is there a Higgs naturalness problem?

3

• For decades the HEP community has asserted that 
naturalness is the central issue 

• Simply put, we have assumed that either EWSB is natural, in 
which case we need to explain why, or that it is fine-tuned, 
in which case we also need to explain why

• I will argue that this is a false dichotomy, and that LHC 
results are hinting at a third path
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standard naturalness dogma

4

The standard argument is simple: start with the SM and start computing 
radiative corrections to the Higgs mass with an explicit cutoff:4 P. Grangé et al.: The fine-tuning problem revisited in the light of the Taylor-Lagrange renormalization scheme

Fig. 1. Radiative corrections to the Higgs mass in the Stan-

dard Model in second order of perturbation theory. For simplic-

ity, we have not shown contributions from ghosts or Goldstone

bosons.

shown in Fig. 1. We have left out, for simplicity, all contri-

butions coming from ghosts and Goldstone bosons. Each

diagram in this figure gives a contribution to the self-

energy −iΣ(p
2
), where p is the four-momentum of the

external particle, and we have

M
2
H

= M
2
0 +Σ(M

2
H
) . (13)

Using a näıve cut-off to regularize the amplitudes, these

radiative corrections lead to the well known mass correc-
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where mt,MW,Z and MH are the masses of the top quark,

W,Z and Higgs bosons respectively, and v is the vacuum

expectation value of the Higgs potential in the Standard

Model. The dots include logarithmic corrections in ΛC as

well as contributions independent of ΛC in the large ΛC

limit.

The calculation of the four different types of contribu-
tions shown in Fig. 1 is very easy in TLRS. Let us first

illustrate the calculation of the simple Higgs loop contri-

bution in Fig. 1.b. In Euclidean space one has
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where k
2
E

is the square of the four-momentum k in Eu-

clidean space. As already mentioned in Sec. 2, Λ is an

arbitrary momentum scale. The test function f provides

the necessary (ultra-soft) cut-off in the calculation of the

integral.
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The first term under the integral can be reduced to a

pseudo-function, using (11). Indeed, with Z = 1/X, we
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The notation f(u)|a simply indicates that f(u) should be

taken at the value u = a, the lower limit of integration be-

ing taken care of by the definition of the pseudo-function.

This result is reminiscent of the property
�
d
Dp(p2

)
n
= 0,

for any n, in DR [15].

The self-energy thus writes
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The constant factor M
2
H
/Λ2

in the argument of the test

function has no physical meaning since it can be absorbed

by a rescaling of the arbitrary dimensionless scale η2. This
can be easily seen by applying the Lagrange formula (6)

with the intrinsic scale a = M
2
H
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and k = 0. It can thus

safely be removed
1
.

We can now apply the Lagrange formula for k = 0.

Using the boundary condition on the support of the test
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We shall come back in Sec. 4 to the meaning of the limiting

procedure f → 1 in the presence of a physical cut-off
Λeff to define the domain of validity of the (effective)
underlying theory.

It is easy to see that using a näıve cut-off on k
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1
This could also be done more directly by choosing a par-

ticular value for Λ.

4 P. Grangé et al.: The fine-tuning problem revisited in the light of the Taylor-Lagrange renormalization scheme

Fig. 1. Radiative corrections to the Higgs mass in the Stan-

dard Model in second order of perturbation theory. For simplic-

ity, we have not shown contributions from ghosts or Goldstone

bosons.

shown in Fig. 1. We have left out, for simplicity, all contri-

butions coming from ghosts and Goldstone bosons. Each

diagram in this figure gives a contribution to the self-

energy −iΣ(p
2
), where p is the four-momentum of the

external particle, and we have

M
2
H

= M
2
0 +Σ(M

2
H
) . (13)
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1
This could also be done more directly by choosing a par-

ticular value for Λ.

In the absence of a symmetry or some 
other conspiracy enforcing cancellations, it 
would appear that the electroweak scale 
can only be obtained by fine-tuning a bare 
parameter against (cut-off)2 dependent 
radiative corrections
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• If you accept fine-tuning, you are led down the road to the multiverse and 
arguments based on anthropic reasoning and/or scanning

• If you want to retain naturalness, then given that the LHC has indeed found 
a seemingly fundamental lightish Higgs, you are pushed to invoke some 
kind of heavy partners of SM particles to cancel the apparent quadratic 
sensitivity to the cut-off

• Thus:

• SUSY (partners have different spin, symmetry enforces cancellations)

• Little Higgs (partners have same spin, symmetry enforces cancellations)

• Lee-Wick SM (partners have same spin but are kinetic ghosts)

standard naturalness dogma
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• If your basic problem is quadratic sensitivity to a cut-off scale, and you are 
looking for a symmetry to fix the problem, an obvious candidate is scale 
invariance

• (This is also true for quartic sensitivity to cut-offs, but that is another talk...)

