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We study the flavor-changing quark-graviton vertex that is induced at the one-loop level when
gravitational interactions are coupled to the standard model. Because of the conservation of the
energy-momentum tensor the corresponding form factors turn out to be finite and gauge invariant.
Analytical expressions of the form factors are provided at leading order in the external masses. We show
that flavor-changing interactions in gravity are local if the graviton is strictly massless while if the graviton
has a small mass long-range interactions inducing a flavor-changing contribution in the Newton potential
appear. Flavor-changing processes with massive spin-2 particles are also briefly discussed. These results
can be generalized to the case of the lepton-graviton coupling.
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I. INTRODUCTION

Gravity is the only fundamental interaction which is
universally coupled to all matter fields. Universality is
then guaranteed by the tree-level coupling of the graviton
field with the conserved energy-momentum  tensor.
However, when quantum corrections are taken into ac-
count, matter-coupling universality could be spoiled.

It is known that quantum corrections to the graviton-
matter vertices (without gravitons in the loops) are finite if
the underlying theory of matter fields (in flat space-time) is
renormalizable [1-6]. This remarkable property is just a
consequence of the Ward identities (WI) that result from
the energy-momentum conservation [3]. Therefore, (mat-
ter) radiative corrections to the graviton-matter vertices
can be consistently calculated in the framework of gravity
coupled to the standard model (SM) theory.

Long ago, Berends and Gastmans evaluated the finite
corrections to the graviton-photon and graviton-electron
vertices due to virtual quantum electrodynamical (QED)
processes at the one-loop level' [6]. In the latter case the
corrections found lead to a modification of the Newton’s
law. In particular, for an electron (or any charged particle)
in a gravitational field of a stationary mass M, they found a
repulsive correction term proportional to the classical ra-
dius of the particle, r, = a/m,, or

V(r) ~ 1 -

GyMm, o
_Cn ( . ) (1)
mel"

where G is the Newton constant, « is the fine-structure
constant, and m, is the mass of the electron. At macro-
scopic distances (r > r,) the modification of Newton’s

"The same calculation was previously done by Delbourgo and
Phocas-Cosmetatos in [1], but it was incorrect due to the wrong
Feynman rules adopted [6].
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law induced by the 1/7? term in Eq. (1) is extremely small,
O(10~%2) at the surface of the earth [6].

The term 1/7* has an infrared origin as it can be simply
understood by looking at the singular behavior of the one-
loop Feynman diagrams in the massless limit (m, — 0).
The correction to the tree-level electron-graviton vertex is

proportional to ay/—g?/m? for negative small values of g2,
where ¢ is the momentum transfer. This is due to the fact
that the photon has a tree-level coupling with the graviton.
Then, the diagram where the external graviton is attached
to two virtual photons in the loop contains a term with a
powerlike infrared singularity as m, — 0. Thus, after
Fourier transforming into coordinates space, this contribu-
tion gives rise to a 1/(r*m,) correction to the Newton
potential. Notice that there is no counterpart of such effect
in QED. Indeed, due to the absence of self-photon inter-
actions at tree level, the Coulomb potential is protected
against 1/r* corrections of order O(«).

It is remarkable that, although derived in the framework
of quantum field theory, the 1/72 term in Eq. (1) has a pure
classical origin and it was first obtained on the basis of
purely classical considerations in Ref. [7]. Indeed this term
arises from the fact that the total mass of the particle is not
concentrated at a point but is partly distributed as field
energy in the space around the particle [7].

When gravity is coupled to the weak interactions the
one-loop radiative corrections to the graviton-fermion ver-
tex will include also the virtual exchanges of the weak
gauge bosons W= and Z. At the moment, a complete study
of these effects is still missing. These corrections are
expected to give small contributions in the low energy
limit and furthermore to be infrared safe, being the W=
and Z massive. Therefore, no long-distance modifications
in the Newton potential are expected from the weak radia-
tive corrections.

A peculiar aspect of the weak interactions is that they
can induce (at one loop) flavor-changing neutral currents
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(FCNC) processes in the fermionic sector. Since FCNC are
absent at tree level, they arise as a pure quantum effect.
Analogously, flavor-changing (FC) graviton vertices are
not present at the tree level. However, when gravity is
coupled to the weak interactions, quantum weak correc-
tions can induce an off-diagonal contribution (in flavor
space) to the energy-momentum tensor. These effects are
the spin-2 counterpart of the standard spin-1 FCNC con-
tribution in the SM. Because of the tensorial nature of the
coupling of spin-2 particles to the matter fields we will
refer to these effects as tensorial flavor-changing neutral
currents (TFCNC).

The aim of this paper is to compute the form factors of
the TFCNC and analyze their gravitational couplings. We
perform the exact computation of the one-loop FC
fermion-graviton vertex, i.e. retaining the full dependence
on all masses and momenta. We investigate under which
conditions these effective couplings could induce modifi-
cations in the Newton potential discussing both cases of
massless and massive-graviton exchange. We consider a
few applications of these results in the case of massive
spin-2 particles. In particular, we analyze the FC decay
f1 — f»G, and the decay G — f, f, where G stands for a
massive spin-2 particle. Our results can be easily general-
ized to the leptonic sector with massive Dirac neutrinos,
provided the Cabibbo-Kobayashi-Maskawa (CKM) matrix
of the quark sector is substituted with the corresponding
leptonic one.

