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Summary

Within the frame-work of the Glashow-Salam-Weinberg model it is shown
that the Higgs-field mediates an attractive scalar gravitational interaction of
Yukawa-type between the elementary particles which become massive by the
ground- state of the Higgs-field after symmetry breaking.

1. Introduction.

Until now the origin of the mass of the elementary particles is unclear. Usually
mass is introduced by the interaction with the Higgs-field; however in this way
the mass is not explained, but only reduced to the parameters of the Higgs-
potential, whereby the physical meaning of the Higgs-field and its potential
remains non-understood.

On the other hand there exists an old idea of Einstein, the so called ” prin-
ciple of relativity of inertia” according to which mass should be produced by
the interaction with the gravitational field [1]. Einstein argued that the iner-
tial mass is only a measure for the resistance of a particle against the relative
acceleration with respect to other particles; therefore, within a consequent
theory of relativity, the mass of a particle should be originated by interaction
with all other particles of the Universe, whereby this interaction should be
the gravitational one which couples to all particles, i.e. to their masses or
energies. He postulated even that the value of the mass of a particle should
go to zero, if one puts the particle in an infinite distance of all the other ones.

This fascinating idea was not very successful within Einstein’s theory of
gravity, i.e. general relativity, although it has caused, that Einstein intro-
duced the cosmological constant in order to construct a cosmological model
with finite space, and that Brans and Dicke developed their scalar-tensor-
theory [2]. But an explanation of the mass does not follow from it until now.

In this paper we will show, that the successful Higgs-field mechanism lies
in the direction of Einstein’s idea of producing mass by gravitational inter-
action; we find, that the Higgs-field as source of the inertial mass has to do
something with gravity [3], i.e. it mediates a scalar gravitational interaction
between the massive particles, however of Yukawa type. This results from
the fact, that the Higgs-field itself becomes massive after symmetry break-
ing. On the other hand, an estimation of the coupling constants shows that



it may be unprobable that this Higgs-field gravity can be identified with any
experimental evidence. Perhaps its applicability lies beyond the scope of the
present experimental experiences.

2. Gravitational Action of the Higgs-Field.

In a previous publication [3] we have shown approximatively the gravitational
interaction of the Higgs-field between massive fermions. In the present pa-
per we extend our investigation in an exact manner on fermions and bosons.
Due to this reason we perform our calculations within the well established
Glashow-Salam-Weinberg model of electro-weak interaction based on the lo-
calized group SU(2) x U(1), taking into account all families of elementary
particles. For this we start with the following definitions: !
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as the Cabibbo transformed quark wave-functions. Here the left-handed
fermions 9% and ¥% are doublets with respect to the localized group SU(2),
whereas the right-handed ones w% and ¥% are singlets. Correspondingly the
covariant derivatives take the form:
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Herein 7 are the generators of the group SU(2), W,* represent the corre-
sponding gauge-potentials and B, is the U(1) gauge-potential with ¢g; and
g2 as gauge-coupling constants. The covariant gauge-field strengths are given
by the commutators
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((1) and (2) refer to the group U(1) andSU(2) respectively). Here Y is the
U(1)-generator of the weak hypercharge in the different representations ac-
cording to (2.4), where we follow the notation of ref. [5] and not of [4]. Finally
we introduce a scalar Higgs-field ¢ belonging to the fundamental representa-
tion of SU(2); its covariant derivative reads

. “ 1.
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Herewith we construct the gauge invariant minimally coupled Lagrange-
density:

(2.7) L= L)+ L(F) + L(¢),
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where
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(4%, X, k real parameters of the Higgs-potential and 2™ Yukawa coupling

matrix). The field equations following from Hamilton’s action principle result
in the wave equations for the left and right handed fermions
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in the Yang-Mills equations
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Obviously the current densities separate into two gauge-covariant parts
iy (¥) and jiy,(¢) as well as j}y)(¥) and j}y)(4). In a similar way the
gauge-invariant canonical energy-momentum tensor consists of three gauge-
invariant parts:

(2.12) T\ =T\"(¥) + T\'(F) + T\"(¢)
with
(2.12a) () = ZZ [?ﬂLmi’YMDAwLmi + meﬂMD/\mei] + h.c.,
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With respect to the field-equations the conservation laws for energy and
momentum of the whole system of fields are valid:

(2.13) 9,1\ = 0.

