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Strong dynamics behind the formation of the 125 GeV Higgs boson
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We consider the scenario in which the new strong dynamics is responsible for the formation of
the 125 GeV Higgs boson. The Higgs boson appears as composed of all known quarks and leptons
of the Standard Model. The description of the mentioned strong dynamics is given using the ¢
regularization. It allows us to construct the effective theory without ultraviolet divergences in which
the 1/N, expansion works naturally. It is shown that in the leading order of the 1/N. expansion,
the mass of the composite & boson is given by M, = m,/v/2 ~ 125 GeV, where m, is the top-quark

mass.
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I. INTRODUCTION

In the present paper, we suggest the scenario in which
the recently discovered 125 GeV h boson [1,2] is
composite. According to the suggested model, it is
composed of all fermions of the Standard Model (SM).
The scale of the hidden strong dynamics is supposed to be
of the order of several TeV. We suppose that the W- and Z-
boson masses are determined by the condensate of the
125 GeV h boson according to the Higgs mechanism
[3.4]. All Dirac fermion masses are determined by the &
boson as well. Here we do not consider the Majorana
masses at all and assume that neutrinos have extremely
small Dirac masses [5]. The low energy effective theory
contains the four-fermion interaction [6] between all SM
fermions. Our model differs from the conventional models
with four-fermion interactions [7] in which the top
quark is condensed. The model of top-quark condensation
was first suggested in Ref. [8] (and developed later in
Refs. [9-13]). The idea that the Higgs boson may be
composed of the known SM fermions was discussed even
earlier in Ref. [14], together with the certain preon models
(however, in Ref. [14], there was no emphasis of the
dominating role of the top quark, and the compositeness of
the Higgs boson was considered together with the com-
positeness of quarks and leptons). There are two main
aspects in which the model discussed in the present paper
differs from the conventional models of top-quark
condensation:

(1) The four-fermion interaction is nonlocal. It con-
tains the form factors G that correspond to the
interaction between the composite Higgs boson
and the fermion-antifermion pair. The form factors
depend on three scalar parameters of the dimen-
sion of mass squared: ¢, p?, k?, where p and k
are the 4-momenta of the fermion and antifermion,
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while g =p—k is the 4-momentum of the
composite scalar boson. G(p,k) = g(¢*, p*, k?)
are different for different fermions at large dis-
tances (both timelike and spacelike), i.e., if at
least one of the quantities |g?|, |p?|, |k*| is much
smaller than the electroweak scale M, =~ 90 GeV.
However, at small spacelike and timelike distances
(i.e., for |g*| ~|p?| ~ |k*| ~ M%), those form fac-
tors become equal for all SM fermions. Unlike for
the other fermions, the mentioned form factor for
the top quark is assumed to be independent of
momenta.

(2) Our model with the four-fermion interaction is not
renormalizable. Therefore, it is the effective theory
only, and its output strongly depends on the regu-
larization scheme. Contrary to the approach of the
above-mentioned papers on the top-quark conden-
sation models, we do not use the conventional cutoff
regularization. We use zeta regularization [15,16],
which allows us to construct the effective theory
without any ultraviolet divergences.

The 1/N. expansion is a good approximation within
our effective theory. This is because the dangerous
ultraviolet divergences are absent. This is well known
that these divergences break the 1/N,. expansion in the
Nambu - Jona - Lasinio (NJL) models defined in
ordinary cutoff regularization. For example, in
Ref. [17] it is shown that when the ultraviolet cutoff
is much larger than the generated masses, the next-to-
leading-order 1/N, approximation to various quantities
does not give the corrections smaller than the leading
one. However, this occurs because of the terms that are
formally divergent in the limit of infinite cutoff.
Therefore, in the regularization that is free from diver-
gences, the next-to-leading approximation is suppressed
by the factor 1/N_. compared to the leading approxima-
tion. Moreover, for the calculation of various quantities
related to the extra high energy processes (the processes
with the characteristic energies much larger than m,), the

s ’

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.89.075012
http://dx.doi.org/10.1103/PhysRevD.89.075012
http://dx.doi.org/10.1103/PhysRevD.89.075012
http://dx.doi.org/10.1103/PhysRevD.89.075012

M. A. ZUBKOV

next-to-leading-order approximation is suppressed by the
factor 1/Nyy1, Where Ny, = 24 is the total number of
the Standard Model fermions [the color components are
counted as well, so that we have Ny, = 3 generationsx
(3 colors + 1 lepton) x 2 isospin components = 24].

Zeta regularization [15,16] provides the natural mecha-
nism of canceling the unphysical divergent contributions
to various physical quantities in the field theories. For
example, when applied to quantum hydrodynamics, it
provides the absence of the unphysical divergent con-
tributions to vacuum energy due to the phonon loops. The
latter are known to be canceled exactly by the physics
above the natural cutoff of the hydrodynamics [18]. If
zeta regularization is applied to quantum hydrodynamics,
those divergences do not appear from the very beginning.
The cancellation of the mentioned divergences in quan-
tum hydrodynamics occurs due to the thermodynamical
stability of vacuum [18]. That is why zeta regularization
is the natural way to incorporate the principle of the
thermodynamical stability of vacuum already at the level
of low energy approximation (i.e., at the level of
the hydrodynamics). It was suggested to apply the similar
principles of stability to subtract divergences from the
vacuum energy in the quantum theory in the presence of
gravity [19] and to subtract quadratic divergences from
the contributions to the Higgs boson masses in the NJL
models of composite Higgs bosons [20-23]. Now we
understand that the zeta regularization allows us to
implement such principles of stability to various theories
in a very natural and common way. That is why this
regularization may appear to be not only the regulariza-
tion but the essential ingredient of the quantum field
theory.

