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Vacuum Stability
• Any QFT prediction is calculated around a minimum of 

the scalar potential. 


• It is possible to have a transition from one minimum to a 
deeper one. 


• This is something we can calculate, both due to quantum 
tunneling but also thermal fluctuations.


• A given minimum also tells us the symmetries of the 
ground state. 



Vacuum Stability
•  The minimum corresponding to 

observed phenomena can be the 
false vacuum.


• It is possible to calculate decay 
with per unit volume by minimizing 
the “bounce” action.


• Solutions are 4 (3) dimensional 
instantons at zero (non-zero) T


• The calculation is relatively 
straightforward   



Same same, but different

• In the SM (with only one 
scalar) at high energies a 
new minimum develops. 


• In theories with many 
scalars, even at lower 
energies, there can be 
charge- and color- breaking 
minima. 

YOU CAN NOT CHOOSE WHICH FIELDS HAVE VEVS 
We need to understand the scalar potential very well!



Typical approach
• You have a great BSM model, with a perfect DM 

candidate, evades all collider searches while giving great 
search opportunities for next week, fits in a SO(10) GUT…


• With the right VEV assignment, you break symmetries to 
the SM or U(1)EM, get right gauge boson masses … 
You have a “good” minimum


• You implement whatever TL conditions you find in the 
literature, some parameter regions get excluded. 


• Done. 



What can happen?
• Solving the minimization conditions even at TL is very 

difficult. Analytical conditions are almost surely wrong: 
There will be regions with deeper minima that you’ll miss.  
 
Points you think are good are excluded. 


• Excluding some points with maybe deeper minima is not 
very useful: 
There will be regions with deeper minima that are fine. 
 
Points you think are excluded are good. 



What to do? 

• Find dangerous minima for a given parameter point. 


• If there are deeper minima, then calculate the bounce 
action. Get the probability that a critical bubble was 
nucleated in the past light-cone. 


• Is the point still fine (large lifetime of the “good vacuum”) 
or not (the theory predicts we would be in a deeper 
vacuum already)?

Given a BSM model with many scalars: 



levels of sophistication

Potential Function:  
Which scalars get VEVs? 

Tree-level or N-loop? 

Bounce Action calculation:  
Straight tunneling path? 

Path deformation?  
How to find the optimal path? 

Potential Minimization: 
Numerical minimization?  

Do we get all minima? 
Take into account RG running?

Which level is best depends on your 
particular problem!! 

Often TL + straight path is OK  
Sometimes it is not!



JECM,O’Leary, Porod, Staub. 
arXiv:1307.1477  | Eur. Phys. J. C73 http://
vevacious.hepforge.org/

C++ code that writes specific Python code for a given model and parameter point. 

• Finds all the tree level potential  
minima using the  
homotopy continuation  
ALL tree-level  
solutions are found 

• Uses them as starting points for numerically minimizing the 
one-loop effective potential, it calculates finite T corrections.


• Calculates tunneling times between DSB minimum and most 
dangerous minima. 


•Classifies your minimum as short-lived, long-lived or stable.

http://arxiv.org/abs/1307.1477
http://arxiv.org/abs/1307.1477


JECM,O’Leary, Porod, Staub. 
arXiv:1307.1477  | Eur. Phys. J. C73 http://
vevacious.hepforge.org/

Model implementation at 
Lagrangian level with  

SARAH*.  

Automatic calculation of one-
loop effective potential  

CosmoTransitions** is used for 
bounce action calculation 

Homotopy Continuation uses 
HOM4PS 

One-loop minima found numerically 
No RG running

In principle you can change settings 
if you dive into the code.  

* [Staub, sarah.hepforge.org]       **[Wainwright, clwainwright.github.io/CosmoTransitions/]

http://arxiv.org/abs/1307.1477
http://arxiv.org/abs/1307.1477


J
H
E
P
1
2
(
2
0
1
3
)
1
0
3

200

400

600

800

1000

1200

!!

700 800 900 1000 1100 1200

2200

2400

2600

2800

3000

M1/2 [GeV]

M
0
[G

eV
]

0 500 1000 1500 2000 2500

0

500

1000

1500

2000

2500

M1/2 [GeV]

M
0
[G

eV
]

!!

800 850 900 950 1000

2500

2550

2600

2650

2700

2750

2800

M1/2 [GeV]
M

0
[G

eV
]

Figure 12. Mass of the light stop and vacuum stability in the (M1/2,M0) plane with A0 =
−6444GeV, µ < 0 and tanβ = 8.52. The dashed line shows the transition to a charged LSP
(neutralino LSP to the right of the line). The color coding is as in figure 1 and in section 2: points
below the solid lines fail the corresponding conditions. In the yellow region, Ωh2 is in agreement with
dark matter constraints (as in figure 8). The star indicates the benchmark point 5.1 of ref. [99]. The
reason that this point is not in the strip with the correct dark matter abundance is that different SM
input parameters were used in ref. [99] in comparison to eq. ( 3.1): mt = 174.3GeV, αS = 0.1172
and mb(mb) = 4.25GeV. The line showing the division between passing and failing condition 2.13
using 0.652 does not appear on this plot, but over-zealously would exclude the entire region shown,
while taking 0.652 would only exclude every point with M0 ! 2900 GeV.
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Figure 13. Stop mass and vacuum stability in the (M0, A0) plane. We used M1/2 = 1TeV, µ > 0
and tanβ = 2 (left) or tanβ = 10 (right). The color coding is as in figure 1 and in section 2: points
to the left of the solid lines fail the corresponding conditions. Again, there is a degeneracy between
the more exclusive blue line of condition (2.13) with the dark red line of condition (2.11). Points
to the left of the dashed line also have charged LSPs.

