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The general relativistic notion of gravitational and ifedrimass is discussed from the general
viewpoint of the tidal forces implicit in the curvature argetEinstein field equations within pon-
derable matter. A simple yet rigorously general derivat®given for the Tolman gravitational
mass viewpoint wherein the computation of gravitationaksngequires both a rest energy con-
tribution (the inertial mass) and a pressure contributibhe pressure contribution is extremely
small under normal conditions which implies the equalitygadvitational and inertial mass to a
high degree of accuracy. However, the pressure contribigisubstantial for conformal symmet-
ric systems such as Maxwell radiation, whose constitueotqts are massless. On the other hand
the standard model of particle physics attributes the messth of many elementary particles
to a conjectured Higgs field. If such is the case, there shexikt a subtle connection between
mass as it enters into general relativity and mass as iteimter Higgs symmetry breaking. This
connection is here briefly explored.
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1. Introduction

In standard model particle physics, the masses of elementary particlepaghtio be de-
termined by the Higgs symmetry breaking mechanism. It is also thought that nthesukimate
source of gravitational fields. This strongly suggests a connection betgravity and the Higgs
mechanism which has hardly been explored. Our purpose is to take soth@giabsteps in this
direction. In Sec.2, we discuss the connection between inertial massauittional mass as they
enter into general relativity. Surprisingly, inertial and gravitational mgsse not quite equal. In
Sec.3, we discuss the coupling between the gravitational field and the Hidigsep&urprisingly,
we find that the decay of the Higgs into two gravitons may well be the dominaaydaechanism
over all other known Higgs decay modes. In Sec.4, we discuss a proxifigity eherein the mass
of one particle grows because there is another heavy particle in its neligidab Surprisingly,
we find that mass shifts allow for the detection of the Higgs field possibly belewhtieshold for
producing the Higgs patrticle.

2. Inertial and Gravitational Mass

In modern field theories, including supersymmetry, the sources of magssar@s obscure
as were the sources of standard model interactions before the introdattite gauge symmetry
principle. General relativity does give to us a principle for the mass ofi@@ble matter in which
the inertial and gravitational masses are not quite equal. To see whatligeishvtiet us consider a
condensed matter flow with a four veloci¥ and ascalar energy density. These macroscopic
fields may be computed by solving an eignenvalue problem for the eneeggtpe tensor,,. In
detail

TV = —ev, wherein Vv, = —c? and &= pic®. (2.1)

We have identified the scalarertial mass density; in a self evident manner as being equivalent
to a scalar energy density
The energy-pressure tensor then has the form

v .
Ty =€ +Pu wherein Pav =0. (2.2)

The pressure tenséy,, has three scalar eigenvalues corresponding to space-like eigesyector

3
Pan =Pinjy wherein nnj, = 8; and =73 P (2.3)
=1

Since one third the sum of these eigenvalues determines the mean scaargi?es P‘,‘J/S, the
trace of the total energy-pressure tensor reads
O=-Th=¢-3P (2.4)

To compute the scalgravitational mass density, one may begin with the tidal force tensor
[1] [2] &y, which in general relativity is determined by the curvatRyg;, g via

D) = Rua)\BVGVB- (2.5)
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Employing Eqgs.2.1-2.5 along with the Einstein gravitational field equations
8nG 1
Ru)\ = 7 (Tu)\ - ZguATg> (2-6)

it follows rigorously from general relativity that the trace of the tidal fotensor obeys[3]

4nG
O =RV = b = —(e43P). 2.7)

2
Since Eq.2.7 is the rigorous general relativistic version of the non-ristatiNewtonian field equa-
tion CDJJ- = [J%d = 4nGp in thinly disguised form, it follows that the scalar gravitational mass

densityp is given by
p e+3P 3P

2 e
Only in the non-relativistic formal limit — co can the inertial and gravitational mass densities be
identified; i.e. p ~ p; if |3P| <« pic®. General relativistic arguments require tlwat 3P which
implies an inequality between gravitational mass densiand inertial mass densiy,

(2.8)

p<2p. (2.9)