In view of analyzing the interaction caused by the Higgs-field we in-
vestigate at first the equation of motion for the expectation value of the
4-momentum of the fermionic matter fields (i-fields) and the gauge-fields
(F-fields). From (2.12) and (2.13) one finds immediately under neglection of
surface-integrals in the space-like infinity:

(2.14) o [ [TAW) +TF)| dr = — [ 9,1 (0)d.




Insertion of T\"(¢) according to (2.12¢) and elimination of the second deriva-
tives of the Higgs-field by the field-equation (2. 11) results with the use of the
definitions of the field-strengths F{y),, and Fg, , i

dPr =

aat/ [T,\OW) +T,°(F)
— b [ [(DA0) D @70 + D 17 0 D] dt
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The right hand side represents the expectation value of the 4-force, which
changes the 4-momentum of the 1-fields and of the F-fields with time. How-
ever, the latter expression can be rewritten with the use of the field-equations
(2.9a) and (2.9b) as follows:

T\ (F) = 1 [Fopn {dha(¥) + Giha(0) | +

(2.16) + F(l)uA{ I () +id >(¢)} } ‘

Herewith one obtains instead of (2.15):
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where on the right hand side we have the 4-force of the gauge-fields and the
Higgs-field, both acting on the matter field and changing its 4-momentum.
Evidently, the gauge-field strengths couple to the gauge-currents j(;)a(w) and
j(f)(w), i.e. to the gauge-coupling constants g; and go according to (2.10a)
and (2.10b), whereas the Higgs-field strength (gradient of the Higgs-field)
couples to the fermionic mass-parameter k only (c.f. [4]). This fact points to
a gravitational action of the scalar Higgs-field.
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3. Field-Equations of Higgs-Gravity.

For demonstrating the gravitational interaction explicitly we perform at first
the spontaneous symmetry breaking, because in the case of a scalar gravity
only massive particles should interact. 2 For this u? < 0 must be valid,
and according to (2.11) and (2.12¢) the ground-state ¢ of the Higgs-field is
defined by

2

(3.1) b0 =0? = I,

which we resolve as

(32) ¢0 = ’UN
with
(3.2a) NIN=1, O\N =0.

The general Higgs-field ¢ is different from (3.2) by a local unitary transfor-
mation:

(3.3) ¢=pUN, UU=1
with
(3.3a) o'o=p* p=v(l+9),

where ¢ represents the real valued excited Higgs-field. Now we use the pos-
sibility of a unitary gauge transformation which is inverse to (3.3):

(3.4) o =U"e, =U", F,6=U"F,U,
so that
(3.4a) ¢ = pN

is valid, and perform in the following all calculations in the gauge (3.4) (uni-
tary gauge).

2The only possible source of a classical scalar gravity is the trace of the energy-
momentum tensor.



Using (3.2) up to (3.4a) the field equations (2.8a) through (2.11) take the
form, avoiding the strokes introduced in (3.4):

. m; 1 Amy 5
(3.5a) W' DL — 3 (L+ )i’ g’ =0,

. m; 1 A my nj
(3.5b) W DR — 3 (L+ )’ =0,

1 .
(3.6a) D#F@‘;;‘ + ﬁ(l + ‘P)Q [M(Qz)abwb)\ + M(21,2)aB)\} = 47](2/\)61@/1);
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wherein
(3.7a) M? = —24°h%,  (u® <0)

is the square of the mass of the Higgs-field (p-field) and
(3.8) m = ko(NTE" + & N)

is the mass-matrix of the fermionic 1-fields, which must be adjusted to the
observed mass-values of the fermions. The matrices of the mass-squares of
the gauge fields are defined by

(3.9a) My = 4nTi® 3N 7,y N = M6,
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(3.9b) M aya = 4t gngog NN = —M3 225,

(3.9¢) M(Ql) = thv?gs = M&V(i)Q,

where N = ((1)) is chosen and

(3.10) My = V7hvgs.

