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Global flavor symmetry
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In absence of  Yukawa couplings

Standard Model (SM) globally symmetric under  

G
flavor

= SU(3)QL ⇥ SU(3)uR ⇥ SU(3)dR
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[see e.g. Nir, hep-ph/0109090]

http://arxiv.org/pdf/hep-ph/0109090.pdf


Charged vs. neutral currents

Charge currents measure only left-handed misalignment

parameterized by Cabibbo-Kobayashi-Maskawa (CKM) matrix V.  Instead, 
neutral currents  

remain flavor diagonal at tree level, due to enhanced SU(3)uL×SU(3)dL 
flavor symmetry
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[see e.g. Nir, hep-ph/0109090]

http://arxiv.org/pdf/hep-ph/0109090.pdf


Flavor changing neutral currents

In fact, neutral meson mixing & other flavor changing processes test 
structure of  Yukawa interactions beyond tree level 
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[see e.g. D’Ambrosio et al., hep-ph/0207036]

http://arxiv.org/pdf/hep-ph/0207036.pdf


Boxes & Z penguins

Within SM, only two 1-loop topologies lead to a quadratic dependence 
on top mass 
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[see e.g. Buras, hep-ph/9806471]

http://arxiv.org/pdf/hep-ph/9806471v1.pdf


In limit of vanishing hypercharge coupling (g1→0), SM Higgs sector 
has global SU(2)L symmetry & accidental global SU(2)R symmetry

SM Higgs sector
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[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]
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http://www.sciencedirect.com/science/article/pii/055032138090214X


SU(2)RSU(2)L ⇥ ! SU(2)L=R

Higgs vacuum expectation value v breaks global SU(2)L×SU(2)R     

down to diagonal subgroup SU(2)L=R aka custodial symmetry 
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SM Higgs sector
[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]
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http://www.sciencedirect.com/science/article/pii/055032138090214X


Electroweak gauge sector

Custodial symmetry guarantees that in SM, ρ parameter    
equal 1 at tree level.  What happens at loop level? 
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[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]
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http://www.sciencedirect.com/science/article/pii/055032138090214X


Yukawa sector in SM
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Yukawas would be SU(2)L×SU(2)R invariant if yt=yb. Symmetry breaking 
proportional to squared mass difference (mt-mb)2 of top & bottom
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[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]
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http://www.sciencedirect.com/science/article/pii/055032138090214X
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Dominant 1-loop corrections due to top exchange & proportional 
to yt . In contrast, Higgs contribution scales as g1 ln(mh/mZ)2 2 2 2

1-loop corrections to ρ 
[cf.  Veltman, Nucl. Phys. B123, 89 (1977)]
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http://www.sciencedirect.com/science/article/pii/055032137790342X


[http://en.wikipedia.org/wiki/1987]

1987
Events:

• …

• February 23 – SN 1987A, the first “naked-eye” supernova since 1604, is 
observed

…

March 9 – The Irish rock band U2 releases their studio album “The Joshua 
Tree”

…

May 28 –18-year-old West German pilot Mathias Rust evades Soviet air 
defenses & lands a private plane on Red Square in Moscow

…

June 12 – During a visit to Berlin, Germany, U.S. President Ronald Reagan 
challenges Soviet Premier Mikhail Gorbachev to tear down the Berlin Wall

…

December 9 – Microsoft releases Windows 2.0
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Not on list: Υ(4S)→B0B0→B0B0

[ARGUS, Phys. Lett. B192, 245 (1987)]

Soon the final result was worked out. H. Schröder had found his golden
event, shown in Fig.25. Instead of the usual BB-meson pair it contains two
B

0-mesons each decaying via B

0 ! D

§°
µ

+
∫ and demonstrates explicitely that

B

0
B

0 mixing occurs.

Figure 25: The golden event found by H. Schröder. It shows the reaction ®(4S)!
B0B0 ! B0B0, which is evidence for BB mixing.