The approach presented in this paper allows us to derive
the relation M%, = m? /2 on the level of the leading order of
the 1/N. expansion. In the simplest models of the top-
quark condensation, the mass of the composite Higgs
boson is typically related to the mass of the top quark
by the relation M?, = 4m?. The resulting mass ~350 GeV
contradicts the recent discovery of the 125 GeV h boson. It
is worth mentioning that there were attempts to construct
the theory that incorporates the existence of several
composite Higgs bosons My ; related to the top-quark
mass by the Nambu sum rule ) M3, =4m;. Those
models admit the appearance of the 125 GeV /A boson
and predict the existence of its Nambu partners [21-23].
The approach of the present paper predicts the only
composite Higgs boson with the observed mass
around m,/v/2 ~ 125 GeV.

The paper is organized as follows. In Sec. II, we define
the model under consideration. In Sec. III, we present the
effective action and evaluate the physical quantities
(the practical calculations using zeta regularization are
found in the Appendix). In Sec. IV, we end with the
conclusions.
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II. THE MODEL UNDER CONSIDERATION
A. Notations

SM fermions carry the following indices:

(1) Weil spinor indices. We denote them by large latin
letters A, B, C, ....

(2) SU(2) doublet indices (isospin) both for the right-
handed and left-handed spinors are denoted by small
latin letters a, b, c, .... For the left-handed doublets,
index a may be equal to 0 and 1. For the right-
handed singlets of the Standard Model, this index
takes values U, D, N, E that denote the up quark,
down quark, neutrino, and electron of the first
generation and the similar states from the second
and third generations.

(3) Color SU(3) indices are denoted by small latin
letters i, j, k, ....

(4) The generation indices are denoted by bold small
latin letters a, b, c, ....

Additionally, space-time indices are denoted by small

greek letters pu,v,p,.... Let us introduce the following

notations:
e=(o)oe=(0) =)
d SL by
R%]:MR, R%/:CR, R%]:tR,
RID = dRa R2D = SR, R% = bR’ (21)
and
e G G A
er ML 7L
Rllv = Ug, RIZV = I/ﬂR, R?V = UTR,
R}? = €R, R%v = UR, R% = Tpg. (22)

B. The action

In our consideration, we neglect gauge fields. The
partition function has the form

Z= /Dl/?DweiS. (2.3)

By y, we denote the set of all Standard Model fermions.
The action § = [ d*xidyy + S, contains two terms. The
first one is the kinetic term. The second one is related to the
hidden strong interaction between the SM fermions that
results in the appearance of the additional four-fermion
nonlocal interaction term
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1 _ _
Sy = e E :/d4x1d4xzd4y1d4)’2d4z (Lz(xl)R?](xZ)G?J(xl = 2,% = 7) + Ly(x))R{ (x2) Gy (x1 — 2,4, = 2)
I a

+ R (x1)L2(x2) €5 G (x) — 2, %y — 2) + R (x1) L2(x2) €. G (x) — 2,5 — Z))

x (G;s(yz ooyt = LR (v2)epa + G (s — 2031 — )L RE(v2)ena

+ G?J(h -,

Here, M7 is the dimensional parameter (it will be shown
below that its bare value is negative and is around
M? ~ —M% ~ —[90 GeV]?). Functions G2(y, —z,y, —2)
for a =U,D,N,E are the form factors mentioned in
J

S0y Y

I' a g=p—k=p'-k'

+ R (p)L2(k)ep G (p. k) +

R ()LE () + G (s — 2oyt — IR <y1>ca<y2>)

(p)ﬁa( >€bc

(2.4)

the Introduction defined in coordinate space (G2
means complex conjugation, €,, is defined in such a
way that €1, = —€,; = 1). In momentum representation,
we have

(iz@)Rz(k)Gz(p, K) + L) RY ()G (p. k)

(p,k)>

X (G%(P’, K)LE(K )RS (P")epa + GE(p'. k) LYK )RE(P Jepa

LG K)RY(K)LA() + G (o K)RY () L3 >)

Here, V is the four-volume. Fermion fields in momentum
space are denoted as y(q) = ¥ [ d*xe "y (x), while the
form factors in momentum space are defined as G2 (p, k) =
[ d*xd*ye= PTG (x,y) for a = U,D,N, E. According
to our supposition, all functions G2(p, k) = ¢2(q, p*. k?)
vary between fixed values much smaller than unity at small
momenta and unity at large values of |¢?|,|p?|. |k?|:

Gi(p.k) = ga(q*, p*. k%) — 1
( |~ M7~
Ga(p. k) = ga(¢*. p*. k*) — «§
(141, 1P°], || < M),
Ga(p. k)| = |da(q* P*. )] < 1
(Ig°] ~ M%; | p*|, || < M3

[90 GeV]?),

(2.6)

(except for the top quark). Here, M, =90 GeV is the
electroweak scale, and «3 are the dimensionless coupling
constants that are all much smaller than unity except for the
top quark. Because of the isotropy of space-time, all
G2 are the functions of the invariants p?, k%, and ¢> =
(p — k)? only. Besides, in order to provide the left-right
symmetric mass matrix (see below), we require G2(x, y) =
G3(y,x) that leads to G(p.k)=G(k,p) and to

2.5)

[
3 (q%, p>. k*) = 2(¢%, k*, p?). In principle, we may con-
sider the real-valued form factors G(x,y) = G(y,x) that
would result in G3(p.k)=[d*xd*ye PR GA(x,y) =
[d*xd*ye Py Ga(x,y) =Ga(k,p) =G3(—k,—p). Since
G(k,p) = G(—=k,—p) = g((p — k)*, K>, p*), we would
arrive at the real-valued form factors in momentum space.
We imply that Eq. (2.6) is valid for the complex valued
p%.q%, k? in the upper half of the complex plane. Besides,
we require that for the top quark