Diagonalization of (3.9a) up to (3.9¢) yields the four eigenvalues:

(3.11) My My My =rhv(gi +g5); 0

with the corresponding eigenvectors:

(3.11a) WY, W?A; Zy=cwW? —swBx; Ay =syW? + cw By,

wherein ¢y = cosfy and sy = sinfy (6 Weinberg-angle). The field-
strengths belonging to (3.11a) are given by:

X plph, BA 2p,
Foavy = Foys Farey = Fg)s
A 3\ A
Fgzy = cwlg" —swkiy;
(3.12) FA = swFa™ + ewF 4

Herewith we obtain from (3.6a) and (3.6b) in view of (3.9a) through (3.11)
the gauge-field equations: 3

M 2
(3.13a) D F e+ (1+)? (hW) W = dmjis (1),
My\? .
(3.13b) D F 4+ (1+¢) <hz) 72 = drjiy (),

3The covariant derivative in (3.13a, b, c¢) is defined by the covariant derivative of the
right hand side of (3.12) according to (2.9a).
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(3.13¢) DyF i = 4mj oy (¥)
with the matter current densities corresponding to (3.12):

(3.14a) Jiy (W) = ewid (W) — swid) (),

(3.140) j(,?\x)(?/)) = SW]'(S’)/\(%D) + ch<$(¢)~
In the same way we find from (3.7) for the Higgs-field :

M? 1 M?
52 + =5 (3p* + ) =

0,0"p + 572

1 — [ — o
i [QﬂLmim@Zj R+ Vrm M VL —

1
47h

Obviously, in the field-equations (3.5a), (3.5b), (3.13a) through (3.13c)
and (3.15) the Higgs-field ¢ plays the role of an (attractive) scalar gravita-
tional potential between the massive particles: According to equ. (3.15) the
source of ¢ is the mass of the fermions and of the gauge bosons W? and Z,
4 whereby this equation linearized with respect to ¢ is a potential equation
of Yukawa-type. Accordingly the potential ¢ has a finite range

(3.15) (MWW 4 W2 4 ME2, 2} (1 + 4,0)] .

(3.16) | =h/M

given by the mass of the Higgs-particle, and v=2 has the meaning of the
gravitational constant, so that

(3.17) v? = 4Gy

is valid, where G is the Newtonian gravitational constant and v a dimension-
less factor, which compares the strength of the Newtonian gravity with that
of the Higgs-field and which can be determined only experimentally, see sect.

4The second term on the right hand side of equ. (3.15) is positive with respect to the
signature of the metric.

10



5. On the other hand, the gravitational potential ¢ acts back on the mass of
the fermions and of the gauge-bosons according to the field equations (3.5a),
(3.5b) and (3.13) through (3.13c). Simultaneously the equivalence between
inertial and passive as well as active gravitational mass is guaranteed. This
feature results from the fact that by the symmetry breaking only one type
of mass is introduced. Evidently, the neutrinos 4 and the photon A do not
participate in this gravitational interaction.

4. Gravitational Force and Potential Equation.

At first we consider the potential equation from a more classical standpoint.
With respect to the fact of a scalar gravitational interaction we rewrite equa-
tion (3.15) with the help of the trace of the energy-momentum tensor, be-
cause this should be the only source of a scalar gravitational potential within
a Lorentz-covariant theory. From (2.12) and (2.12a) through (2.12c) one finds
after symmetry breaking:

(4.1) TV =T\"(¥) + T\ (W, Z, A) + T\ (¢)
with T,"(¢) given by (2.12a) and

1
LW, 2,4) = THE) + o | M {0 W) -

Arh
(4.1a) —ééf(wgwla + WO%W?“)} M2 {ZAZ“ - ;wzaza} }
(T\/'(F) according to (2.12b)) as well as
(4.1b)
p 2 PR o M 2 2
T\"(p) = v |Orp0 90—§5A Dapd ¢+R(1+90) (I-20—¢")¢|-

From this it follows immediately using the field equations (3.5a) and (3.5b):

(4.2) T =T =T@)+T(W,Z A)+T(p)
with
(4.20) T() = [Prm 505" + O 50| (1+ @),
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1
TW,Z2,A)=T(W.2) =~ — M (WA

(4.2b) FWRW) + MZZ\Z2| (1 + @)

and

2

M
(4.2¢) T(p) = v? ﬁ(gft + 43 + 40— 1) — 8Ag0(9’\g0] .
In the appendix it is shown that T'(¢)) separates in total analogy to T'(W, Z)
into the masses of the single fermions:

(4.2a") T(y) = Z(meiaei + mytut + mgid;d) (14 ).