• The Ward Identity associated with the vanishing of the trace of the 
renormalized stress-tensor will forbid radiative mass generation

naturalness and scale invariance
W. Bardeen, Fermilab-Conf-95-391-T

Θµ
µ = 0
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• There are some obvious objections to this approach:

• The SM has a built-in scale, the (negative) Higgs mass-squared parameter

• The SM generates other scales at loop order via dimensional transmutation

• The SM is not all there is, e.g. superheavy degrees of freedom associated 
with GUTs and/or gravity could create problems

naturalness and scale invariance
W. Bardeen, Fermilab-Conf-95-391-T
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• The SM is not all there is, e.g. superheavy degrees of freedom associated 
with GUTs and/or gravity could create problems

• Gravity per se is not a problem

• Maybe there aren’t any superheavy degrees of freedom, or if there are, they have 
very special properties

• The SM generates other scales at loop order via dimensional transmutation

• This is just the trace anomaly. It modifies the Ward Identity to allow multiplicative 
mass corrections, but not additive ones

answering the objections
W. Bardeen, Fermilab-Conf-95-391-T

Θ
µ
µ = βλi(λi) Oi
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• The SM has a built-in scale, the (negative) Higgs mass-squared parameter

• This is an explicit but soft breaking of the scale invariance

• It should only lead to radiative mass corrections that, at worst, go like

answering the objections
W. Bardeen, Fermilab-Conf-95-391-T

m2(log
�

Λ2
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c2Λ2 + m2(log
�
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• If you compute with a randomly-chosen regulator, you will instead get

• But this is the same kind of mistake as choosing a regulator that doesn’t 
respect gauge invariance (and thus appears to violate a Ward Identity)
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naturalness and scale invariance
W. Bardeen, Fermilab-Conf-95-391-T

c2Λ2 + m2(log
�

Λ2

m2

�
+ c1)

• This is an argument that you should either set c2 = 0, or better use a 
regulator that is intrinsically free of quadratic divergences.

• The only regulator scheme (that I know of) with this property is 
dimensional regularization

• Does this mean that dimensional regularization is somehow more 
“physical” than other regulators?

• Let’s take a brief detour to remind ourselves how dimensional 
regularization actually regulates UV divergences:
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• The regulation of UV divergences in DR really has nothing to do with 
dimensionality

• We can see this by re-writing a typical one-loop quadratically divergent 
Higgs mass correction (from the Higgs quartic self-coupling) in terms of a 
Schwinger proper time integral:
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• The UV quadratic divergence for           is now the power divergence of 
the proper time integral as 

� = 0
τ → 0

• You could regulate this by explicitly cutting off     at some minimum valueτ
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dimensional regularization
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• With a cut-off you would conclude that            corresponds to a log UV 
divergence, while                         correspond to increasingly bad power 
divergences

• Dimensional regularization corresponds to recognizing that the integral 
is really the Euler integral, replacing it by a Gamma function for           , 
then analytically continuing back to the singularity
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summary so far
• The SM may in fact be technically natural

• But we also need a deeper understanding of regulating power versus log 
UV divergences

• In its minimal form, this idea does not make any predictions, other than 
that the SM may be all there is up to Planck scale

• This prediction has to be reconciled with the existence of dark matter and 
whatever new physics is responsible for neutrino masses and solving the 
strong CP problem

• This motivates a systematic study of simple non-SUSY extensions of the 
SM that are also technically natural
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what is the LHC telling us?