the calculated mass of the lightest Higgs boson. While the vacuum stability was calculated

using the one-loop effective potential, these Higgs masses are based on a full diagrammatic

one-loop calculation including the effects of the external momenta [105] and, in addition,
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Figure 12. Mass of the light stop and vacuum stability in the (M1/2,M0) plane with A0 =
−6444GeV, µ < 0 and tanβ = 8.52. The dashed line shows the transition to a charged LSP
(neutralino LSP to the right of the line). The color coding is as in figure 1 and in section 2: points
below the solid lines fail the corresponding conditions. In the yellow region, Ωh2 is in agreement with
dark matter constraints (as in figure 8). The star indicates the benchmark point 5.1 of ref. [99]. The
reason that this point is not in the strip with the correct dark matter abundance is that different SM
input parameters were used in ref. [99] in comparison to eq. ( 3.1): mt = 174.3GeV, αS = 0.1172
and mb(mb) = 4.25GeV. The line showing the division between passing and failing condition 2.13
using 0.652 does not appear on this plot, but over-zealously would exclude the entire region shown,
while taking 0.652 would only exclude every point with M0 ! 2900 GeV.
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Figure 13. Stop mass and vacuum stability in the (M0, A0) plane. We used M1/2 = 1TeV, µ > 0
and tanβ = 2 (left) or tanβ = 10 (right). The color coding is as in figure 1 and in section 2: points
to the left of the solid lines fail the corresponding conditions. Again, there is a degeneracy between
the more exclusive blue line of condition (2.13) with the dark red line of condition (2.11). Points
to the left of the dashed line also have charged LSPs.

the calculated mass of the lightest Higgs boson. While the vacuum stability was calculated

using the one-loop effective potential, these Higgs masses are based on a full diagrammatic

one-loop calculation including the effects of the external momenta [105] and, in addition,

– 23 –

Cohen and Wacker, 1205.2914

Stable DSB minimum 

Long-lived (τ>3Gyrs)  

Short-lived (τ<3Gyrs)

Correct dark 
matter relic 

density

Stability of the CMSSM against sfermion VEVs 
JECM,O’Leary, Porod, Staub. 
arXiv:1309.7212 | JHEP 1312, 103

http://arxiv.org/abs/1309.7212
http://arxiv.org/abs/1307.1477


Higgs mass and thermal tunneling

Results

Figure 5.14.: Categorization of parameter points as to whether they are allowed or excluded by tunneling
out of the DSB vacuum. Green (top left): no CCB minimum deeper than the DSB minimum was found.
Blue (bottom left): the DSB minimum is a false vacuum, but the probability of surviving 13.8 Gy
at zero temperature and surviving thermal fluctuations are both above one per-cent. Purple (bottom
right): the probability of surviving tunneling out of the DSB false vacuum at non-zero temperature is
less than one per-cent. Red (top right): the probability of the DSB false vacuum surviving 13.8 Gy at
zero temperature is less than one per-cent. Below we zoom in on the region with Xt/MS 2 [1.5, 3.5] and
mh 2 [116, 128] GeV.

the results once we include finite-temperature effects. The results from this study have been
reported in [151].

5.3. Vacuum Stability in parameter fit studies

We have seen that the implemented framework in Vevacious can report results rather quickly.
A great place to put this speed into test is by including it in fit studies. A parameter fit study
relies on a wide set of observables to find the regions of parameter space in a model where the
�2 parameter estimating the prediction accuracy for those observables is minimized. For this
minimization a very large scan in parameter space (O(108) points) is needed.
Including vacuum stability constraints into such type of studies requires the evaluation of such
amount of points in a reasonable amount of time (O(seconds/point)). In particular the Fittino

76

Short-lived  
due to Thermal

Short-lived  
due to Quantum

No CCB minimum  
deeper than the DSB  

Long-lived 

Constraining the Natural MSSM through tunneling to color-breaking vacua at zero and non-zero temperature 
JECM, O’Leary, Garbrecht, Porod, Staub. 
arXiv:1405.7376 | Phys. Lett. B

J.E. Camargo-Molina et al. / Physics Letters B 737 (2014) 156–161 159

Fig. 1. Categorization of parameter points as to whether they are allowed or excluded by tunneling out of the DSB vacuum. Green (top left): no CCB minimum deeper than 
the DSB minimum was found. Blue (bottom left): the DSB minimum is a false vacuum, but the probability of surviving 13.8 Gy at zero temperature and surviving thermal 
fluctuations are both above one per-cent. Purple (bottom right): the probability of surviving tunneling out of the DSB false vacuum at non-zero temperature is less than one 
per-cent. Red (top right): the probability of the DSB false vacuum surviving 13.8 Gy at zero temperature is less than one per-cent. On the right we zoom in on the region 
with Xt/MS ∈ [1.5, 3.5] and mh ∈ [116, 128] GeV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Parameter ranges used in the scan. The soft SUSY-break-
ing mass-squared parameter for the SU(2)L doublet 
squarks is given by m2

Q and that of the SU(2)L sin-
glet up-type squarks by m2

U . All mass-squared matrices 
for the scalar partners of SM fermions were diagonal, 
and all diagonal entries but those shown above were set 
to 15002 GeV2. The soft SUSY-breaking mass terms for 
the U (1)Y , SU(2)L , and SU(3)c gauginos were 100 GeV, 
300 GeV, and 1000 GeV, respectively. The soft SUSY-
breaking coefficient for the trilinear Hut̃L t̃R interaction 
TU 33 is often written as At × Yt ; all other soft SUSY-
breaking trilinear terms were set to zero. Finally, the mass 
of the pseudoscalar Higgs boson was set to 1000 GeV. The 
renormalization scale for each parameter point was the 
mean of the physical t̃ masses at the DSB vacuum.

