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I will discuss the significance of precise knowledge of the top quark and Higgs boson masses
for physics beyond the Standard Model and cosmology.

1 Introduction

After the discovery of the Higgs boson at the LHC by ATLAS [1] and CMS [2], the last missing
particle of the Standard Model (SM) has been found. At present, the message from the LHC
can be formulated as follows: the SM is a self-consistent, weakly coupled effective field theory
all the way up to the Planck scale. First, no significant deviations from the SM predictions are
seen and no convincing signal in favour of existence of new physics beyond the SM is observed.
Second, the mass of the Higgs boson My is smaller than Mp** = 175 GeV. If this were not
the case, the Landau pole in the Higgs scalar self-coupling would be below the Planck quantum
gravity scale Mp = 2.44 x 10'® GeV (see, e.g. [3]), calling for an extension of the SM at
some energies between Fermi and Planck scales. Finally, the mass of the Higgs is sufficiently
large, My > 111 GeV, meaning that our vacuum is stable or metastable with a lifetime greatly
exceeding the Universe age [4]. The schematic behaviour of the Higgs boson self-coupling A as
the function of energy and the lifetime of the Universe as a function of the Higgs boson and
top quark masses are shown in Fig. 1.

At the same time, the mass of the Higgs boson, found experimentally, (My = 125.5 +
0.25tat 10 8syst GeV, ATLAS [1] My = 125.7 £ 0.3514¢ & 0.3, GeV, CMS [2]) is very close to
the “critical Higgs mass” M., which appeared in the literature well before the Higgs discovery
in different contexts. The value of M is the stability bound on the Higgs mass My > M,
see Fig. 2 (the “multiple point principle”, put forward in [5], leads to prediction My = Mt ),
to the lower bound on the Higgs mass coming from requirement of the Higgs inflation [6, 7],
and to the prediction of the Higgs mass coming from asymptotic safety scenario for the SM
[8]. The value of M depends strongly on the mass of the top quark, calling for its precise
measurement.

In this talk, based on the paper we written together with Fedor Bezrukov, Mikhail Kalmykov
and Bernd A. Kniehl [9] and on the contribution to Proceedings of the European Physical
Society Conference on High Energy Physics (2013) [10], I will discuss the significance of the
top quark and Higgs boson masses for physics beyond the Standard Model and cosmology.
The paper is organised as follows. In Section 2 we will discuss the absolute stability bound
on the Higgs mass, Section 3 provides a short overview of the asymptotic safety scenario for
the Standard Model, in Section 4 we will discuss the amazing relationship between the Planck
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Figure 1: Left panel: Different patterns of the behaviour of the Higgs self coupling with energy.
For My > M** the Landau pole appears at energies below the Planck scale. If My < M, the
scalar constant becomes negative at energies below the Planck mass, and electroweak vacuum
becomes metastable. Right panel (courtesy of F. Bezrukov): The lifetime of the electroweak
vacuum as a function of top quark and Higgs boson masses. Ellipses correspond to 1 and 2 o
contours in Mg and my, ty is the age of the Universe. Along the straight lines the lifetime of
the vacuum is given by the number in the plot. The light green region in the upper left corner
corresponds to the stable vacuum.
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Figure 2: The form of the effective potential for the Higgs field ¢ which corresponds to the stable
(left), critical (middle) and metastable (right) electroweak vacuum. The form of the effective
potential is tightly related to the energy dependence of the Higgs self-coupling constant A(u):
the potential is negative almost in the same domain where A(¢) < 0.

and Fermi scales, in Section 5 we discuss a lower bound on the Higgs mass coming from Higgs
inflation, and in Section 6 we conclude.