• There is a Higgs-like boson with mass 125.5 +- 1 GeV

• No sign (so far) of any other new physics

• Knowing the Higgs mass, we can run all of the SM couplings up to 
large scales, and we can compute the Higgs effective potential over a 
large range of field values

• Near or above the Planck scale we would have to worry about 
gravitational corrections

• Below this scale we can consistently assume just the SM
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SM Higgs effective potential

The state-of-the-art is to compute the 2-loop form of the effective potential, 
insert the 3-loop running couplings of the SM, and use 2-loop matching to 
relate the top quark pole mass and Higgs pole mass to the running top 
Yukawa      (evaluated at mt) and the Higgs quartic self-coupling     (also 
evaluated at mt)

J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
G. Degrassi, S. Di Vita, J. Elias-Miro, J. Espinosa, G. Giudice, G. Isidori, A. Strumia, arXiv:1205.6497
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SM Higgs effective potential

The resulting RG-improved SM Higgs potential resums the next-to-next-to 
leading logs, and is sufficiently scale invariant that one can extract the 
features of the potential for field values varying from the weak scale up to the 
Planck scale

J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
G. Degrassi, S. Di Vita, J. Elias-Miro, J. Espinosa, G. Giudice, G. Isidori, A. Strumia, arXiv:1205.6497
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SM Higgs quartic self-coupling
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From the EW scale to the Planck scale
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SM Higgs vacuum instability
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•For large field values we can just scale 
out      and write the RG improved 
effective potential in terms of a        

•Then                  at large field values 
implies that the SM EWSB vacuum is 
unstable

•This possibility has been studied since 
the 1970s, but now we can finally put 
in the correct numbers

V(φ) = V0(φ) + V1(φ) � λeff φ4

φ4

λeff

λeff < 0

D. Politzer, S. Wolfram, Phys. Lett. 82B, 1979

J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
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23!

The Fate of the Universe? 

Joseph Lykken AAAS, Boston, Feb 18 2013  

•  If this Standard Model calculation is correct, eventually fireballs of 
doom will form spontaneously and expand to destroy the universe 

the press didn’t hear about this 
possibility until last month...



Joseph Lykken                                                     MITP Workshop “The First Three Years Of The LHC”, Mainz, March 18-22, 2013

why do we live on the ragged edge of doom?
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• if you believe in SUSY, then this is just a coincidence

• but dismissing striking features of the data as coincidence has 
historically not been a winning strategy...

A. Strumia, Moriond EW 2013
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special high scale boundary conditions?
• Instead of an instability, perhaps the SM extrapolation is telling 

us that there are special boundary conditions at some high scale

• For example, perhaps the SM emerges from a UV completion 
somewhere between 1010 and 1017 GeV with             , or perhaps 
with            and    λ = 0

Mt = 171 GeV

λ = 0

What does this mean?

A hint about Planckian 
fixed points?
M. Shaposhnikov, C. Wetterich, 
arXiv:0912.0208

βλ = 0
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radiative EWSB?

• Having (perhaps) convinced you that the Higgs mass-squared parameter 
is natural in the SM, the remaining mystery is why it is negative

• Going back to Coleman and Weinberg, one possibility is that EWSB is 
generated radiatively

• Thus the UV boundary condition could be               , or  m2
0 = 0 m2

0 > 0
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radiative EWSB?

• Having (perhaps) convinced you that the Higgs mass-squared parameter 
is natural in the SM, the remaining mystery is why it is negative

• Going back to Coleman and Weinberg, one possibility is that EWSB is 
generated radiatively

• Thus the UV boundary condition could be               , or  m2
0 = 0 m2

0 > 0

But this 
doesn’t work 
for the pure SM

From the EW scale to the Planck scale
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For the measured masses both λ and its β-function vanish around MPl!!?

(This would be the main message bla bla quantum gravity bla bla)
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classical conformality

• Nevertheless, it is interesting to think about simple non-SUSY extensions 
of the SM in which one assumes               as a UV boundary condition. 
Meissner and Nicolai call such models “classically conformal”

• One could also require as a UV boundary condition that the SM Higgs 
potential vanishes entirely, i.e.                                 This might arise if the 
UV theory (strings?) results in a shift symmetry on the degrees of freedom 
that become the Higgs

m2
0 = 0

K. Meissner and H. Nicolai, hep-th/0612165 et seq.

A. Hebecker, A. Knochel, T. Weigand, arXiv:1204.2551

m0 = 0, λ0 = 0
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SM + a complex singlet scalar

• The simplest addition to the SM that has interesting consequences for the 
Higgs sector is a single complex SM-singlet scalar, with a direct 
dimension four coupling to the Higgs (a Higgs portal coupling)

m2
0 = 0

• We assume weak couplings, with no Landau poles occurring before we 
get to the UV scale where we impose boundary conditions like 

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

• The complex scalar in general carries its own charge, Z2 or U(1), which 
may or may not be spontaneously and/or explicitly broken



Joseph Lykken                                                     MITP Workshop “The First Three Years Of The LHC”, Mainz, March 18-22, 2013
26

SM + a complex singlet scalar

• There are many families of scenarios, depending for example on

• Does the singlet scalar get a vev?