Parameter Range

tan β 5–60
m2

Q 33 5002–15002 GeV2

m2
U 33 5002–15002 GeV2

µ 100–500 GeV
TU 33 −3000–3000 GeV

[60]. In particular, a positive mass-squared for the stop fields does 
not preclude a parameter point from having a CCB minimum, es-
pecially if the trilinear couplings TU 33 = Yt At and Ytµ for Hut̃Lt̃R
and Hdt̃Lt̃R respectively are large compared to the square roots of 
the soft SUSY-breaking mass-squareds m2

Q 33 and m2
U 33.

Given then that we are investigating the Natural MSSM and re-
stricting ourselves to the possibility of tunneling to minima with 
t̃ VEVs, we choose the region in parameter space described by 
Table 1. The large value of the pseudoscalar Higgs mass places 
the scan firmly in the decoupling regime of the MSSM Higgs sec-
tor [61]. To ensure that scalar partners other than the stops are 
not relevant to the analysis, we set them to have large masses-
squared and zero soft SUSY-breaking trilinear interactions. Since 
the gluino also can have a non-negligible contribution to the mass 
of the lightest scalar Higgs, we chose to keep it at 1000 GeV and 
took masses for the other gauginos roughly according to a typical 
hierarchy that is expected from unification of the gauge forces [62]. 
Our parameter scan thus largely overlaps with that of Ref. [63].

2.2.1. Comparison in methodology to previous works
Much early work in the area of tunneling to CCB minima in 

the MSSM focused on analytic expressions derived from the tree-
level potential to determine whether there would be a CCB global 

minimum [21,22,24,25,27,64], though it has been known for some 
time that such expressions are neither necessary nor sufficient [26,
28], and only general outlines of algorithms could be given [29]. It 
has also been known for some time that they gave no hint as to 
whether the tunneling time out of the DSB false vacuum could be 
phenomenologically acceptable [23,33].

The algorithm used by Vevacious improves upon these by 
finding all the minima of the tree-level potential, not just those 
that may lie on special lines in field space, as well as incorporating 
loop corrections, which, despite various claims in the literature [29,
65], are important [66–68].

One may note the overlap in objective with the works of 
Refs. [69] and [63]: CCB minima with stop VEVs are searched for 
in a similar parameter space, and metastable points are catego-
rized as acceptably long-lived or not based on tunneling times 
calculated by CosmoTransitions. The major improvement over 
these works is that we also exclude points based on low probabil-
ities to survive thermal fluctuations when the Universe was at a 
temperature of the order of 1 TeV. However, we also note that we 
improve upon the zero-temperature results of these works in two 
significant ways: the first is that our use of the homotopy con-
tinuation method guarantees that we find all the minima of the 
tree-level potential, as opposed to a random seeding of the field 
space followed by gradient minimization in Ref. [69], which ob-
viously cannot guarantee that the random seeding did not miss 
a CCB minimum, or a brute-force four-dimensional grid scan in 
Ref. [63], which may miss minima just beyond the range of the 
grid. The second way is that we use the full one-loop effective po-
tential rather than the tree-level potential. Though one would hope 
that the loop corrections do not significantly alter the tree-level 
conclusions, it is not always the case, and the tree-level results 
can be rather sensitive to the renormalization scale chosen for the 
running parameters, while the loop corrections stabilize the de-
pendence on the scale [68].

3. Constraining the parameter space of the Natural MSSM

Our primary result is that a large proportion of the parameter 
space where the Higgs boson mass is even slightly compatible with 
the measurement of 125 GeV [4,5] is ruled out by thermal tunnel-
ing even though the tunneling time at zero temperature is much 
longer than the observed age of the Universe. This is presented in 
Fig. 1, where the parameter points of our five-dimensional scan 
are projected onto a two-dimensional plane with the axes being 

J.E. Camargo-Molina et al. / Physics Letters B 737 (2014) 156–161 159

Fig. 1. Categorization of parameter points as to whether they are allowed or excluded by tunneling out of the DSB vacuum. Green (top left): no CCB minimum deeper than 
the DSB minimum was found. Blue (bottom left): the DSB minimum is a false vacuum, but the probability of surviving 13.8 Gy at zero temperature and surviving thermal 
fluctuations are both above one per-cent. Purple (bottom right): the probability of surviving tunneling out of the DSB false vacuum at non-zero temperature is less than one 
per-cent. Red (top right): the probability of the DSB false vacuum surviving 13.8 Gy at zero temperature is less than one per-cent. On the right we zoom in on the region 
with Xt/MS ∈ [1.5, 3.5] and mh ∈ [116, 128] GeV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Parameter ranges used in the scan. The soft SUSY-break-
ing mass-squared parameter for the SU(2)L doublet 
squarks is given by m2

Q and that of the SU(2)L sin-
glet up-type squarks by m2

U . All mass-squared matrices 
for the scalar partners of SM fermions were diagonal, 
and all diagonal entries but those shown above were set 
to 15002 GeV2. The soft SUSY-breaking mass terms for 
the U (1)Y , SU(2)L , and SU(3)c gauginos were 100 GeV, 
300 GeV, and 1000 GeV, respectively. The soft SUSY-
breaking coefficient for the trilinear Hut̃L t̃R interaction 
TU 33 is often written as At × Yt ; all other soft SUSY-
breaking trilinear terms were set to zero. Finally, the mass 
of the pseudoscalar Higgs boson was set to 1000 GeV. The 
renormalization scale for each parameter point was the 
mean of the physical t̃ masses at the DSB vacuum.