2 Top and Higgs: absolute stability bound

To find the numerical value of M, one should compute the effective potential for the Higgs
field V(¢) and determine the parameters at which it has two degenerate minima:

Vigsm) =V(¢1), V'(dsm)=V'(¢1) =0, (1)

The renormalisation group improved potential has the form
4 e M
V() x A@)6* [1+0 (= log(M:/24;) ) | 2
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Figure 3: A very small change in the top quark mass converts the monotonic behaviour of the
effective potential for the Higgs field to that with an extra minimum at large values of the Higgs
field. Horizontal axis: ¢ in GeV; vertical axis : V(¢) in GeV*

where « is the common name for the SM coupling constants, and M; are the masses of different
particles in the background of the Higgs field. So, instead of computing the effective potential,
one can solve the “criticality equations”:

o) =0, ASM (o) =0 . (3)

This simplified procedure works with accuracy ~ 0.15 GeV for the masses of the Higgs and of
the top.

The contribution of the top quark to the effective potential is very important, as it has the
largest Yukawa coupling to the Higgs boson. Moreover, it comes with the minus sign and is
responsible for appearance of the extra minimum of the effective potential at large values of the
Higgs field, see Fig. 3.

The most recent result for M., is convenient to write in the form?

yel(pe) = 0.9361 ) o as(Mg) — 01184
0.0058 ' 0.0007

Moy = [129.3 + x 0.5] GeV . (4)

Here y;(pu¢) is the top Yukawa coupling in the MS renormalisation scheme taken at p; = 173.2
GeV, and as(Mz) is the QCD coupling at the Z-boson mass. The computation consists of

matching of MS parameters of the SM to the physical parameters such as the masses of different
particles and the renormalisation group running of coupling constants to high energy scale,

INote that this form is different from the original works, as well as the uniform estimates of the theoretical
errors, which are the sole responsibility of the speaker.
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supplemented by the computation of the effective potential for the Higgs field. All recent works
[9, 11, 12] used 3-loop running of the coupling constants found in [13]-[18]; Ref. [9] accounted
for O(aay) corrections to the matching procedure, getting 129.4 GeV for the central value of
Meyis with the theoretical error 1.0 GeV, Ref. [11] got 129.6 GeV with smaller error 0.7 GeV,
accounting for O(aas, y2as, A%, Aa) terms in the matching, while the complete analysis of 2-
loop corrections in [12] gives 129.3 GeV for the central value with very small theoretical error
0.07 GeV.

At present, we do not know whether our vacuum is stable or metastable. Fig. 4 shows
the behaviour of the scalar self-coupling within experimental and theoretical uncertainties,
together with confronting the value of M from Eq. (4) with the data. For making these
plots, the pole top mass was taken from the Tevatron [19], m; = 173.24+0.514.4; £0.715,s GeV
(the combined ATLAS and CMS value is m; = 173.4 4+ 0.4+ 0.9 GeV [20]), and the value of
as(Mz) = 0.1184 4+ 0.0007 [21].

To determine the relation between M.,y and My, the precision measurements of my, y;
and oy are needed. The main uncertainty is in the value of the top Yukawa coupling, y;. In
general, an x GeV experimental error in m; leads to ~ 2 x x GeV error in M,,;;. The difficulties
in extraction of y; from experiments at the LHC or Tevatron are discussed in [22]. Here we
just mention that the non-perturbative QCD effects, dm; ~ +Agep =~ £300 MeV lead to
My =~ 0.6 GeV. The similar in amplitude effect comes from (unknown) O(a?) corrections
to the relation between the pole and MS top quark masses. According to [23], this correction
can be as large as 3y /y; ~ —750(as/m)* =~ —0.0015, leading to 6 M =~ —0.5 GeV.

What do the (meta) stability of our vacuum and the agreement of the Standard Model with
the LHC experiments mean for cosmology? We can consider two different possibilities.

(i) The Higgs mass is smaller than M, so that the scalar self coupling crosses zero at energy
scale My < Mp, where M) can be as “small” as 10® GeV, within the experimental and
theoretical error-bars, see Fig. 4.