G,(p, k) =G3(p, k)~ 1, 2.7)
for any p, k. We may choose, for example,
aM4 4 aM4 k4 aM4
g’ p* k) = g L PPV P
gt +yAM; T pt+23MT Tk + 2AM
(2.8)

with some constants a, 3,7, 4, such that j:/j:f: = k3 while
ad, fAy3 12 < 1 and a3, = B3 =y = A3, = 1. We may
also interpolate the form factors as follows (for all fermions
except for the top quark):

1for|g*],|p?|, |K*| > M}
g3(q% p*. k?) —{ ol (29

KA1, otherwise
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with a dimensional parameter M, such that My < M; (where M, is the Z-boson mass). For the top quark, we set

Gy (p.k) = gy (4> p*. K?)

the form

s [ ax [wiaw— M)

_ Z / d*x,d*x,d*z [( [Z,Z(xl)R?,(xz)G?,(xl - 2,%
a

= k3, = 1. Let us introduce the auxiliary scalar SU(2) doublet H. The resulting action receives

COHY() + B )Ry ()G (g — 2. — z)Hb<z>]

; {z@'(x] RS (62) G (1 — 2., — DDA (2)epe + L3 YRE (1) G (s — 2,1, — z)ﬁh@)ebe} n <H.c.>>] .

In momentum space, we have

S = VZ[ p)pyw(p
—vzz[

a qg=p-k

VYT [ig(k)Rmp)G,%

a qg=p-k

- H*(p)H(p)M7

where H(q) =+ [ d*xH(x)e™i*.

The 1mp0rtant property of the functions g2 (g2, p?, k?) is
that the Wick rotation from the positive values of p2, g%, k?
to negative values of p2, g% k* (i.e., positive values of
Euclidean momenta squared) keeps the relation

Gi(p. k) = gi(q*. p*.k*) > 1
(1g%[.[P?[. [k*| ~ M7 ~ [90 GeV]?). 2.11)
This will allow us to evaluate loop integrals using the
Euclidean expressions (see the Appendix). It is worth
mentioning that the invariance of Eq. (2.11) under the

Wick rotation is seen directly in the form of the form factors
of Eq. (2.8).

C. Fermion masses

In the following, we fix the unitary gauge H =
(v+ h,0)T, where v is the vacuum average of the scalar
field. We denote the Dirac four-component spinors in this
gauge corresponding to the SM fermions by w3. We omit
angle degrees of freedom to be eaten by the gauge bosons.
In this gauge, the propagator Q3, a = U, D, N, E of the SM
fermion has the form

[03]7! = py — vG3(p. p).

For each fermion, except for the top quark, there is the pole
of this propagator at | p?| < M2 that gives the fermion mass

(2.12)

m3 ~ vG3(0,0) ~ vka. (2.13)

(p. KV (g)epe + L2RRE(D)GA(p. KV (q)epe + <H.c.>} } ,

PIRY(K)GY (p. k)H" (q) + L3 (p)RY (k)G (p. ) H" (q) + (H-C-)}

(2.10)

|

For the top quark, we have m3, = v. The value of v is to be
calculated using the gap equation that is the extremum
condition for the effective action as a function of h.

The effective action of Eq. (2.10) can be rewritten as

_ / d*x(ip(x) (i0y — M)y (x) = 7(x) |Gy (x)

- Mj(v+ h(x))?), (2.14)
where M is the mass matrix. It is diagonal, with the
diagonal components m?% (a=U,D,N,E;a=1,2,3)
given by x;v. Here we use the following notation for the
h-dependent operator G,:

A

[Ghé](x)) = /d4zd4x2§(x2)G(x1 —z,X% —2)h(2).

(2.15)

This operator is Hermitian, as follows from the condition
G(x,y) = G(y,x). We imply that the # boson of
Eq. (2.10) is responsible for the formation of masses of
W and Z bosons. Here and below, we omit indices a, a for
G and k. The sum over these indices is implied in the
following expressions: G and x are considered as the
diagonal matrices with the diagonal elements G3 and «2,
correspondingly.

The interaction at the momenta of fermions |p?|, |k?| ~
[90 GeV]? and the momentum of the Higgs boson |¢?| =
|(p — k)?| ~ [90 GeV]? gives rise to the U(Nyy) (With
N = 24) symmetric interaction between the real-
valued Higgs field excitations /4 and the SM fermions.
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The interaction at momenta |(p —k)?| ~0 corresponds
to the Higgs field condensate. The existing poles of
fermion propagators give the masses of all SM quarks
and leptons. The value of v is to be determined through
the requirement that > Se(h) = 0 at h = 0, where Seg is
the effective action (obtained after the integration over the
fermions).

III. EFFECTIVE LOW ENERGY ACTION
AND THE EVALUATION OF
PHYSICAL QUANTITIES

A. Effective action for the & boson:
Gap equation and Higgs boson mass

The effective action for the theory with action Eq. (2.14)
as a function of the field & is obtained as a result of the
integration over fermions. In zeta regularization, this
effective action is calculated in the Appendix up to the
terms quadratic in /4. This corresponds to the leading 1/N..
approximation.

The total one-loop effective action for the /4 boson
receives the form

sihl = [ as [—M%w LR = EoX(v + R
L AWZWPIP - MhW]. G

where

(Ip*| ~ M),
(|p?| < M),

Y log m_,z . (3.2)
According to our supposition, x, = 1, and the mass of the
top quark is given by v = m, Here we neglect the
imaginary part of the effective action that is much smaller
than the real part for the momenta squared of the / boson
smaller than 4m?. For p?> > 4 m?, the decay of the & boson
into the pair 77 should be taken into account through the
imaginary part of the effective action.