In addition, H. Schröder analysed events containing a B-meson and a lep-
ton. Taking all reconstructed B

0-mesons available, which decay like B

0 !
D

§
`∫ or B

0 ! D

§
nº, and asking for an additional lepton with a momentum

above 1.4 GeV/c, he found 5±0.9 candidates for mixing together with 23±2.5
normal events. The advantage of this method is its low background rate. The
mixing parameter r obtained was

r =
N(B0

`

+) + N(B0
`

°)

N(B0
`

°) + N(B0
`

+)
= 0.20± 0.12.

Yu. Zaitsev presented his results on lepton pairs using leptons with mo-
menta above 1.4GeV/c. He studied both electrons and muons and obtained
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http://www.sciencedirect.com/science/article/pii/0370269387911774


Implications for top mass
[ARGUS, Phys. Lett. B192, 245 (1987)]

Volume 192, number 1,2 

Table 3 
Limits on parameters consistent 

PHYSICS LETTERS B 

with the observed mixing rate. 

Parameters Comments 

25June1987 

r> 0.09 (90%CL) 
x>0.44 
B~/2fB~f~ < 160 MeV 
rob< 5 GeV/c 2 
~<1.4×  10 ~2s 
I V, dl <0.018 
qocD < 0.86 
m~> 50 GeV/c 2 

this experiment 
this experiment 
B meson (~pion) decay constant 
b-quark mass 
B meson lifetime 
Kobayashi-Maskawa matrix element 
QCD correction factor a~ 
t quark mass 

,I ReE [18]. 

A M  Bf2B m~ 2 mb % I Vtd 2 ?]QCD, 
X =  F - - 3 2 n  mu 5 zu 

and  re la ted  to e x p e r i m e n t  by 

x 2 
X 2 + 2  • 

The  rate  o f  B ° - l ]  ° m i x i n g  p rov ides  a s t rong con-  
s t ra in t  on  pa r a m e t e r s  o f  the  s t anda rd  mode l .  Spe- 
cifically,  ou r  resul t  shows tha t  the  K o b a y a s h i  
- M a s k a w a  e l e m e n t  Vta is non-zero .  T h e  obse rved  
va lue  o f  r can  still be  a c c o m m o d a t e d  by the  s t anda rd  
m o d e l  w i th in  the  p resen t  knowledge  o f  its p a r a m e -  
ters. As an  i l lus t ra t ion ,  one  e x a m p l e  o f  a set o f  l imi t s  
is g iven  in table  3. 

In  s u m m a r y ,  the  c o m b i n e d  e v i d e n c e  o f  the  inves-  
t iga t ion  o f  B ° m e s o n  pairs,  l ep ton  pairs  and  B ° 
m e s o n - l e p t o n  even t s  on  the  Y (4S)  leads  to the  con-  
c lus ion that  B ° - B  ° m i x i n g  has been  o b s e r v e d  and  is 
substant ia l .  

It is a p leasure  to t hank  U.  D j u a n d a ,  E. Ko nr a d ,  
E. Miche l ,  and  W. Re insch  for  the i r  c o m p e t e n t  tech- 
nical  he lp  in r u nn i n g  the  e x p e r i m e n t  and  process ing  
the data.  We thank  Dr .  H.  N e s e m a n n ,  B. Sarau,  and  
the D O R I S  group  for  the  excel len t  o p e r a t i o n  o f  the  
s torage ring. T h e  v i s i t ing  groups  wish to t hank  the  
D E S Y  d i rec to ra t e  for  the  suppor t  and  k ind  hospi -  
ta l i ty  ex t ended  to them.  
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By 1987 it was general belief that top mass was much smaller than       
50 GeV, but ARGUS found that it is (probably significantly) larger  
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Top mass from unitarity triangle
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mpole

t = (169± 5) GeV
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[CMS & LHCb, 1411.4413]

Top mass from Bs→μ+μ-: Present
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Bs→μ+μ- relative error budget