(ii) The Higgs mass is larger or equal to M, and the Higgs self coupling never crosses zero
(or does so close to the Planck scale, where gravity effects must be taken into account), see Fig.
4.

If (i) is realised, there are at least two ways to deal with the metastability of our vacuum.
The first one is cosmological: it is sufficient that the Universe after inflation finds itself in our
vacuum with reheating temperature below M). Then this guarantees that we will stay in it
for a very long time. This happens, for example, in R? inflation [24]. The other possibility is
related to possible existence of new physics at M) scale, which makes our vacuum unique (see,
e.g. [25]).

If (ii) is realised, then no new physics is needed between the Fermi and Planck scales.

It is very interesting that the values of M; and My are amazingly close to the critical values,
determined from (3). Though this could be a pure coincidence, the discussion below indicates
that this may be a very important message about the structure of high energy theory.

3 Top and Higgs: asymptotically safe SM+-gravity
The asymptotic safety of the SM [8], associated with the asymptotic safety of gravity [26],
is strongly related to the value of the Higgs boson and top quark masses. Though General

Relativity is non-renormalizable by perturbative methods, it may exist as a field theory non-
perturbatively, exhibiting a non-trivial ultraviolet fixed point (for a review see [27]). If true, all
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Figure 4: Both panels: The shaded regions account for 1 and 2 o experimental uncertainties in
a, and the pole top quark mass m;, and theoretical errors in extraction of y; from experiment.
Left panel: Running of the scalar self coupling constant with energy. Dashed and dotted lines
correspond to varying in addition the mass of the Higgs boson within 1 and 2 ¢ experimental
errors. Right panel: The blue line gives the relation between «s and the pole top mass following
from Eq. (4) if My is identified with M. The shaded regions around it correspond to 1 and
2 o experimental errors in the Higgs mass. Red ellipses correspond to the accuracy achievable
at eTe™ collider [22].

other couplings of the SM (including the Higgs self-interaction) should exhibit an asymptotically
safe behavior with the gravity contribution to the renormalisation group running included.
The prediction of the Higgs boson mass from the requirement of asymptotic safety of the
SM is found as follows [8]. Consider the SM running of the coupling constants and add to the
[B-functions extra terms coming from gravity, deriving their structure from dimensional analysis:
grav __ Qh M2 h (5)
e 8 M (p)

where a1, ag, as, a,, and ay are some constants (anomalous dimensions) corresponding to the
gauge couplings of the SM g, ¢’, gs, the top Yukawa coupling y;, and the Higgs self-coupling A.
In addition,

M) = M3 + 26012 (6)

is the running Planck mass with £y ~ 0.024 following from numerical solutions of functional RG
equations [28, 29, 30]. Now, require that the solution for all coupling constants is finite for all
w and that A is always positive. The SM can only be asymptotically safe if a1, a2, a3, ay are all
negative, leading to asymptotically safe behavior of the gauge and Yukawa couplings. For ay < 0
we are getting the interval of admissible Higgs boson masses, M;ifr'fty < Mg < M3ty ~ 175
GeV. However, if ay > 0, as follows from computations of [29, 30], only one value of the Higgs
boson mass My = Mffiiety leads to asymptotically safe behavior of A. As is explained in [8],
this behavior is only possible provided A(Mp) =~ 0 and Sx(A(Mp)) ~ 0. And, due to miraculous
coincidence of jig and Mp, the difference Ams2fety = Mrﬁfr’fty — M is extremely small, of the
order 0.1 GeV. The evolution of the Higgs self-coupling for the case of a;, < 0 is shown in Fig. 5,
and for the case ap > 0 in Fig. 6.