Recall that the resulting expressions for various quan-
tities in zeta regularization contain the scale parameter p.
We identify this parameter with the typical scale of the
interaction that is responsible for the formation of the
composite Higgs boson. Below it will be shown that
the value of u consistent with the observed masses of
the Higgs, W, and Z bosons is u~ 5 TeV.

PHYSICAL REVIEW D 89, 075012 (2014)

The vacuum value v of H satisfies the gap equation

9 st =o.

5 (3.3)

Then we get the negative value for the bare mass parameter
of the four-fermion interaction:

N u?
M3 = — 87;2 m%logm—tz.

(3.4)

This negative value M? ~ —M2 means that the bare four-
fermion interaction at the high energy scale p > m, of
Eq. (2.4) is repulsive. However, the appearance of the
vacuum average means that this repulsive interaction is
subject to finite renormalization: at low energies < pu,
where the Higgs boson mass is formed, the renormalized
interaction between the fermions is attractive. One can see
that there is only one pole of the propagator for the field 4.
As a result, the Higgs mass is, indeed, given by

M?, ~ 4N m? /N o = m?/2 ~ 125 GeV.

B. W- and Z-boson masses: The new interaction scale u

We may consider Eq. (3.1) as the low energy effective
action quadratic in the scalar field. There exists the effective
action written in terms of the field H. It should contain the
A|H|* term in order to provide the nonzero vacuum average
(H) = (v,0)T. Comparing the coefficients at the different
terms of this effective action with that of Eq. (3.1), we
arrive at

S[H] :/d4x(H+(x)Z%w(—D2)(—D2)H(x)

_%

g (HI* = v2)2>- (3.5)

Here the gauge fields of the SM are taken into account.
As a result, the usual derivative O of the field H is
substituted by the covariant one D = 0+ iB with B =
BgU(?a“ —|— YBy(1) (where Y = —1' is the hypercharge of
H). Functions w, Z; are defined in the Appendix. They
depend strongly on the particular choice of the form factors
G2 and satisfy the conditions of Eq. (3.2).

In order to calculate gauge boson masses, we need to
substitute into Eq. (3.5) the SU(2) ® U(1) gauge field B
instead of iD and (v,0)7 instead of H. As a result, we
obtain the effective potential for the field B:

Vg = miZpw(|IBI)|IBII>. (3.6)
Here we denote |B|> = (1,0)B%(1,0)" = ((B;U(z)—
By(1))* + [Byy* + [B3yp)?)- Up to the terms quadratic
in B we get
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2
vy z%llBllz. (3.7)

The renormalized vacuum average of the scalar field #
should be equal to =246 GeV in order to provide the
appropriate values of the gauge boson masses. In order to
evaluate the gauge boson masses in the given model, we
cannot neglect nontrivial dependence of w(||B||?>) on B in
Eq. (3.6). To demonstrate this, let us evaluate the typical
value of B that enters Eq. (3.6). Our calculation follows the
classical method for the calculation of fluctuations in
quantum field theory and statistical theory (see, for exam-
ple, paragraph 146 of Ref. [24]). The typical value of B is
given by the average ﬂuctuation (|B||?>) within the four-
volume Q of the linear size ~ -, where M is the Z-boson

M b
mass, while ||B]|?> = @fg IIB||?d*x. The direct estimate
gives (||B||*) ~ d|Q|M2 10gde€ MBI — ~ o | [z M2

(We calculate the integral in space-time of the Euchdean
signature and then rotate back the final result.) As a result,
in Eq. (3.6) we may substitute w(M2%)~1 instead of
w(||B||?). This gives

2
n Ntotal
~ T IBIP ~ T 24 mtlog 2 2||B||2
IBII2 ~ M3 % [90 GeV]?. (3.8)

That is why we arrive at the following expression for #:

N
n ~ 2730 = 16;?’" og

(3.9)

2
U
2log .
1
From here, we obtain u ~ 5 TeV.

C. Branching ratios and the
Higgs production cross sections

The Higgs boson production cross sections and the
decays of the Higgs bosons are described by the effective
Lagrangian [25]:

2m 2 2

Y hwiwy + thz +c

——hG,, Gy,
"12

Leff -

a
+C},ﬂ—’1hA A”y

m
w —cb—hbb—cc—héc—cf—fhfr.
n n n

(3.10)

Here, G, and A, are the field strengths of the gluon and
photon fields, and # is the conventionally normalized
vacuum average of the scalar field n~ 246 GeV. This
effective Lagrangian should be considered at the tree
level only and describes the channels 7 — gg,yy, ZZ, WW,
bb, ¢c,7r. The fermions and W bosons have been inte-
grated out in the terms corresponding to the decays
h — yy, gg, and their effects are included in the effective

PHYSICAL REVIEW D 89, 075012 (2014)

couplings ¢, and ¢, (the similar constants in the SM are
given by ¢, = 1.03, ¢, ~# —0.81, see Ref. [25]). The effec-
tive Lagrangian Eq. (3.10) is similar to that of the Standard
Model. This results from our initial requirement that the
form factors G2(p,k) <1 for |(p—k)?|~M?2%, and
|p?|, |k*| < M2 for all fermions except for the top quark.
This reduces considerably the rates of the direct decays of
the Higgs boson to light fermions. However, unlike the SM,
the values of ¢, c.,c, may differ from unity and are
given by

cp R (MY, my, m3) /i),
ce R g(Mp, mz, mg)/xp,

e~ (M, m2, m2) /.

The similar decay constants may be defined for all SM
fermions: ¢ ~ g(M7, m%, m})/Kg. We assume that these
constants are not much larger than unity so that the decays
into the heavy fermions dominate like in the SM.