Parameter Range

tan β 5–60
m2

Q 33 5002–15002 GeV2

m2
U 33 5002–15002 GeV2

µ 100–500 GeV
TU 33 −3000–3000 GeV

[60]. In particular, a positive mass-squared for the stop fields does 
not preclude a parameter point from having a CCB minimum, es-
pecially if the trilinear couplings TU 33 = Yt At and Ytµ for Hut̃Lt̃R
and Hdt̃Lt̃R respectively are large compared to the square roots of 
the soft SUSY-breaking mass-squareds m2

Q 33 and m2
U 33.

Given then that we are investigating the Natural MSSM and re-
stricting ourselves to the possibility of tunneling to minima with 
t̃ VEVs, we choose the region in parameter space described by 
Table 1. The large value of the pseudoscalar Higgs mass places 
the scan firmly in the decoupling regime of the MSSM Higgs sec-
tor [61]. To ensure that scalar partners other than the stops are 
not relevant to the analysis, we set them to have large masses-
squared and zero soft SUSY-breaking trilinear interactions. Since 
the gluino also can have a non-negligible contribution to the mass 
of the lightest scalar Higgs, we chose to keep it at 1000 GeV and 
took masses for the other gauginos roughly according to a typical 
hierarchy that is expected from unification of the gauge forces [62]. 
Our parameter scan thus largely overlaps with that of Ref. [63].

2.2.1. Comparison in methodology to previous works
Much early work in the area of tunneling to CCB minima in 

the MSSM focused on analytic expressions derived from the tree-
level potential to determine whether there would be a CCB global 

minimum [21,22,24,25,27,64], though it has been known for some 
time that such expressions are neither necessary nor sufficient [26,
28], and only general outlines of algorithms could be given [29]. It 
has also been known for some time that they gave no hint as to 
whether the tunneling time out of the DSB false vacuum could be 
phenomenologically acceptable [23,33].

The algorithm used by Vevacious improves upon these by 
finding all the minima of the tree-level potential, not just those 
that may lie on special lines in field space, as well as incorporating 
loop corrections, which, despite various claims in the literature [29,
65], are important [66–68].

One may note the overlap in objective with the works of 
Refs. [69] and [63]: CCB minima with stop VEVs are searched for 
in a similar parameter space, and metastable points are catego-
rized as acceptably long-lived or not based on tunneling times 
calculated by CosmoTransitions. The major improvement over 
these works is that we also exclude points based on low probabil-
ities to survive thermal fluctuations when the Universe was at a 
temperature of the order of 1 TeV. However, we also note that we 
improve upon the zero-temperature results of these works in two 
significant ways: the first is that our use of the homotopy con-
tinuation method guarantees that we find all the minima of the 
tree-level potential, as opposed to a random seeding of the field 
space followed by gradient minimization in Ref. [69], which ob-
viously cannot guarantee that the random seeding did not miss 
a CCB minimum, or a brute-force four-dimensional grid scan in 
Ref. [63], which may miss minima just beyond the range of the 
grid. The second way is that we use the full one-loop effective po-
tential rather than the tree-level potential. Though one would hope 
that the loop corrections do not significantly alter the tree-level 
conclusions, it is not always the case, and the tree-level results 
can be rather sensitive to the renormalization scale chosen for the 
running parameters, while the loop corrections stabilize the de-
pendence on the scale [68].

3. Constraining the parameter space of the Natural MSSM

Our primary result is that a large proportion of the parameter 
space where the Higgs boson mass is even slightly compatible with 
the measurement of 125 GeV [4,5] is ruled out by thermal tunnel-
ing even though the tunneling time at zero temperature is much 
longer than the observed age of the Universe. This is presented in 
Fig. 1, where the parameter points of our five-dimensional scan 
are projected onto a two-dimensional plane with the axes being 

http://arxiv.org/abs/1405.7376
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Figure 12. Lower-dimensional grid scans exhibiting regions of strong electroweak phase transition.
Left: The plane of �4 vs Re(m2

12), with the remaining parameters chosen according to the “standard
scenario” in Table 6. Right: The plane of tan� vs Re(m2

12), with the other parameters set to the
hidden-Higgs scenario in Table 6. Dark regions marked “unstable” and “unphysical” fail the stability
condition and have negative squared masses, respectively. The other coloured regions depict the
following: Teal (cyan): Phase transition strength satisfying ⇠c > 1 (⇠c > 0.5). Dark (light) orange:

Within 2� (3�) of the best-fit point for the 125 GeV Higgs data. Purple: Allowed at the 95% CL
by collider searches for additional Higgs bosons. Dark (light) brown: Predicted BR(b ! s�) within
2� (3�) of the observed value. Dark (light) grey: Predicted �⇢ within 2� (3�) of the observed
value.

we employ.