In fact, in the discussion of the asymptotic safety of the SM one can consider a more general
situation, replacing the Planck mass in Eq. (6) by some cutoff scale A = kMp. Indeed, if the
Higgs field has non-minimal coupling with gravity (see below), the behavior of the SM coupling

may start to change at energies smaller than Mp by a factor 1/¢, leading to an expectation for

TOP 2013 237



MIKHAIL SHAPOSHNIKOV

A A
M i |
Fermi Planck Fermi Planck

Figure 5: Schematic depiction of the behavior of the scalar self-coupling if a;, < 0 for M, safety

min

My < M (left) and My < M (right). In both cases gravity leads to asymptotically

max min

free behavior of the scalar self-coupling. Negative A lead to instability and are thus excluded.

the range of x as 1/& < k < 1. Still, the difference between My, and M, safety  emains small

min
even for K ~ 10™%, where sz;iety ~ 128.4 GeV, making the prediction My ~ My, sufficiently

stable against specific details of Planck physics within the asymptotic safety scenario.
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Figure 6: Schematic depiction of the behavior of the scalar self-coupling if a;, > 0 for My >
M3 Jeading to Landau-pole behavior (left), My < MS%Y leading to instability (right)

min min

and My = M3 agymptotically safe behavior (middle). Only this choice is admissible.

min

4 New physics between the Fermi and Planck scales?

If we fix mass of the top quark, then Eq. 3 determines also the value of the scale py at which
the scalar self-coupling and its g-function vanish simultaneously. The central value for pg is
2.9 x 10'® GeV and is quite stable if m; and a, are varied in their confidence intervals (see
Fig. 7). One can see that there is a remarkable coincidence between po and the (reduced)
Planck scale Mp = 2.44 x 10'® GeV. The physics input in the computation of g includes the
parameters of the SM only, while the result gives the gravity scale. A possible explanation may
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be related to the asymptotic safety of the SM, as discussed above.

It remains to be seen if this is just the random play of the numbers or a profound indication
that the electroweak symmetry breaking is related to Planck physics. If real, this coincidence
indicates that there should be no new energy scales between the Planck and Fermi scales, as
they would remove the equality of pg and Mp unless some conspiracy is taking place.

100 r————"———————————————————

50 . S ]

Scale py/Mp

P R R RS
173 174 175 176

Pole top mass M;, GeV

Figure 7: The scale py depending on the top mass M;. The dashed lines correspond to lo
uncertainty in ag. The yellow shaded region corresponds to adding the o, experimental error
and the theoretical uncertainty in the matching of the top Yukawa y; and top pole mass.

5 Top and Higgs: cosmological inflation

It is well known that for inflation we better have some bosonic field, which drives it (for a review
see e.g. [31]). At last, the Higgs boson has been discovered. Can it make the Universe flat,
homogeneous, and isotropic, and produce the necessary spectrum of fluctuations for structure
formation? The answer to this question is affirmative [32].

The main idea of Higgs inflation is related to a non-minimal coupling of the Higgs field to
gravity, described by the action

Sq = /d4x\/?g{ — MTI%R— 5"75'23} . (7)

2

Here R is the scalar curvature, the first term is the standard Hilbert-Einstein action, ¢ is the
Higgs field, and £ is a new coupling constant, fixing the strength of “non-minimal” interaction.
This constant cannot be fixed by a theoretical computation, but its presence is actually required
for consistency of the SM in curved space-time (see, e.g. [33]).

Consider now large Higgs fields, typical for chaotic inflation [34]. Then the gravity strength,
given by the effective Planck mass in the Higgs background, is changed as M ¢ = |/ M2+ €|¢]?
|¢|. In addition, all particle masses are also proportional to the Higgs field. This means that
for || > % the physics does not depend on the value of the Higgs field, as all dimensionless
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Figure 8: Schematic depiction of the effective potential V for the Higgs field in the Higgs-
inflationary theory in the Einstein frame for My > M. (left) and My < M. (right). In
the second case successful inflation cannot take place.

ratios are |¢| independent. This leads to an existence of the flat direction for a canonically nor-
malized scalar field x, related to the Higgs field by conformal transformation. After inflation
with N ~ 58 e-foldings the energy of the Higgs field is transferred to other particles of the SM,
reheating the Universe up to the temperature T}, ~ 101371* GeV [35, 36].