Improvements in lattice QCD calculations may reduce errors due to 
decay constant fBs & Vcb. Might result in future total uncertainty of 3%

fBs CKM

τBs mt

non parametric

[Bobeth et al., 1311.0903]
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 6.4% total uncertainty
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Top mass from Bs→μ+μ-: Reach
[Bobeth et al., 1311.0903]
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�mpole

t = 14 GeV

Top mass from KL→π0νν

28
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History of mt from electroweak fit
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Roman Kogler The global electroweak fit 

Top Quark Mass from Loop Effects

‣mt predictions from loop effects since 1990

‣ official LEPEWWG fit since 1993

‣ the fits have always been able to predict mt correctly!
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[Gfitter, November 2014]

Even before top discovery at Fermilab in 1995, global electroweak (EW) 
fits have always been able to predict mass correctly

http://project-gfitter.web.cern.ch/project-gfitter/Figures/History/2014_07_16_Historymtop_large.gif
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[Awramik et al., hep-ph/0311148; Chetyrkin et al., hep-ph/0605201]

• W-boson mass: full 2-loop EW corrections as well as higher-order 
contributions, including 4-loop QCD effects in ρ parameter

• Weak mixing angle: complete 2-loop EW corrections & dominant 
higher-order effects 

[Awramik et al., hep-ph/0608099, 0811.1364]

• Partial widths of Z & W boson: full EW corrections up to 2 loops & 
leading higher-order effects for Z, 1-loop for W 

[Freitas,1401.2447; Cho et al.,1104.1769]

• Determination of αs from hadronic Z width: all O(αs) QCD effects 4

[Baikov et al.,1201.5804]

Theory behind EW fits

http://arxiv.org/abs/hep-ph/0311148
http://arxiv.org/pdf/hep-ph/0311148.pdf
http://arxiv.org/abs/hep-ph/0605201
http://arxiv.org/pdf/hep-ph/0605201v2.pdf
http://arxiv.org/pdf/hep-ph/0608099v2.pdf
http://arxiv.org/pdf/0811.1364v2.pdf
http://arxiv.org/pdf/1401.2447v3.pdf
http://arxiv.org/pdf/1104.1769v2.pdf
http://arxiv.org/pdf/1201.5804v3.pdf
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Indirect determination of mt

11

Δχ2 profile vs mt

‣ determination of mt from 
Z-pole data (fully obtained 
from rad. 
corrections ~mt2)
‣ alternative to direct 

measurements
‣MH allows for significantly 

more precise determination 
of mt

‣ similar precision as determination from σtt , good agreement
‣ dominated by experimental precision
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[Kogler, Moriond EW 2015]

https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf
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https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf
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High-scale Higgs potential can be calculated via renormalization group (RG). 
In quartic approximation, stability of  V(ϕ) is equivalent to positivity of λ

Does our fate depend on mt?

V (�) = �
�
|�|2 � v2

�2 ' �

4
h4

v ' 246GeV

[see e.g. Coleman & Weinberg, Phys. Rev. D7, 1888 (1973)]

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.7.1888
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[cf. Chetyrkin & Zoller, 1205.2892 for 3-loop results]

Measured top & Higgs mass imply that beta function βλ negative at low 
energies. Higgs quartic λ will thus approach zero at high energies 

RG evolution of Higgs quartic
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Data speaks and is telling SM, SM, SM

We now have all its parameters, let’s assume SM and see what happens

Fact 1: the SM can be extrapolated at
least up to MPl.

Fact 2: Mh ⇡ 130GeV corresponds to
�(MPl) ⇡ 0.

Fact 3: �(�) vanishes around MPl.