7

Comparing (4.2a) and (4.2b) with the right hand side of the Higgs-field equa-
tion (3.15) one finds that the source of the potential ¢ is given by the first
two terms of the trace (4.2). In this way we find using (3.17):

M? 1 M?

0,0"p + ?90 + 5?(3<ﬂ2 +¢°) =

(4.3) = —A4rGy(1 + ) (T () + T(W, Z)).

In the linearized version (with respect to ¢) equ. (4.3) represents a potential
equation for ¢ of Yukawa-type with the trace of the energy-momentum tensor
of the massive fermions and the massive gauge-bosons W2 and Z as source.

Finally we investigate the gravitational force caused by the Higgs-field
more in detail. Insertion of the symmetry breaking according to (3.1) up to
(3.4a) into the first integral of the right hand side of (2.15) yields:

Ky=k [(DA@T@RWWZ@ L+ @Lmi;%Tn:LiijnjD)\(lﬂ =
= (Y g, L+ VL b )Orp+

(44) oL+ ) [(DaN) Ky @™ 7 + K1 37 7 DAN]
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Substitution of the conglomerate ki) p,,, T 7 by the left hand side of the
field equation (2.11) results with the use of (3.3a) and (3.4a) in:

- A . n; - ~ . n;

1 « (6% (0%
i {M3 (W W+ W2W2) + M2 Z,2°} (1 + go)} Oro—

1
——0, [(1 ) { MR (WL R

1 |
2o [W;Wm + WjWQ"]) - MUDZ" = 00/ 2,7 }] +

02
i (L4 )2 {ggF(aQ)#)\ {NT T.D"N — (D“N)TTGN} +

(4.5) + g1 Py {NTD* N — (D“N)TN}} .

By insertion of (4.5) into the right hand side of (2.15) the last brackets of (4.5)
and (2.15) cancel out, whereas the second bracket of (4.5) can be combined
with 9,7,/ (F) to 0,T,\/(W, Z, A) according to (4.2b). In this way we obtain
neglecting surface integrals in the space-like infinity:

aat / [TAO(W +T,°(W, Z, A)} B =

?’Lj_

_ A A My nj A A my
—/[@bLmlm nlj R +¢lem nlj L

(4.6) M, (WiW'e + W2W?) + M%Zaza} (1+ go)] Ohed’x.

_m{

In total analogy to the procedure yielding the potential equation (4.3) we
substitute the bracket of the 4-force in (4.6) by the traces T'(¢)) and T(W, Z)
given by (4.2a) and (4.2b) respectively; so we find:

2 [ 10 + 00w, 2,)] s =
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(4.7) = [(14+9)7 [Tw) + TV, 2)| dpd’a.

Considering the transition from equ. (2.15) to (2.17) we can express the
time derivative of the 4-momentum of the gauge-fields by a 4-force acting
on the fermionic matter currents. Restricting this procedure to the massless
gauge-field A* (photon) we get from (4.7):

0
= [ 00@) + 100, 2)] ' = [ nFapsilty (6)d*o+

(4.8) [+ 9) ITW) + TV, 2)] rpd’a.

Herein the first term of the right hand side describes the 4-force of the mass-
less gauge-boson acting on the matter fields, i.e. the electromagnetic Lorentz-
force coupled by the electric charge, see (3.14b):

(4.8a) €= Swgs = Cwyi.

The second term (identical with the right hand side of (4.7)) is the attractive
gravitational force on the masses of the fermions and of the gauge-bosons
W12 and Z, which are simultaneously the source of the Higgs-potential ¢
according to (4.3). This behaviour is exactly that of classical gravity, coupling
to the mass ( = energy) only and not to any charge. However, the qualitative
difference with respect to the Newtonian gravity consists besides the non-
linear terms in (4.3) in the finite range of ¢ caused by the Yukawa-term.