The consideration of constants ¢, and ¢, is more
involved. Those constants contain the fermion loops. Let
us consider for the definiteness the constant c, (the
consideration of ¢, is similar). The contribution of each
fermion (other than the top quark) is given by the loop
integral. The typical value of momentum circulating within
the loop is of the order of the largest of the two external
parameters: My and m;. As a result, we cannot neglect the
form factor G(p, k) ~ g(M%, M%, M%) for the light fer-
mions compared to that of the top quark. Within this
integral, there are three fermion propagators and two
vertices proportional to y#. We arrive at the expression
(f) _ i%f (Sréf )

(3.11)

that is proportional to m; that results in écy
We may estimate the quantity 5r§,‘f ) as follows. It is given by
the dimensionless loop integral. For definiteness, let us
consider the expression for the form factors given by
Eq. (2.9). We insert G(p,k) ~ g(M%, M%, M%) ~ 1 into
the expression for the loop integral. However, while
evaluating this loop integral, we are to consider the region
of momenta squared bounded from below by M3
Additionally, we should omit the contribution of the part
of this expression related to the decay of the Higgs boson
into the intermediate state composed of two light fermions.
Such a contribution is related to the imaginary part of the
fermion propagator proportional to 5(p? — mj%) Therefore,
during the evaluation of such a contribution related to the
intermediate fermion states on mass shell, one should
substitute the value of the form factor g(M%, m]% mj%) <
1 instead of g(M?%,, M2,, M%) ~ 1. Thus, this contribution is
suppressed for the light fermions. The value g(MZ,
M3, M%) ~ 1 is to be substituted into the remaining (the
main) part of the amplitude, and we should omit the
imaginary-valued expressions during the calculation.
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For the rough evaluation of r.(f ), we use the expression for

Ay(7) given in Eq. (2.5) of Ref. [25]. We substitute into the

. M% . M
expression the value 7y = % instead of 7 =% and
am; am?

multiply the resulting expression by the two factors: % ~

MuV2 .
174—0* 2\/§1 /Tty [takes into account the vertex

g(M3;, M3, M%) ~ 1 instead of M/m,] and /7, [takes

into account that we deal with 5r_5,f ) instead of 5c§,f )]:

- v/ 1-=1 1112
5r(f) ~ 3\/2 (T()—TO 1 |:10g' /TO+ :| >

R 4 V1=1/79—1
As it was explained above, we omitted the imaginary part
of the logarithm. One can see that the value or, = 5r§f )
calculated in this way does not depend on the fermion
flavor. This value ranges between ~ — 20 at M, = 10 GeV
and ~0 at M, = 35 GeV. We should notice that this is a
very rough evaluation that should be considered as the
order of magnitude estimate only. The output from this
estimate is that the expression for the quantity r, depends
strongly on the particular form of the form factors, it is
negative, and it is of the order of ~ — 10. Nevertheless, we
feel this is instructive to give the estimate for ¢, using the
particular form of r, of Eq. (3.12). Namely, the contribu-
tions of the top quark, bottom quark, and charm quark

dominate. The ratio ¢,/ CéSM) [where céSM) is the SM value]
ranges from ~— 1.0 for My =10 GeV to ~+ 1.0 for
My = 35 GeV. We conclude, therefore, that the contribu-
tion of the light fermions depends strongly on the particular
form of the form factors ¢g3. However, there exists the
possibility that the value of the gluon fusion cross section
matches the present experimental constraints (see Fig. 12 of

Ref. [26] and Fig. 47 of Ref. [27]). In particular, the values
cy/ céSM> ~ £1.0 give the same cross section for the process
gg — h as the Standard Model.

The contribution of the light fermions to the decay
constant ¢, may be roughly estimated in the similar
way. Now, the b,c quarks and 7 lepton dominate, and
their contribution is given by 50,(,b’c’7> = (3(1/3)%m;,+
3(2/3)*m, + m.) g1, In the Standard Model value

cﬁSM), the contribution of the W boson dominates. The

modeling expression for r, of Eq. (3.12) gives the value of

¢,/ cﬁSM) that ranges from ~1.4 for My = 10 GeV to ~1.0
for My = 35 GeV. One can see that the constant ¢, also
depends on the particular form of the form factors. There
certainly exists the choice of the form factors such that the
resulting expressions for ¢y, ¢, match the present exper-
imental constraints given by Fig. 12 of Ref. [26] and Fig. 47
of Ref. [27]. There is a hint in the present experimental

(3.12)
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results. The best fit to the ratio |c,/ c}(,SM)| reported by
ATLAS is ~1.2, while the best fit reported by CMS is ~1.4.
At the same time, our rough estimate described above gives
this ratio within the interval (1.0,1.4). The best fit to the

ratio [c,/ cE,SM)| reported by ATLAS is ~1.0, the best fit
reported by CMS is ~0.7, while our estimate gives this ratio
within the interval (0.0,1.0).

We conclude that in the model suggested here, the
branching ratios of Higgs decay into the light fermions,
the branching ratio for the decay into two photons, and the
production cross section for the process that goes through
the gluon fusion gg — h depend strongly on the particular
form of the form factors of Eq. (2.5). In the two latter cases,
the dependence on the particular form of the form factors
and the potential deviation from the SM value is the most
dramatic. Nevertheless, in this subsection, we demonstrated
that the values of the branching ratios and production cross
sections match the present experimental constraints (given,
for example, in Refs. [26,27]) for a certain choice of the
form factors.