Finally, we remind the reader that any constraints coming from processes involving

Yukawas are type dependent. In particular, the constraint from BR(b ! s�) on the

type-I model is less severe than for the type-II case that we study here. In the 2HDM5

with type-I couplings, the e↵ect of this constraint is to tune the charged Higgs mass to

mH± ⇠ v ⇡ 246 GeV [24]. Furthermore, some parameter regions in the type-I model seem

to provide interesting possibilities for detection at the LHC [25].

5.2 A closer look at the hidden-Higgs scenario

Even if no requirement is put on the phase transition strength, an upper bound on the

heavy scalar masses arises in the hidden-Higgs scenario due to the limited parametric

freedom: After requiring EWSB with v ⇡ 246GeV, the only free mass scale in the theory

is
p

|Re(m2

12
)|. In the standard scenario, where H1 is SM-like, v sets the correct mass scale

for mH1 ⇡ 125 GeV. The free parameter Re(m2

12
) can then be used to push the remaining

scalars up to a high mass scale, as seen in the main scan in Sec. 5. This scale separation is

no longer possible in the hidden-Higgs scenario due to the stronger requirement of having

mH1 < mH2 ⇡ 125 GeV. A large mass gap up to H3 and H± then relies on having large

quartic couplings, meaning that constraints on these couplings translate into upper bounds
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It’s all about the minima
• Get the potential of your theory

• Is TL OK? Or do I need loop corrections? 

[Hollik et al. 1812.04644] 
Is it OK to set some parameters to zero?


• If the minimum you want is not the global  
one, identify the dangerous ones


• How to find the minima? Did I find them all?  
Which one is the most dangerous?


• Find the minimum of the bounce action for  
all tunneling processes


• Recent developments: 
[Athron et al. 1901.03714]  
[Espinosa, Konstandin, 1811.09185]  
[Guada, Maiezza, Nemevšek, 1803.02227]


• Use the calculated decay width to determine  
the lifetime of the minimum you want

In principle the problem is straightforward

Figure 6. Constraints from vacuum stability in the plane of µ and A containing the selected point
(black ⇥) from the M

125
h

benchmark scenario. The results from Fig. 4 are shown in the left panel.
The other two plots show results of the code Vevacious for the tree-level (centre) and one-loop
effective potential at zero temperature (right) for the same parameter plane.

gives the stronger constraints shown in our results. A similar issue is responsible for the
edge in the Vevacious result around µ ⇠ �2.5TeV and A ⇠ 4TeV. A second kind of visible
difference is the absence in the Vevacious result of the bumps in the long-lived region in
our result around |µ| ⇠ 2TeV and |A| ⇠ 5TeV. The optimization of the bounce action by
CosmoTransitions [73], which is used by Vevacious, leads to a slightly stronger and more
reliable metastability bound in this region.7 Apart from these deviations our results are
in good agreement with the tree-level results of Vevacious. The deviations for individual
points and the rugged edges of the light green region in the Vevacious result are likely
signs of numerical instability. This especially includes the isolated red points in the light
green region which result from numerical errors in the calculation of the tunnelling time.

The comparison with the Vevacious results using the Coleman–Weinberg one-loop
effective potential at zero temperature (Fig. 6, right) shows that the one-loop effects on the
allowed parameter space are small for this scenario. The one-loop result from Vevacious

clearly suffers from numerical instabilities. However, the stable region is nearly identical to
the tree-level results, and the long-lived region is similarly sized as the tree-level Vevacious
result with differences in shape. The long-lived region appearing around A ⇠ 5TeV and
µ ⇠ 4TeV as well as the missing region around A ⇠ �5TeV and the spikes around µ ⇠

�2.5TeV are consequences of the same MDM misidentification as in the Vevacious tree-
level result (see previous paragraph). Comparing the runtime of our code to the runtime
of Vevacious in this parameter plane including only the field set of Eq. (3.10a) we find our
tree-level code to be ⇠ 5 times faster than the tree-level and ⇠ 200 times faster than the
one-loop Vevacious run.

7As a cross check, forcing Vevacious to use the direct path approximation yields the same lifetimes as
our approach.
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PlusPlus

Model implementation at 
Lagrangian level with SARAH.  

Automatic calculation of  
 one-loop effective potential

Bounce action calculation done 
natively.  

Interface to CosmoTransitions is 
included as well.  

More bounce action calculation 
methods coming soon

Homotopy Continuation interfaces 
(HOM4PS2 and PHC included) 

One-loop minima found numerically 
RG running coming soon

Everything can be turned on/off by 
XML input options 
Loop corrections 

Finite temperature 
Path deformation 

…. 

Modular framework for vacuum stability calculations written in C++.  
Easy to use and install, interface through dynamic library. 

Ben O’Leary, JECM



2.0b Out now!*
github.com/JoseEliel/VevaciousPlusPlus

*Detailed manual and documentation in preparation

• Get Eigen and Boost if you don’t have it.


• Clone/Download repo.


• CMake will take care of the rest.


• Implement your model in SARAH and do:       
MakeVevacious[Version -> ”++”]


• Copy Model files into respective folders.


• Prepare LHA files and input files for your favorite 
parameter points.


• Included MSSM and 2HDM type I 
(More models to come soon, let me know what you would like!)