() For a gas of non-interacting photo@s= ¢ — 3P = 0 yielding p = 2p; which must be taken into
account to obtain the correct bending of light around the sun. (ii) Feteays which are confor-
mally invariant® = ¢ — 3P = 0 so that gravitational masses are twice as large as inertial masses.
(iii) The gluon Lagrangian exhibits conformal symmetry. If such symmetry ne@tbunbroken,
then the gravitational mass of a glue ball would be twice the inertial mass of daludf one is

to maintain that glue is responsible for much of the mass in macroscopic systemsptiformal
symmetry must be broken. (iv) In principle, one must prove conformalsgtry breaking within
the QCD model by firstly assigning a masgothe gluon. Secondly, after proceeding to calculate
the infinite volume limit@gye(M) = liMy .« <—(Tg|ue)“u>v, one must prove that as the assigned
gluon mass goes to zero there is indeed a symmetry break;.ti®gue(M) # 0. Such a proof,
even for pure glue, does not yet exist. (v) Since the matter which wersaadius satisfies to a
high accuracy the equality of inertial and gravitational mass, p; must be a requirement on any
dynamical scheme of conformal symmetry breaking. Let us see how thisvimrthe case of the
Higgs model.

3. Massand Gravity in the Higgs M odel

There is a Higgs potential energy dengity¢ ) constructed, by close analogy with Ginzburg-
Landau superconductivity theory, to yield a vacuum expectation wetti€0|¢|0) # 0. The hope
that a Higgs patrticle will be observed is based on an expansion

P (v+0) wherein o] <. 3.1)

V2

It should be noted that the particle of the superconductivity Ginzburgtaa model (the Cooper
pair) is not usually treated in this manner. With the masses of elementary pawidtes as
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my = (hfa/c)v, the trace of the energy-pressure tensor

o3 (om) >

may be employed to write the lowest order interaction between a Higgs partitthenest of the
particles; i.e.

o
ﬁm:_<v>@+..._ (33)
The particle nature of the Higgs field should be made manifest via the prmpaga

d*k

2 (3.4)

i(0lo(x)a(y)|0), =Du(x—y) = /DH _igH)dktey)

wherein the subscript “+” indicates time ordering. With the lowest order $liggssviy = (hk /c),
one finds the propagator expression

1
2
Dy (k%) = T KE-A(D) (3.5)
In virtue of Eqs.3.3-3.5, one finds the lowest order expression for ihgs-elf-energy,

- 1)\ 2 key 0K

I'I(x—y)_<ﬁcv) (0/000@)|0), = [M(R)e T (3.6)
which implies

N(k?) = (fGF> /<0|e() (0)]0), e kX d, (3.7)

whereinGe is the Fermi weak interaction coupling strength. The Higgs decay rate idthere

rH:EDmI'I(KZ—i0+)=<\§4iF>De[/ <oe<x>e<o>|o>+ei“d“x}kz 69

Employing the partial stress tensor trac®, from Eq.3.2 allows for the computation of the Higgs
decay rate into a particle-antiparticle pey=T(H — a+a). Itis

Oa=-—my ((‘;"Ti) = = (‘gﬁf) De[/(O@a(x)@a(O)\0>+e‘ik'X d4x]k2_K2. (3.9)

Conventional Higgs decay calculations have been based on Eq.3.9.
On the other hand, the Einstein Eq.2.7 yields a scalar curvature identity vgezating on
physical quantum states,

R(x) |physica) = — (8246> T4 (x) |physica) = (?) O(x) |physica}, (3.10)
so that
¢t \?
010090(0)10). = (515 ) (ORKIRO)0).. (3.1)
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Egs.3.8 and 3.11 imply the possibility for a Higgs to decay into two gravitons at a rate

4\ 2 ,
NH —g+9) = (@iF> (8(;:TG> De[/ (O\R(X)R(O)\O>+e*'k'x d4x} . (3.12)

k2=—k2

Expanding the scalar curvature in terms of operators creating and yegttao gravitons and
inserting Fermion ghost terms to preserve gravitational gauge invarigplgts the total rate[4][5]

FH—g+g) = £§T<G':ﬁ'::"a> <M“ﬁ°2>. (3.13)

Note that the above decay rdtéH — g+ g) is independent of the gravitational coupling strength
G. Presuming the Higgs mass were in the range 120 GigavdMi;c?/e < 160 Gigavolt, the
two graviton decay would be dominant over all of the other studied decaynets of the Higgs.
The gravitons would interact so weakly with ponderable matter that their egesteould only
be inferred from missing energies and momenta. This experimental situatidd bewclosely
analogous to case of known decays into neutrinosZsayv + v, wherein the neutrinos can only
be detected via missing energies and momenta.