IV. CONCLUSIONS AND DISCUSSION

In this paper, we suggest that there exists the hidden
strong dynamics behind the formation of the 125 GeV
Higgs boson. According to our scenario, it is composed of
all known SM fermions. The corresponding interaction has
the form of the nonlocal four-fermion term of Eqs. (2.4) and
(2.5). The scale of the given interaction between the SM
fermions is of the order of y~5 TeV. The form factors
entering this term of the action depend on the values of the
fermion momenta p,k. At large values |(p —k)?|,|p?
|k?| ~ [90 GeV]?, all form factors are equal to unity, and the
interaction with a real-valued excitation of the Higgs boson
becomes identical for all SM fermions. In the opposite limit
of small momenta, the symmetry is lost, and the form
factors are different for different fermions. This allows us to
obtain the observed hierarchy of masses for quarks and
leptons. The Higgs production cross section and the
branching ratios of the Higgs boson decay depend strongly
on the particular form of the form factors. The most
dramatic dependence is encoded in the constants c,, ¢,
of the effective Lagrangian Eq. (3.10), which are very
sensitive to the new physics. These constants are related to
the cross section of the Higgs boson production that goes
through the gluon fusion and the branching ratio for the
decay of the Higgs boson into two photons. A certain
choice of the form factors gives the observable branching
ratios and production cross sections that do not deviate
significantly from the SM values, and the present model
matches the existing experimental constraints. The further
investigation of the LHC data may give more information
and stronger constraints on the experimentally allowed
dependence of the form factors g3 of Eq. (2.5) on the values
of momenta.

s ’
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In our model, the condensate of the composite /& boson is
responsible for the fermion masses. This distinguishes it
from the ones in which the 125 GeV & boson is responsible
for the masses of W and Z, while there are the sources of
the fermion masses different from the 4 boson (see, for
example, Refs. [28-30]). It is worth mentioning, that in the
usual model of top-quark condensation [8], the interaction
scale was extremely high A ~ 105 GeV, while in our case,
the interaction scale is y ~ 5 TeV.

In order to define the effective theory with the interaction
term of Eqgs. (2.4) and (2.5), we use zeta regularization that
gives the finite expressions for the considered observables.
The bare interaction term at the scale of yu is repulsive.
However, the loop corrections provide the appearance of
the condensate for the composite scalar field. This distin-
guishes our effective theory defined using zeta regulariza-
tion from the models with the four-fermion interaction
defined using the usual cutoff regularization. The gap
equation appears as an extremum condition for the effective
action considered as a function of the field /4 (it represents
the excitations of the composite scalar field above its
condensate). The value of the Higgs boson mass M, ~
m?/2 follows from the symmetry of the interaction term
that takes place at small distances [i.e., large momenta
I(p = k)2|.1P%. |14%| ~ M% ~ [90 GeV]?]. At these values of
momenta, we have the effective interaction term between
the composite Higgs boson and the SM fermions of the
form

S =-VY_ > [Ly(p)RY(H" ()

+ L (p)RY (W H" (q) + (H.c.)]

~VS ST EAORS (p)HP (9)en

a g=p—k
+ L2(k)RE(p)H (9)€p + (Hoc.)],

(I(p = &2 [P, k2] ~ M3). @.1

All SM fermions enter this interaction term in an equal
way. This form of the interaction term points out that the
ultraviolet completion of the Standard Model preserves the
symmetry of Eq. (4.1) already at the values of fermion and
scalar boson momenta of the order of electroweak scale
M7 ~ 90 GeV. (Recall that this implies the light fermions
to be far out of the mass shell.) We suppose that the
appearance of the effective interaction of the form of
Eq. (4.1) may be checked already using the existing data.
At least we may observe the regime of approaching the
effective interaction between the fermions and the Higgs
boson to that of Eq. (4.1).

Finally, we would like to remark that the interaction term
of the specific form Eq. (2.4) suggested here may be too
idealized. The actual interaction between the fermions that
leads to the formation of their masses may be more
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complicated. However, we expect that if nature chooses
the pattern of the composite Higgs boson suggested here,
the interaction between the composite Higgs boson and the
SM fermions should anyway have the form of Eq. (4.1) at
small enough distances. This is, probably, the main output
of the present paper: we suggest to look carefully at the
existing experimental data in order to confirm or reject the
existence of the interaction of the form of Eq. (4.1).
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APPENDIX: APPLICATION OF
ZETA-REGULARIZATION TECHNIQUE
TO THE CALCULATION OF VARIOUS

CORRELATORS

1. Evaluation of the fermion determinant

Here we use the method for the calculation of various
Green functions using the zeta regularization developed in
Ref. [16]. In order to calculate the fermion determinant, we
perform the rotation to Euclidean space-time. It corre-
sponds to the change t— —ix*, @ — i,y - I, yf >
iT*(k=1,2,3). (The new gamma matrices are
Euclidean ones.) The resulting Euclidean functional deter-
minant has the form

Z[h] = det[PT" + iM + iG),)

— /Dy‘/Dy/exp (/ d4xl/_/[i)F + i(M+ G},)]W)
(A1)

Here, y involves all SM fermions, and M is the fermion
mass matrix that originates from the condensate of h.
The operator G, depends on the functions G(x, y) and /(x)
and is given by Eq. (2.15). The transformation yw —
DSy, = —T results in Z[h] = det[PT + i(M + G,,)] =
det[PT" — i(M + G,,)]. Therefore,

Z[h] = (det[PT + i(M + G)|[PT - i(M + G,)])"/>.
(A2)

We get the fermionic part of the Euclidean effective action:
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1 . \ R
Sylh] = =3 Tr log[P* + M? + 2MG,, + G; —T[0, G,))).
(A3)

We denote A= P?>+M? and V=2MG,+G> -1[0.G,,].
It is worth mentioning that in momentum space, we have

[10.Glél(P) =i Y QE(K)g(—Q% —P*, —K>)h(Q).