For the Higgs inflation to work, the scalar self-coupling constant A must be positive up to
the scale of inflation i = Mp/+/€. Numerically, this leads to the constraint My > Mt
with extra theoretical uncertainty of My ~ 1 GeV [37], see Fig. 8. Though the theory in the
electroweak vacuum enters into strong coupling regime at energies smaller than the Planck scale
by a factor £ [38, 39], the analysis of higher dimensional operators and radiative corrections
at large Higgs background, necessary for inflation, shows that the Higgs inflation occurs in the
weak coupling regime and is self-consistent [37].

The cosmological predictions of the Higgs inflation can be compared with observations
performed by the Planck satellite. The Higgs-inflaton potential depends on one unknown pa-
rameter, £. It can be fixed by the amplitude of the CMB temperature fluctuations 67/T at
the WMAP normalization scale ~ 500 Mpc, with the use of precise knowledge of the top quark
and Higgs masses, and a,. In general, £ > 600 [6]. Since the Higgs mass lies near M, the
actual value of £ may be close to the lower bound.

Also, the value of spectral index ng of scalar density perturbations

<5TT(x)5TT(y)> o /d]:feik(zy)knsl (8)

and the amplitude of tensor perturbations r = g” = can be determined. The predictions, together

with the Planck results, are presented in Fig. 9: and are well inside the 1 sigma experimental
contour. Moreover, as for any single field inflationary model, the perturbations are Gaussian,
in complete agreement with Planck [40].

6 Conclusions

For experimental values of Higgs boson and top quark masses there is no necessity for a new
energy scale between the Fermi and Planck scales. The EW theory remains in a weakly coupled
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Figure 9: Left panel: The predictions of Higgs inflation versus observations. Right panel:
Predictions of different inflationary models contrasted with the Planck results (from Ref. [40]).

region all the way up to Mp, whereas the SM vacuum state lives longer than the age of the
Universe. If the Higgs and top masses would satisfy the “criticality equation” (4), this would
put a strong argument in favor of the absence of such a scale and indicate that the electroweak
symmetry breaking may be associated with the physics at the Planck scale.

The experimental precision in the Higgs boson mass measurements at the LHC can eventu-
ally reach 200 MeV. So, the largest uncertainty will remain in the measurement of the mass of
the top quark. It does not look likely that the LHC will substantially reduce the error in the
top quark mass determination. Therefore, to clarify the relation between the Fermi and Planck
scales a construction of an electron-positron or muon collider with a center-of-mass energy of
~ 200 4 200 GeV (Higgs and t-quark factory) would be needed. This would be decisive for
setting up the question about the necessity for a new energy scale besides the two ones already
known—the Fermi and the Planck scales. In addition, this will allow to study in detail the
properties of the two heaviest particles of the Standard Model, potentially most sensitive to
any types on new physics.

Surely, even if the SM is a valid effective field theory all the way up the the Planck scale,
it cannot be complete as it contradicts a number of observations. In fact, all the confirmed
observational signals in favor of physics beyond the Standard Model which were not discussed in
this talk (neutrino masses and oscillations, dark matter and baryon asymmetry of the Universe)
can be associated with new physics below the electroweak scale, for reviews see [41, 42] and
references therein. The minimal model explaining all these phenomena, vMSM, contains, in
addition to the SM particles, three relatively light singlet Majorana fermions. The vMSM
predicts that the LHC will continue to confirm the Standard Model and see no deviations from
it. At the same time, new experiments at the high-intensity frontier, discussed in [43], may
be needed to uncover the new physics below the Fermi scale. In addition, new observations in
astrophysics, discussed in [42], may shed light on the nature of Dark Matter.
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