5. Final Remarks.

In the end we point to some interesting features of our result. First of all we
note, that in view of the right hand side of (4.7) it is appropriate to define

(5.1) In(1+¢) =x

as new gravitational potential, so that the momentum law reads:
9 0 0 3
&/[T,\ (V) + T, (VV;Z,A)}CZ T =

14



(5.2) — [ @) + T(W, 2)] daxd’a.

Then the non-linear terms concerning ¢ in (4.3) can be expressed by T'(¢) =
T(x) according to (4.2c). In this way the field equation for the potential x
(excited Higgs-field) takes the very impressive form:

2

(53) 0,00 + ji‘ie?x — _87Gy [T(W) + T(W, Z) + T()] .

Equations (5.2) and (5.3) are indeed those of scalar gravity with self-
interaction in a natural manner. For the understanding of the Higgs-field it
may be of interest, that the structure of equation (5.3) exists already before
the symmetry breaking. Considering the trace 7' of the energy-momentum
tensor (2.12) one finds with the use of the field-equations (2.8a), (2.8b) and
(2.11):

(5.4 0,0'(66) + (5 )(616) = 2T

with M? = —242h%. Accordingly, the Yukawa-like self-interacting scalar grav-
ity of the Higgs-field is present within the theory from the very beginning.
Equation (5.4) possesses an interesting behaviour with respect to the sym-
metry breaking. From the second term on the left hand side there results
in view of (3.1) in the first step a cosmological constant AM?v?/A?; but this
is compensated exactly by the trace of the energy-momentum tensor of the
ground-state. In our opinion this is the property of the cosmological constant
at all, also in general relativity.

Furthermore we emphasize that the gravitational action of the Higgs-field
is not restricted to the Glashow-Salam-Weinberg model, but it is valid in all
cases of mass producing by symmetry breaking via the Higgs-mechanism [6],
e.g. also in the GUT-model. However, because in (3.16) the mass M is that of
the Higgs-particle, the range [ of the potential ¢ should be very short, so that
until now no experimental evidence for the Higgs-gravity may exist, at least
in the macroscopic limit. For this reason it also appears unprobable, that it
has to do something with the non-Newtonian gravity currently discussed as
so called fifth force [7].

Finally, the factor v in (3.17) can be calculated from (3.10) by the use of
the mass of the W-bosons and the value of the gauge-coupling constant go;
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one finds:

1, Mp

(5.5) v = hg3JAGM}, = —g3(~——)* = 2 x 10*

277 My,
(Mp Planck mass). Consequently, the Higgs-gravity represents a relatively
strong scalar gravitational interaction between the massive elementary par-
ticles, however with extremely short range and with the essential property
of quantizability. If any Higgs-field exists in nature, this type of gravity is
present.

The expression (5.5) shows, that in the case of a symmetry breaking
where the bosonic mass is of the order of the Planck mass, the Higgs-gravity
approaches the Newtonian gravity, if the mass of the Higgs-particle is suffi-
ciently small. In this connection the question arises, following Einstein’s idea
of relativity of inertia, if it is possible to construct a tensorial quantum theory
of gravity with the use of the Higgs-mechanism, leading at last to Einstein’s
gravitational theory in the classical macroscopic limit.
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Appendix: In order to show the separation of T'()) into the single
fermionic masses it is necessary to specify the fermionic mass-matrix as fol-
lows (without suppression of the SU(2) indices I, J,...): °

(A1) my = ml?ﬁj = Zmlmkfslj‘sn;(U(cém)Z(U(c)m)ﬁ'k
k
where
: Upb, it (I,m)=(d,q)
Im\i (o)k ) 45
(42) (Ui e { 0"y otherwise

with the Cabibbo-matrix U}, according to (2.3b). Insertion of (A1) into the
right hand side of (4.2a) yields:

@Lmimnﬁj @Dan + ERmimn}fj @DLnj =
(43)
=" [ma(Erel +red) + my@nu) +Tpug) + me(dpd] +dpdg)]

which immediately goes over into the expression (4.2a’).
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