• Is the mass scale of the singlet very roughly the same as the Higgs, 
or is it hierarchically larger?

• The generic effect of the Higgs portal coupling is to increase the Higgs 
vacuum stability, since at 1-loop it makes a positive contribution to 

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

βλ

βλ = βSM
λ + 2λ2

sh



Joseph Lykken                                                     MITP Workshop “The First Three Years Of The LHC”, Mainz, March 18-22, 2013
27

SM + a complex singlet scalar

• If the mass scale of the singlet is hierarchically 
larger than the Higgs, then there is a new heavy 
threshold scale associated with it

• Of course this is a case where you re-introduce 
fine-tuning problems, and you can’t argue them 
away...

• So I will from here on assume that the singlet 
scale is not much more than a TeV

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

J. Elias-Miro, J. Espinosa, G. Giudice, H-M Lee, 
A. Strumia, arXiv:1203.0237
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SM + a complex scalar with vev

• If the singlet gets a vev, this spontaneously breaks the Z2 or U(1) 
symmetry under which it is charged. 

• Thus we have a heavy scalar that mixes with the Higgs, so we get 
interesting LHC phenomenology:

• some suppression of the signal strengths of the 125 GeV Higgs

• a heavy Higgs with SM-like decays

• a heavy Higgs that decays to two on-shell 125 GeV Higgses

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

C. Englert, T. Plehn, D. Zerwas, P. Zerwas, arXiv:1106.3097
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SM + a complex scalar with vev

• Even better, if                  the vev of the singlet can generate the 
negative mass-square that we need for EWSB

• Thus we can attempt a scenario in which                               is our UV 
boundary condition, we generate the U(1) breaking radiatively a la 
Coleman-Weinberg, which then causes EWSB

• Thus in this simple extension of the SM all mass scales are generated 
via dimensional transmutation. Much more elegant than the SM!

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

S. Iso and Y. Orikasa, arXiv:1210.2848
C. Englert, J. Jaeckel, V. Khoze, M. Spannowsky arXiv:1301.4224

m0 = 0, ms = 0

λsh < 0
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SM + a complex scalar with vev

• Let the U(1) be a gauged U(1)B-L, so there is also a B-L gauge boson that 
will eat the Goldstone mode when the extra complex scalar gets a vev

• At some high scale assume a UV boundary condition

• So we have classical conformality and no SM Higgs potential at the UV 
starting point

• If there is some small kinetic mixing of the B-L gauge boson and 
hypercharge already at the UV starting point, we can assume               in 
our UV boundary condition, since we can generate a small negative value 
radiatively

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

S. Iso and Y. Orikasa, arXiv:1210.2848
C. Englert, J. Jaeckel, V. Khoze, M. Spannowsky arXiv:1301.4224

m0 = 0, ms = 0, λ = 0

λsh = 0
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SM + a complex scalar with vev

• A small        is just enough to stabilize the EWSB vacuum

• The new particles are, e.g. a 4 TeV Z’ of the broken B-L, and an 
extra 400 GeV heavy scalar

• As an extra bonus, can also use the B-L breaking scalar vev to 
generate Majorana masses for right-handed neutrinos

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

λsh
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SM + a complex scalar with unbroken Z2

• Another interesting case is when the extra scalar does not get a vev 
and carries an unbroken Z2 charge

• Then the extra scalar could be WIMP dark matter, or could decay 
into something lighter that is the WIMP dark matter

• So this is the scenario of a dark sector with a Higgs portal...