0=P-K
(A4)

In zeta regularization, we have

1

Sf[h] = Easm

,uzs/dtts‘lTr exp[—(A+ V)1]. (A5)

At the end of the calculation, s is to be set to zero. Here the
dimensional parameter y appears. We identify this dimen-
sional parameter with the working scale of the interaction
that is responsible for the formation of the composite &
boson. Further, we expand

Trexp[—(A + V)1]

=Tr (e"” + (=t)e™ 'V

=02 [ cwAry ,—uA
+ due~(1mWATy emudty ). (A6)
0
2. One-point function

The part of the effective action that produces the one-
point Green function of the field 4 is equal to

s [n) = / d*xh(x)C. (A7)

C= G‘YMTI‘ <—M,u2“'/ d4Q 9(07_Q2,—Q2)>

I'(s) (2n)* (Q* + M?)*H!
B _ia X [mz]Z(l—sHl qus
8r? Tt 51

(A8)

is the number of colors. In the first row, we take into
account that the momentum circulating within the fermion
loop is of the order of the fermion mass m3. On the
language of zeta regularization, the interaction scale
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becomes the parameter entering all expressions to give
the dimensionless combinations m3/u. One can easily
check that the typical values of |Q?| are, indeed, of the
order of [m2]? as follows. We use the standard expression
for the loop integral:

. da*Q u>s 1 " w\sT(s=1)
_/(27:)4 (Q> + M?)**1 1672 <MZ> Ls+1)

(A9)

The typical value of momentum |Q| = y/Q? circulating

4,25

(QF M2y T ~
U Qr2 NMZ(I"’TZZ)S. From here we derive Q ~ M. This
distinguishes dramatically zeta regularization from the
usual cutoff regularization, where the typical value of
momentum circulating within the divergent fermion loop
becomes of the order of the ultraviolet cutoff instead of the
natural internal parameter of the theory (such as the
fermion mass).

As a result, we substitute (0, —Q?, —Q?) ~ « according
to our basic supposition about the form factors g.

within the loop may be estimated as J ~

3. Two-point Green function in Euclidean region

The part of the effective action that produces the two-
point Green functions of the field 4 is equal to

SPm =v / ap h(PYII(=P?)h(-P),  (A10)

(27)*

where T =TTV 4TI 4 T1®). Below we calculate these
three terms separately. In this subsection, we shall be
interested in the values of I1(—P?) in the Euclidean region
P? ~ M?% that correspond to the spacelike 4-momentum of
the Higgs field in space-time of Minkowski signature. This
will be required for the estimate of the values of the form
factors ¢2 in what follows. In the next subsection, we shall
discuss the analytical continuation of the obtained results to
the negative values of P? that correspond to the timelike
4-momenta of the field A.

(") corresponds to the term in V proportional to G,
squared,

) <_/ d*Q |g(—P*,— 0%, —(P+ Q)?)|? zs)
e (@

1 [mt]Z(l—s) 1 5 #2
v T 1 1),
871'2 [mf] Og {mt]z +

Tr

872 0 s—1

(Al1)

where Tr is over the spinor and flavor indices. Here the
top quark dominates the sum, which follows from the
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properties of the form factors g, because within the
integral for the light fermions, the typical values of
momenta that are much smaller than m, dominate. To
see this, we recall that |g(—P?, —(P + Q)%,—Q?)| < 1 for
each fermion. Therefore, the absolute value of the
|
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contribution of each fermion with mass m; is not larger
2
than ~8—;112m%(10gr’;—j2c +1).
I1?) corresponds to V2 and to the term in V proportional
to —F[a, Gh},

4
(2)(_p2) —asﬁ(s)/dtdur"“Tr <Furvpﬂpy/(27§4 a(—P2,-Q2, <P+Q)Z)|2€—I(Q2u+(P+Q)2(1—u)+M2)ﬂ2s)
1 s d4Q a —t(P*u(1-u 2 [m2]? s
=gy [ e (P [ SRR (0 b up PR~ b upp e )
s+2 FQ | (=P? ~(0 +uP = PP, ~(Q + uPP)P o,
“otpy” [ Z(’”/ Pl s o) (A1

We applied the transformation Q — Q — (1 — u)P. In the
fermion loop in IT?), the typical values of circulating
momentum Q2 are of the order of P2. This may be
demonstrated in the similar way as done in Sec. 2. Namely,
in the region Q% ~ P> ~ M? also the typical values of (Q +
uP — P)? and (Q + uP)? are of the order of ~M?%. There-
fore, we substitute g by unity into the integral for light
fermions and have the integral of the form

B d4Q HZS
J(-P?) = / 22)* (0% + P2u(1 — u) + [m2]2)" 72

1 205 p2 ap) > ()
FM (P u(l —u) + [m3] ) G 12)
%M2#25< 2u(1 - u))—zs 7”1;(_?2) . (A13)

Here we omit the fermion masses because for the light
fermions, m? is much smaller than P> ~ M%. On the other
hand, J may be expressed through the typlcal value of
momentum Q as J ~ £, From here we derive the typical
value of momentum Q2 ~ P?u(1 —u) ~ P2

MO (—p?) = 5, / dtdut ' Tr <M2 / 0 s
"T(s) (2m)* ™"

2

1 1
~ 4N dul 5~ 4N 2~ Jool
M 167* / o8 p 2u(1 —u) + m? AT Ogm,2

for u > m,.

|

This justifies the supposition that all form factors G may
be substituted by unity in the expression for IT%). The other
regions of momenta Q, where the values of the form factors
g are much smaller than 1 do not contribute essentially to
the overall integral. Thus, we substitute g2(—P?, —(—Q —
uP + P)?,—(Q + uP)?) ~ g(=M%,-M%,-M?%) ~ 1 for
all fermions. This gives the estimate IT?(—P?)
o Y aa(P? [g dulog m) Here, m3, = m, while
the other values of mass parameters differ from the masses
of the light fermions. Instead, we should substitute the
values of mass parameters such that for |Q| > m3, we have
@ (M3,0% 0%) ~ 1, while for |Q|<m? we have
g (M%, 0% 0%) < 1 (the final answer will not depend
on the particular values of these mass parameters). Finally,
we arrive at

N total P210g

e
3 (-p?) ~ T _t2

(A14)

The last term corresponds to V2 and to the contribution
of 2MG,, in V. It is evaluated for any values of P? in the
way similar to that of TT(!):

,—0?, —(P+ Q)z)|2e—z(Q2u+(P+Q)2(1—u)+M2))

2
K (A15)

The total expression for the function I1(—P2) for P?> ~ M%, and p > m, has the form

(-P?) ~ T

(N P? + 4N L logh 4! v
total + le)—log—Jr—N mt log +1).