DISCLAIMER. These could be acci-
dents; new physics can change these,
by a bit or by a lot. The goal is search-
ing messages in what we have now.
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If this is the message from nature, it di↵erers from what we believed.
Soni: going to India Columbus discovered USA (I agree on this point)

Fact 1: SM can be extrapolated     
iiiiiiiiiiiiiup to Planck scale MPl

Fact 2: Higgs mass of 125 GeV 
iiiiiiiiiiiiileads to λ(MPl) ≈ 0

Fact 3: βλ vanishes close to MPl

Disclaimer:  All this could be 
an accident & new physics   
can (is likely to) change these 
results by a bit or by a lot  

[Buttazzo et al., 1307.3536]

RG evolution of Higgs quartic

http://arxiv.org/pdf/1307.3536.pdf
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Fact 1: SM can be extrapolated     
iiiiiiiiiiiiiup to Planck scale MPl

Fact 2: Higgs mass of 125 GeV 
iiiiiiiiiiiiileads to λ(MPl) ≈ 0

Fact 3: βλ vanishes close to MPl

Disclaimer:  All this could be 
an accident & new physics   
can (is likely to) change these 
results by a bit or by a lot  

[Buttazzo et al., 1307.3536]

RG evolution of Higgs quartic
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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http://arxiv.org/pdf/1307.3536.pdf
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Vacuum (meta)stability

SM parameters rather special, in sense that vacuum in a near-critical 
condition, at border between stability & metastability. Is this significant? 

[Buttazzo et al., 1307.3536]
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

http://arxiv.org/pdf/1307.3536.pdf


• Discovery of top in 1995 at Fermilab & Higgs in 2012 at CERN 
completes SM. Without doubt, one of the greatest scientific 
achievements of mankind

• Quantum effects involving top play a crucial role in SM, since they 
drive flavor breaking in quark sector & represent leading source 
of violation of custodial symmetry. While well tested, meaning     
(if any) not understood 

• Intriguing observation that top & Higgs mass conspire to make 
EW vacuum close to critical. Whether this special condition, 
allowing for a prolonged vacuum lifetime, is just a numerical 
coincidence or an important feature of SM is an open question

Conclusions

39
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Results of current global EW fit
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

[Degrassi et al., 1205.6497]

Running SM couplings

https://indico.in2p3.fr/event/10819/session/12/contribution/116/material/slides/0.pdf
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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42

[Buttazzo et al., 1307.3536]

Top contribution to βλ

http://arxiv.org/pdf/1307.3536.pdf
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SM vacuum phase diagram
[Buttazzo et al., 1307.3536]
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Figure 4: Left: SM phase diagram in terms of quartic Higgs coupling � and top Yukawa coupling
yt renormalised at the Planck scale. The region where the instability scale ⇤I is larger than
1018 GeV is indicated as ‘Planck-scale dominated’. Right: Zoom around the experimentally
measured values of the couplings, which correspond to the thin ellipse roughly at the centre of
the panel. The dotted lines show contours of ⇤I in GeV.

terms of �(MPl) and yt(MPl). The diagram is shown in a broad range of couplings allowed by
perturbativity, and also after zooming into the interesting region. The new area denoted as ‘no
EW vacuum’ corresponds to a situation in which � is negative at the weak scale, and therefore
the usual Higgs vacuum does not exist. In the region denoted as ‘Planck-scale dominated’ the
instability scale ⇤I is larger than 1018 GeV. In this situation we expect that both the Higgs
potential and the tunnelling rate receive large gravitational corrections and any assessment
about vacuum stability becomes unreliable.