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

S. Kanemura, S. Matsumoto, T. Nabeshima, N. Okada, arXiv:1005.5651
A. Djouadi, O. Lebedev, Y. Mambrini, J. Quevillon, arXiv:1112.3299



Joseph Lykken                                                     MITP Workshop “The First Three Years Of The LHC”, Mainz, March 18-22, 2013
33

3

DM

1

50

XENON100

!2

WMAP

10
!3

! hSS

Br   = 10%
inv

10

10

!1

XENON1T

XENONUP

Max

Min
Lattice

150100 200

M   (GeV)

FIG. 1. Scalar Higgs-portal parameter space allowed by WMAP
(between the solid red curves), XENON100 and BRinv = 10% for
mh=125 GeV. Shown also are the prospects for XENON upgrades.

the case of scalar DM with a mass of 5–10 GeV consid-
ered, for instance, in Ref. [8]. On the other hand, heavier
dark matter, particularly for MDM >∼ 80 GeV, is allowed

by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the
XENON100 upgrade. The exception is a small resonant
region around 62 GeV, where the Higgs–DM coupling is
extremely small.

In the case of vector Higgs-portal DM, the results are
shown in Fig. 2 and are quite similar to the scalar case.
WMAP requires the Higgs–DM coupling to be almost
twice as large as that in the scalar case. This is because
only opposite polarization states can annihilate through
the Higgs channel, which reduces the annihilation cross
section by a factor of 3. The resulting direct detection
rates are therefore somewhat higher in the vector case.
Note that for DM masses below mh/2, only very small
values λhV V <O(10−2) are allowed if BRinv<10%.

Similarly, the fermion Higgs-portal results are shown
in Fig. 3. We find no parameter regions satisfying the
constraints, most notably the XENON100 bound, and
this scenario is thus ruled out for λhff/Λ >∼ 10−3.

This can also be seen from Fig. 4, which displays pre-
dictions for the spin–independent DM–nucleon cross sec-
tion σSI (based on the lattice fN) subject to the WMAP
and BRinv < 10% bounds. The upper band corresponds
to the fermion Higgs-portal DM and is excluded by
XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from
a very small region around 1

2
mh, this parameter space

will be probed by XENON100–upgrade and XENON1T.
The typical value for the scalar σSI is a few times 10−9

pb, whereas σSI for vectors is larger by a factor of 3 which
accounts for the number of degrees of freedom.
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FIG. 2. Same as Fig. 1 for vector DM particles.
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FIG. 3. Same as in Fig.1 for fermion DM; λhff/Λ is in GeV−1.

DARK MATTER PRODUCTION AT COLLIDERS

The next issue to discuss is how to observe directly the
Higgs-portal DM particles at high energy colliders. There
are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough
for the invisible Higgs decay to occur, MDM <∼

1
2
mh, the

Higgs cross sections times the branching ratios for the
visible decays will be altered, providing indirect evidence
for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in
Ref. [7] for instance and we have little to add to it. Nev-
ertheless, if the invisible Higgs branching ratio is smaller
than ≈ 10%, its observation would be extremely difficult
in view of the large QCD uncertainties that affect the
Higgs production cross sections, in particular in the main
production channel, the gluon fusion mechanism gg → h

SM + a complex scalar with unbroken Z2

• For reasonable values of the 
Higgs portal coupling and   
O(100) GeV WIMP mass, 
can get the “correct” 
WMAP relic density 

• Can we also impose 
interesting UV boundary 
conditions on such a model?  

A. Djouadi, O. Lebedev, Y. Mambrini, 
J. Quevillon, arXiv:1112.3299
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generating the electroweak scale from 
the dark matter scale

• Assume that the dark sector gets its O(100) GeV mass scale from 
somewhere 

• Can we generate the EW scale radiatively from the DM scale?

• Try to impose the UV boundary conditions                                 , i.e. 
vanishing of the SM Higgs potential at the high scale 

m0 = 0, λ0 = 0
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generating the electroweak scale from 
the dark matter scale

• Example: 

• This is not ruled out by XENON and has more-or-less the correct relic 
abundance

• Do we get correct radiative EWSB?

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

ms(v) = 320 GeV, λsh(Mt) = 0.2, λs(Mt) = 0.3

W. Altmannshofer, M. Carena, JL
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• So at a UV starting point of about 1013 GeV we have 

• No Higgs potential is input, but we get radiative EWSB from an input 
dark matter scale of about 360 GeV!

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

ms(v) = 320 GeV, λsh(Mt) = 0.2, λs(Mt) = 0.3

W. Altmannshofer, M. Carena, JL

m0 = 0, λ0 = 0, βλ = 0
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• There is no SUSY

• There is no naturalness problem

• There is no input Higgs potential: EWSB is 
generated radiatively

• All masses come from dimensional transmutation 
and whatever is going on in the dark sector

• There will be discoveries from the LHC and direct 
dark matter detection confirming this picture