Py (Al6)

t

Here, m; ~ 174 GeVis the top-quark mass, Ny, = 2(3N, + 3) = 24 is the total number of SM quarks and leptons,

while N, = 3 is the number of colors.

075012-10



STRONG DYNAMICS BEHIND THE FORMATION OF THE ...

4. Two-point Green function in space-time of
Minkowski signature

Let us consider the two-point correlation function for the
Higgs boson in Minkowski space-time T1(p?) = IT'(p?) +
ill"(p?) that depends on the external momentum of the
Higgs boson p2. It is related to the action in Minkowski
space-time as S = — [ d*xh(x)I1(p*)h(x). This quantity
may be represented as the Euclidean loop integral for the
external Euclidean momentum P?. For simplicity, we set
P =0 and P> = P3.

The consideration of the parts II(V) TI®) is the most
simple one. The top quark dominates in the resulting
expressions for all values of P?. The result does not depend
on momentum and is given by Egs. (A11) and (A15).

In consideration of TTI?), we notice that for P2 ~ M7, the
fermion Euclidean momenta Q, P + Q with (Q + P)> ~
Q? ~ P? dominate. Then we substitute into the loop
integral ¢2(—P%,—Q% —(P+ Q)?) = 1. The resulting
real-valued expression I1(>)(—P?) depends on the external
Euclidean momentum P? > 0. However, we shall be
interested in the complex-valued expression for negative
values P? = —p? ~ —M?%. In order to construct the ana-
lytical continuation of the expression IT?) (—P?) with P> ~
+M3 to P> ~—M3, we should choose the line in the
complex plane of P, that connects points My and —iMy
and along which the analytical continuation is to be
performed. We choose the sector of the circle with
|P| = My. While moving along this line for P ~ M,
we rotate in the integral Q, — ¢'?|Q,|. It occurs that after
this rotation the values of the momenta |Q| ~ My (and, as a
consequence, |P + Q| ~ My) remain dominant in the real
part TI® of T1), then we may simply substitute into the
approximate analytical Euclidean expression I1(?)(—P?)
[calculated with g2(—P?,—Q?, —(P + Q)?) = 1] the value
P? ~ —M?, take its real part, and obtain the needed
expression for T1?(p?) with p? ~ M% in space-time of
Minkowski signature. In the limit, when the new strong
interaction scale given by p is much larger than all fermion
masses, we combine the three terms T, 1) T13) and
arrive at

2 2
IT'(p) ~ —< 2 —%;:C)Zi +g;2m;210g:112
for |p?| ~ M3, (A17)
with
72 Ntotall /4_2
~ ezl (A18)

We may check ourselves and estimate the expression
for I1(p?) for the form factors of the form of Eq. (2.8).
The dominant contribution to IT' is given by Eq. (A.17),
while the subdominant terms are given by the residues at
the positions of the poles of Eq. (2.8). The resulting
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subdominant contributions are
ratios ~/23M7/M?% < 1.

For the imaginary part IT” of TI, the situation is different:
say, for iP, = My —i0 in the integral over Q for IT”,
the values Q> = -mj; and (Q+ P)* = —mj; dominate
[this corresponds to the decay of the Higgs boson into the
fermion-antifermion pair with masses m, and 4-momenta
q> = (p + q)* = +m7]. Asaresult, in order to calculate the

suppressed by the

imaginary part of I1(p?), we cannot simply substitute P> ~
—M? into the Euclidean expression. The consideration is
more involved, and we are to substitute g3 (M%,,mzf,m%)

instead of g3(—P?,—Q?, —(P + Q)?) = 1. This gives

1
" (p?) = Ton > (P —4maP)|g
a,a

(M. [ [P PO(p? = Ama2). (A19)
Since all values k% < 1 for all fermions except for the top
quark, we may neglect the imaginary part of IT at p> < 4 m?.

Notice that the result for the one-point function obtained
above as well as the expressions for IT("), TI®) are valid for
all possible values of the momentum of the field 4. At the
same time, the term proportional to p? in Eq. (A17) [that
originates from I1?)] is valid for the values of momenta of
the order of the Higgs boson mass |p?| ~ M. In order to
obtain the expression for the effective action of the Higgs
boson field & for all values of momenta p, we need to
modify this expression. The local effective action for the
field i will result in the following expression for I1(p) valid
for all values of momentum p:

N. #
(p) = =Z;(w(p*)p* - M7) + o m%logﬁ (A20)
t

— N, total
167°

where Z

logi—i, while w(p?)~ 1 for |p?| ~ M2,
and /

M?, =~ 4N .m? /N ol (A21)

We may easily estimate the values of w(p?) for
|p?| < M3%. The expressions for TI") and TI®) remain
the same, while the expression for I1®) is given by the
integral considered in the previous subsection with
the typical values Q> < M?% instead of Q? ~ M?. That
is why we substitute ¢2(0,0,0)~«? instead of
G (=P?,—Q* —(P + Q)?) = 1. This leads to

N.

w(p?) ~ = 1/8for|p?| < M2.

total
The expression of w(p?) for the intermediate values of
momenta depends on the particular form of the form factors
g. However, in order to evaluate the main physical
quantities (masses of the Higgs boson, Z boson, and W
boson), we do not need to know the particular form of this
function for all ranges of momenta.
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