4. HiggsInduced Mass Interactions

The effective action describing the exchange of a Higgs which em@@sa source and sink
follows from Eq.3.3. Itis

St e Voo [ [ @008 (x-y)@yaaty @)

For a classical particle moving on a path determined by the space-time positiras a function
of proper timer, the source field for the Higgs

O (X) = Mc? /J S(x—X(1))(cd1). 4.2)

The interaction between two such particles is thereby

Sib = V2GEMaMyc / D (Xa(Ta) — Xb(To))dTad Ty (4.3)

P ) 2,

For two paths wherein the particles are fixed at spatial poingdry, separated by = |[ra —ryp,
the Higgs particle exchange potential is computed fBpn= — [Ugp(r)dt whereint = (ta+1p) /2.
In detail, the Higgs exchange induces a potential between two mislsssasdM, given by

—Kr
Uan(r) = — (ﬂGFMaMb> er wherein k = JHC (4.4)

Am h

Eq.4.4 may be compared with the Newtonian gravitational en@& ity(r) = —GMgMp/r. For
the Higgs case, the exchange potential is screened on the lengtixséaleowever, in both the
Higgs and graviton cases, the force is proportional to the product oh#sses.



Sources of Mass Y.N. Srivastava

If two particles are in the neighborhood of one another, then the Higgsdiettliced by one
particle will renormalize the mass of the other particle. If a comp{estecays into two stable
particles, then these particles will not be in the neighborhood of eachfothéartually all of their
world line proper times. On the other handXifdecays into a particle anti-particle pxir— a+a,
each of which has a finite Iife-timé;l = Fgl then over a finite fraction of their lifetimes, the
pair of particles are in each other’s neighborhood and thereby shrhibitemass shifts; i.e. the
measured masses when the particles are produced separately may nbedh#esame as when
they are produced as a pair; i.e. there will be a Higgs induced mass shift§69, 10]

AM. — Al a In MaC2 \@GFMg Mazx
&7 22 AT 4 hc Mazy/MZ— 4M2

whereinM,; = Mz is the mass of of a single produced parti€lg = I zis the single particle inverse
lifetime and,/s = Maz is the invariant mass of the pair.

To understand the basic physics of how life times and energy shifts are infimeltged, as
in Eq.4.5, consider how one calculates in quantum mechanics employing the Hiéamilbperator.
This Hamiltonian view requires an explicit choice of reference frame. Toptde perturbative
transitions rates one often employs the “Fermi Golden Rule” spectral fumctio

, (4.5)

Fi(e) = ZﬁnZVfﬂzé(S—}— E+ —Ei), (4.6)

while the energy shifts are often computed via second order perturbagioryth

o Il

ME =3 e - (4.7)

Egs.4.6 and 4.7 employing reasonable approximations yield

h Fi(e)ds h E
AE = — ~—li0)In| =——=|. 4.8
' 271/ £ 2m | )n<ﬁl'i(0)> (4.8)
The relativistic version of Eq.4.8 reads,
2 0 Al a MaC2

CAMa” & S In < T > : (4.9)

indicating that any interaction giving a particle a lifetime also induces a finite nh#ssGonsider
the processes — a+aas shown in Figurel. The final state wave functions oftheda must be
renormalized to take into account lifetimes and mass shifts as in (for examp®&PpE#Vhen the
vertex is renormalized by Higgs exchange, there is a further modificatitrehass in the form

AM, = AMéO)%”(s) wherein J#(s) = . (4.10)

V2GgM2 M2
hc V/Sy/s—4M2

Egs.4.9 and 4.10 produce the central Eg.4.5 which allows, near threfhroddnew experimental
method for detecting the Higgs mechanism for producing masses.
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time

Figurel: For adeca) — a+ a, the widths of the final state mass distributidis= I 3 give rise to lifetimes
and mass shiftAMéo) = AM,ETO). When the vertex is further corrected by Higgs exchange, asrslabove,
there is an additional mass shift correction of the fd = AM(%) 7 wherein the Higgs field produced by
the one particle changes the mass of the other particlerwithproximity.

5. Conclusions

In the standard model of matter, one begins withSalyior(3) x Vert(2) x U (1) field the-

ory with conformal symmetry even for the quark and lepton sectors of tleyth&he conformal
symmetry is broken by a conjectured Higgs field which grows masses on ddahme alementary
particles, specifically oriz, W*,e u, 1) in the electroweak interaction sector and on the quarks
(u,d,c,s,t,b) in the strong interaction sector. For the model to hold true and also give the ob
served gravitational as well as inertial masses, one must hold the Higgsifgtly responsible for
growing macroscopic gravitational mass as well as inertial mass on the eleynamatituent par-
ticles. The gravitational implications of the Higgs nechanicsm of growing inarigravitational
masses on elementary particles have yet to be fully explored.
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