Super Quick start guide

http://github.com/JoseEliel/Vevacious2


 in global fits

• Previous VS studies are done in slices of 
parameter spaces together with some 
experimental constraints. 


• It is computationally expensive, but feasible! 


• Perfect candidate for a global fit.  
In the (C)MSSM, indications of tension with 
measured Higgs mass and DM relic density
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higher values at smaller and larger neutralino masses,
respectively.8 This e�ect can be seen in the low-mass
yellow strip in Fig. 1. If the LSP is instead a “well-
tempered” [301] admixture of Higgsino and bino9, then
the e�ciency of the co-annihilation e�ect can be tuned
to give the exact observed relic density, even at very low
neutralino masses. Such scenarios are, however, heavily
constrained by recent LUX [228, 229] and Panda-X [230]
limits on the spin-independent scattering cross-section
[309–311]. As we see in the low-mass section of Fig. 1
however, relaxing the demand that the neutralino must
explain all of DM allows models to be more Higgsino-
dominated, leading to subdominant neutralino DM. The
reduced relic density also helps Higgsino models avoid
limits from spin-dependent nuclear scattering, which
would otherwise prove rather constraining.

Similarly, at masses above 1 TeV, the not-quite-
e�cient-enough Higgsino co-annihilation can be sup-
plemented by additional resonant annihilation through
the heavy Higgs funnel, bringing the relic density down
to the observed value, or lower. These models can be seen
as overlapping yellow and orange regions at m‰ & 1 TeV
in the right panel of Fig. 1.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 145, 312] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very
small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see

8Note that the Sommerfeld e�ect can be important in the context
of pure Higgsino DM; see Sec. 4.4.3 for details.
9In the CMSSM, this well-tempered mixture is realised within
the “focus point” region [302–308].

a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
A/H-funnel points. The A/H-funnel region is concen-
trated at high tan —, as is well known from previous
studies of the CMSSM (e.g. Ref. [313]). The chargino
co-annihilation region disfavours large negative A0, in
agreement with existing results in the literature.10

At lower m0 and m1/2, a stop co-annihilation region
appears, with a light stop very close in mass to the light-
est neutralino. Due to constraints from direct searches,
as well as Higgs-mass measurements at the LHC, which
push up the sfermion masses, these scenarios can only be
obtained through very large stop mixing. This restricts
the stop co-annihilation region to very large and neg-
ative A0 values, and low-to-moderate tan —, as can be
seen in the bottom panels of Figure 2. This region has
not been seen in most of the recent global fit literature,
as revealing it requires not only consideration of large,
negative A0 values, but also very careful scanning of the
parameter space.11

The preference for large and negative A0 in stop
co-annihilation could lead to colour- or charge-breaking
minima in the scalar potential. We have investigated
the presence of such problems for points in the stop co-
annihilation region, using several conditions that have
been proposed in the literature:

1. A
2
t

< 3.0(m2
Q3,3

+ m2
u3,3 + µ

2 + m
2
Hu

) [314],
2. A

2
t

< 7.5(m2
Q3,3

+ m2
u3,3) ≠ 3µ

2 [315], and
3. A

2
t

< 3.4(m2
Q3,3

+ m2
Q3,3

) + 60(m2
Hu

+ µ
2), based on

the results in Ref. [79].

We found that whilst some points in this region do vio-
late one or more of these conditions, removing all points
that do so neither modifies the shapes of the likelihood
contours in our plots, nor the fact that the best-fit oc-
curs in the stop co-annihilation region. This question
could in principle be investigated further by calculating
the tunnelling probability for each point, e.g. using Ve-
vacious [316]. However, it is not possible to do this in
a reasonable amount of time with the large number of
points in our scans. Even though the conditions above
are not definitive, being neither necessary nor su�cient
to establish that the vacuum of the theory breaks gauge
invariance, neither is studying stability with tools such
as Vevacious, due to the large number of scalar fields
in the MSSM and the resulting di�culty of finding all
relevant minima of the potential. We therefore leave
detailed investigation of such issues for a future paper.

10See for example Fig. 2d of Ref. [312], and the middle panels
of Fig. 2 of Ref. [115].
11As this manuscript was undergoing final editing, an updated
version of Ref. [115] was released, showing a stop co-annihilation
region in good agreement with ours.
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Abstract We present the most comprehensive global
fits to date of three supersymmetric models moti-
vated by grand unification: the Constrained Minimal
Supersymmetric Standard Model (CMSSM), and its
Non-Universal Higgs Mass generalisations NUHM1 and
NUHM2. We include likelihoods from a number of di-
rect and indirect dark matter searches, a large collection
of electroweak precision and flavour observables, direct
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the LHC, and constraints from Higgs observables. Our
analysis improves on existing results not only in terms
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of the number of included observables, but also in the
level of detail with which we treat them, our sampling
techniques for scanning the parameter space, and our
treatment of nuisance parameters. We show that stau
co-annihilation is now ruled out in the CMSSM at more
than 95% confidence. Stop co-annihilation turns out to
be one of the most promising mechanisms for achiev-
ing an appropriate relic density of dark matter in all
three models, whilst avoiding all other constraints. We
find high-likelihood regions of parameter space featur-
ing light stops and charginos, making them potentially
detectable in the near future at the LHC. We also show
that tonne-scale direct detection will play a largely com-
plementary role, probing large parts of the remaining
viable parameter space, including essentially all models
with multi-TeV neutralinos.
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

Looking at the lower-right panel of Fig. 2, the stop co-
annihilation region undoubtedly extends to even lower
values of A0 than we have considered here. Combined
with possible impacts of Sommerfeld enhancement on
the relic density [317], this would have the e�ect of allow-
ing stop co-annihilation to extend to very large values of
m0 (Ref. [317] found stop co-annihilation models with
m0 as large as 13 TeV). However, as A0 becomes more
negative, colour- and charge-breaking vacua become an
ever-increasing concern.