From the left panel of fig. 4 it is evident that, even when we consider the situation in
terms of high-energy couplings, our universe appears to live under very special conditions.
The interesting theoretical question is to understand if the apparent peculiarity of �(MPl)
and yt(MPl) carry any important information about phenomena well beyond the reach of any
collider experiment. Of course this result could be just an accidental coincidence, because in
reality the SM potential is significantly modified by new physics at low or intermediate scales.
Indeed, the Higgs naturalness problem corroborates this possibility. However, both the reputed
violation of naturalness in the cosmological constant and the present lack of new physics at
the LHC cast doubts on the validity of the naturalness criterion for the Higgs boson. Of
course, even without a natural EW sector, there are good reasons to believe in the existence
of new degrees of freedom at intermediate energies. Neutrino masses, dark matter, axion,
inflation, baryon asymmetry provide good motivations for the existence of new dynamics below
the Planck mass. However, for each of these problems we can imagine solutions that either
involve physics well above the instability scale or do not significantly modify the shape of the
Higgs potential. As a typical example, take the see-saw mechanism. As shown in ref. [29], for
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http://arxiv.org/pdf/1307.3536.pdf
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[Strumia, Moriond EW 2015]

Vacuum decayVacuum decay

If Mt > 171GeV the Higgs potential

VSM = �e↵(h)h
4/4

falls down above h > hmax ⇠ 1011GeV
for present central values.
This instability leads to safely slow vac-
uum decay because �e↵ > �0.05 is neg-
ative but small.

V. Branchina shows that vacuum decay
can be faster in BSM models where VSM
is stabilised at MPl in this way:

VBSM = VSM �
h6

M6
Pl

+
h8

M8
Pl

+ · · ·

Possible, but like excavating a moat be-
fore a safety net for skiers.

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

h vev in GeV

l e
ff
=
4V
êh4

SM potential

B
.S
M
po
te
nt
ia
l?

Slow enough vacuum decay

Too fast vacuum decay

https://indico.in2p3.fr/event/10819/session/12/contribution/116/material/slides/0.pdf


171 172 173 174 175 176
10-2000

10-1500

10-1000

10-500

1

Pole top mass Mt in GeV

Pr
ob
ab
ili
ty
of
va
cu
um

de
ca
y

1s bands in
Mh=125.1±0.2 GeVHred dottedL
a3=0.1184±0.0007Hgray dashedL

173.3±0.8

171 172 173 174 175 176
1

10200

10400

10600

10800

101000

Pole top mass Mt in GeV

Li
fe
-
tim
e
in
yr

LCDM

CDM

1s bands in
Mh=125.1±0.2 GeVHred dottedL
a3=0.1184±0.0007Hgray dashedL

Figure 7: Left: The probability that electroweak vacuum decay happened in our past light-cone,
taking into account the expansion of the universe. Right: The life-time of the electroweak
vacuum, with two di↵erent assumptions for future cosmology: universes dominated by the cos-
mological constant (⇤CDM) or by dark matter (CDM).

Note that ��(⇤I) is negative in the SM.
Figure 6 shows the SM phase diagram in terms of the parameters �(MPl) and m(MPl). The

sign of each one of these parameters corresponds to di↵erent phases of the theory, such that
�(MPl) = m(MPl) = 0 is a tri-critical point.

The region denoted by ‘hhi ⇡ MPl’ corresponds to the case in which eq. (79) is not satisfied
and there is no SM-like vacuum, while the Higgs field slides to large values. In the region of
practical interest, the upper limit on m is rather far from its actual physical value m = Mh,
although it is much stronger than MPl, the ultimate ultraviolet cuto↵ of the SM. A much more
stringent bound on m can be derived from anthropic considerations [131] and the corresponding
band in parameter space is shown in fig. 6. We find it remarkable that the simple request of the
existence of a non-trivial Higgs vacuum, without any reference to naturalness considerations,
gives a bound on the Higgs bilinear parameter m. Unfortunately, for the physical value of �,
the actual numerical value of the upper bound is not of great practical importance.

6.3 Lifetime of the SM vacuum

The measured values of Mh and Mt indicate that the SM Higgs vacuum is not the true vacuum
of the theory and that our universe is potentially unstable. The rate of quantum tunnelling out
of the EW vacuum is given by the probability d}/dV dt of nucleating a bubble of true vacuum
within a space volume dV and time interval dt [132–134]

d} = dt dV ⇤4
B e�S(⇤B) . (80)
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