In contrast with previous results, we do not find a
stau co-annihilation region inside the 95% CL region
surrounding our overall best fit. We do find stau co-
annihilation solutions in the same region of parameter

space as seen in the literature12 when we look at 4‡

confidence regions. In addition to this, we also see small
islands of stau co-annihilation appear inside the 2‡ con-
tours if we remove the LHC Run II likelihood (leaving
only Run I analyses), although these are much smaller
than seen in the previous literature. Therefore, the like-
lihood of the stau co-annihilation strip is suppressed in
our results relative to those in the literature. Beyond
the LHC Run II likelihood, which has also been shown
to impact this region in Ref. [115], the suppression com-
pared to other regions of good fit comes mostly from
the LHC Higgs likelihood. This is influenced by the fol-
12See for example Fig. 3 of Ref. [312], Fig. 2 of Ref. [115] and
Fig. 1 of [145].

GAMBIT is a global fitting code for generic 
Beyond the Standard Model theories, designed 
to allow fast and easy definition of new 
models, observables, likelihoods, scanners 
and backend physics codes. 



• Vevacious will be a default backend in GAMBIT, starting 
with the MSSM and related models. 


• Together we are working on post-processing the points of 
their CMSSM global fit and adding vacuum stability 
Likelihood.

 in global fits
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Looking at the lower-right panel of Fig. 2, the stop co-
annihilation region undoubtedly extends to even lower
values of A0 than we have considered here. Combined
with possible impacts of Sommerfeld enhancement on
the relic density [317], this would have the e�ect of allow-
ing stop co-annihilation to extend to very large values of
m0 (Ref. [317] found stop co-annihilation models with
m0 as large as 13 TeV). However, as A0 becomes more
negative, colour- and charge-breaking vacua become an
ever-increasing concern.

In contrast with previous results, we do not find a
stau co-annihilation region inside the 95% CL region
surrounding our overall best fit. We do find stau co-
annihilation solutions in the same region of parameter

space as seen in the literature12 when we look at 4‡

confidence regions. In addition to this, we also see small
islands of stau co-annihilation appear inside the 2‡ con-
tours if we remove the LHC Run II likelihood (leaving
only Run I analyses), although these are much smaller
than seen in the previous literature. Therefore, the like-
lihood of the stau co-annihilation strip is suppressed in
our results relative to those in the literature. Beyond
the LHC Run II likelihood, which has also been shown
to impact this region in Ref. [115], the suppression com-
pared to other regions of good fit comes mostly from
the LHC Higgs likelihood. This is influenced by the fol-
12See for example Fig. 3 of Ref. [312], Fig. 2 of Ref. [115] and
Fig. 1 of [145].
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Looking at the lower-right panel of Fig. 2, the stop co-
annihilation region undoubtedly extends to even lower
values of A0 than we have considered here. Combined
with possible impacts of Sommerfeld enhancement on
the relic density [317], this would have the e�ect of allow-
ing stop co-annihilation to extend to very large values of
m0 (Ref. [317] found stop co-annihilation models with
m0 as large as 13 TeV). However, as A0 becomes more
negative, colour- and charge-breaking vacua become an
ever-increasing concern.

In contrast with previous results, we do not find a
stau co-annihilation region inside the 95% CL region
surrounding our overall best fit. We do find stau co-
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space as seen in the literature12 when we look at 4‡

confidence regions. In addition to this, we also see small
islands of stau co-annihilation appear inside the 2‡ con-
tours if we remove the LHC Run II likelihood (leaving
only Run I analyses), although these are much smaller
than seen in the previous literature. Therefore, the like-
lihood of the stau co-annihilation strip is suppressed in
our results relative to those in the literature. Beyond
the LHC Run II likelihood, which has also been shown
to impact this region in Ref. [115], the suppression com-
pared to other regions of good fit comes mostly from
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with possible impacts of Sommerfeld enhancement on
the relic density [317], this would have the e�ect of allow-
ing stop co-annihilation to extend to very large values of
m0 (Ref. [317] found stop co-annihilation models with
m0 as large as 13 TeV). However, as A0 becomes more
negative, colour- and charge-breaking vacua become an
ever-increasing concern.

In contrast with previous results, we do not find a
stau co-annihilation region inside the 95% CL region
surrounding our overall best fit. We do find stau co-
annihilation solutions in the same region of parameter

space as seen in the literature12 when we look at 4‡

confidence regions. In addition to this, we also see small
islands of stau co-annihilation appear inside the 2‡ con-
tours if we remove the LHC Run II likelihood (leaving
only Run I analyses), although these are much smaller
than seen in the previous literature. Therefore, the like-
lihood of the stau co-annihilation strip is suppressed in
our results relative to those in the literature. Beyond
the LHC Run II likelihood, which has also been shown
to impact this region in Ref. [115], the suppression com-
pared to other regions of good fit comes mostly from
the LHC Higgs likelihood. This is influenced by the fol-
12See for example Fig. 3 of Ref. [312], Fig. 2 of Ref. [115] and
Fig. 1 of [145].
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ing stop co-annihilation to extend to very large values of
m0 (Ref. [317] found stop co-annihilation models with
m0 as large as 13 TeV). However, as A0 becomes more
negative, colour- and charge-breaking vacua become an
ever-increasing concern.

In contrast with previous results, we do not find a
stau co-annihilation region inside the 95% CL region
surrounding our overall best fit. We do find stau co-
annihilation solutions in the same region of parameter

space as seen in the literature12 when we look at 4‡

confidence regions. In addition to this, we also see small
islands of stau co-annihilation appear inside the 2‡ con-
tours if we remove the LHC Run II likelihood (leaving
only Run I analyses), although these are much smaller
than seen in the previous literature. Therefore, the like-
lihood of the stau co-annihilation strip is suppressed in
our results relative to those in the literature. Beyond
the LHC Run II likelihood, which has also been shown
to impact this region in Ref. [115], the suppression com-
pared to other regions of good fit comes mostly from
the LHC Higgs likelihood. This is influenced by the fol-
12See for example Fig. 3 of Ref. [312], Fig. 2 of Ref. [115] and
Fig. 1 of [145].



Conclusions
• Parameter points of BSM models can pass all experimental constraints 

but one: We are here today!


•  


• Symmetry breaking minima can provide complementary constraints, 
sometimes even in tension with other observables.


• Calculation is straightforward but there are subtleties.


• Vevacious is a platform to address that, open to extension, interfacing 
and customization.


• Available now to try. Talk to me if you are interested in a particular model 
to be added (though you can add your own easily). 


• Ongoing studies together with GAMBIT.

YOU CAN NOT CHOOSE WHICH FIELDS HAVE VEVS
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Figure 5. Vacuum stability in the (A0, tanβ)-plane for fixed values of M0 = M1/2 = 1TeV and
µ > 0. The color coding is as in figure 1 and in section 2: points on the other side of the solid lines
from the A0 = 0 axis fail the corresponding conditions and so would be identified as having CCB
minima deeper than the DSB minima. The left-most of the blue lines corresponds to taking 0.852

in condition (2.13), and the other to 0.652. The single orange square corresponds to a projection of
the best-fit point of ref. [18] for reference. Points below the dotted line have the lightest neutralino
as the LSP.

at least some analytical limits produce the qualitative dependence on tanβ but not one

of them is really accurate and they miss many short-lived vacua. Note that those limits

do not distinguish between long- and short-lived vacua but only assess the presence of a

deeper CCB vacuum. Hence one has to compare them with the division between the stable

(green) areas and the metastable (blue and red) areas, rather than how well they would

separate long-lived (blue) from short-lived (red). It is then clear that even a combination

of all of those rules would not exclude about half the points of our scans with CCB vacua

deeper than the DSB vacua.

We note that the values of M1/2 and M0 of 1TeV are rather close to those of the cen-

tral values of CMSSM best-fit point after including a mass for the Higgs boson of 126 GeV

of [18] (M1/2 = 1167.4+594.0
−513.0 GeV,M0 = 1163.2+1185.3

−985.7 GeV, tanβ = 39.3+16.7
−32.7, A0 =

−2969.1+6297.8
−1234.9), and that the central values for tanβ and A0 are within the long-lived

metastable region of figure 5. This seems to be rather endemic to models where the stau

mass and the stop mass are related, for trying to fit both the dark matter relic abundance,

requiring light staus, and a relatively heavy Higgs boson, requiring heavy stops, thus push-

ing the fit to large trilinear terms in the CMSSM. It also occurs regardless of allowing

non-universal Higgs masses: the central values of the NUHM1 “low” best-fit point of [77]

also result in a CCB global vacuum. Therefore, we continue with a more detailed study of

the light stau parameter space.
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Figure 2. The lifetime of the metastable vacuum ⌧decay relative to the age of the universe tuni

is given in the plane of the scale M and the bounce action B. The contour lines denote a 5�
probability for decay and survival, respectively.

2.2 Lifetime of the Metastable Vacuum

The vacuum lifetime in Eq. (2.10) also depends on the quantity K. The value of K is both
challenging to calculate and a subdominant effect towards the tunnelling rate as it does
not enter in the exponent. Since it is a dimensionful parameter, [K] = GeV4, it can be
estimated from a typical scale M of the theory as

K = M
4
. (2.18)

Comparing the vacuum decay time ⌧decay with the age of the universe tuni [77] yields [17]

⌧decay

tuni
=

✓
�

VS

◆� 1
4 1

tuni
=

1

tuniM
e
B/4

. (2.19)

Figure 2 shows the relative lifetime ⌧decay/tuni as a function of B and M. As expected,
the threshold of instability where ⌧decay ⇠ tuni is highly sensitive to B and only mildly
sensitive to M. In Fig. 2 we also show the contours corresponding to a 5� expected decay
or a 5� expected survival of the vacuum during the evolution of the universe. The survival
probability is given by

P = exp

✓
�

�

VS

Ṽlight-cone

◆
= exp

⇣
�M

4
Ṽlight-conee

�B

⌘
, (2.20)

where the (spacetime) volume of the past light-cone is Ṽlight-cone ⇠ 0.15/H4
0 [10], and H0

is the current value of the Hubble parameter [77]. The points in the green region of Fig. 2
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