The paper is organized as follows. In Sec. II we specify
the interaction between the SM fields and the graviton by
suitably choosing a gauge that avoids the appearance of
cubic vector boson-Goldstone-graviton interactions. We
analyze the general structure of the off-diagonal matrix
element (in flavor space) of the energy-momentum tensor
of fermion fields, derive the corresponding Ward identities,
and provide the analytical expressions of the relevant form
factors. The analysis of the gravitational couplings of the
TFCNC is carried out in Sec. III. In Sec. IV we analyze a
few applications of these results. Finally, Sec. V contains
our conclusions.

II. FLAVOR-CHANGING QUARK-GRAVITON
VERTEX

We are going to evaluate the interaction between the
graviton and two generic fermion states with different
flavor or the off-diagonal matrix element of the energy-
momentum tensor 7#”(x). In particular, working in the
basis of mass-eigenstates for the fermion fields, we are
interested in calculating the following matrix element”

T = —ip,|T*(0)py), 2)

where the initial and final states are assumed to have

The definition of T#” corresponds to the Feynman rule for the
off-diagonal matrix element of the energy-momentum tensor.
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momenta p; and p,, respectively, with p? = m? and spi-
norial wave functions u;(p;) (i = 1, 2) while the four-
momenta p, g are defined as p = p; + p, and ¢ = p; —
p». It is understood that initial and final states have differ-
ent flavor and mass. The relevant Feynman rules which are
necessary in order to calculate the above matrix element
can be easily derived by looking at the graviton couplings
with matter fields.

The interactions between gravity and the SM fields are
assumed to be described by the action integral

s = [ dx =g Loulg,]) 3)

where the SM Lagrangian, Lgy, is thought to be written in
terms of the metric tensor g,,, and for the fermionic part
using the vierbein formalism. In Eq. (3) g = detg,, and
L\ includes the classical term and the gauge-fixing func-
tion in the R; gauge (the term with the ghost fields is not
relevant for our discussion). To obtain the interaction of the
graviton with the SM fields we expand in Eq. (3) the metric
g around the flat one as g,, = n,, + kh,,, retaining
only the first term in the graviton field where 7,, =
(+1, -1, —1,—1), k = /327Gy, and h,,, is interpreted
as the spin-2 graviton field. We notice that, if in the gauge-
fixing term in Lgy the standard ’t-Hooft gauge-fixing
function is taken, vertices in which a graviton field induces
a transition between a vector boson and its unphysical
Goldstone boson counterpart are going to appear [8]. In
order to avoid the appearance of vector-Goldstone-
graviton interactions we find it convenient to use a modi-
fied version of the "t-Hooft gauge-fixing function, or

Loy = =g gm Wi+ gTt W,
iEE o)~ (shoeen |
- % :gwaf‘B” + g"T!,B,
+iEE @1~ 0o | @

that differs from the standard one by the terms® propor-
tional to I'),. In Eq. (4) ¢ is the gauge parameter, g,
Wk (g', B*) are the coupling constant and fields of the
SU(2) (U(1)) group, o are the Pauli matrices,

Fllfp = %gﬂa(apgav + augap - aagvp) (%)

is the Christoffel symbol, and

*The addition of a term proportional to the Christoffel symbol
in the gauge-fixing function of a spin-1 massive particle was
considered in Ref. [9]. However, in that work the mechanism of
mass-generation for the spin-1 particle was not addressed.
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with ¢, the physical Higgs field, ¢, and ¢, the unphys-
ical counterparts of the W* and Z vector boson, and v the
vacuum expectation value.

At the first order in the « expansion, the interaction
Lagrangian for the tree-level graviton coupling to SM
fields, is

1
gy T e g
P

-Eint =

where T#” is the energy-momentum tensor of matter fields
obtained from the Lagrangian in Eq. (3) with the gauge-
fixing function given in Eq. (4). The mass-scale Mp ap-
pearing in Eq. (7) is the reduced Plank mass defined as
Mp = 2/k. From Eq. (7), the Feynman rules can be de-
rived. The ones, in the R; gauge, relevant for our calcu-
lation are collected in Appendix A. Feynman rules for
graviton interactions with vector bosons, in the unitary
gauge, can be found in Refs. [9-11].

Because of the V-A nature of the charged weak currents,
the exact expression of the off-diagonal matrix element (in
flavor space) of energy-momentum tensor 77 has the
following structure:

l-GF 12

16722 Zfi(l” Q)i (p2) O uy(py) ()
=1

Try =

with

(P falp. @) + ¢*fo(p. q) +

2
£ )+ 10 @)+ @ fop @)+ (- D f10(p, @) = s Fia(p, ) = O,
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O1" = (y*p” + vy p")Py,

05" = (y*q" + v"q")Py,

Oéw ="M,

of" = prp'M,,

04" = qtq"M,

Og" = (p"q" + q*p" )M,

04" = nhvM_, )

O§" = ptp'M_,

oh" = qtq"M_,

oYy = (p*q” + q*p")M_,

vy Mymy v "

O = ——=(y*p” + y"p")Pp,

m
w

nymy

01y = —5—=(v*q" + v"q"*) Py,
myy,

where Py p = (1 & y5)/2 and M. = m P = myP;.

The form factors appearing in Eq. (8) are not all inde-
pendent. Indeed, due to the conservation of the energy-
momentum tensor ,7#"(x) =0 (or equivalently
9, T*”(x) = 0), a subset of independent form factors arise.
In momentum space, this relation is translated into

q,.(p2IT*"(0)|py) = 0, (10)

which reduce the number of form factors f;(p, g) in Eq. (8)
into an independent subset. Applying Eq. (10) into the
right-hand side (r.h.s.) of Eq. (8), we get the following
set of WI

(p-afi(p. @) + ¢*f2(p. q) =0,

f3(p. @) + @ fs(p.q) + (p - @) fs(p. @) +

%fu(p, q) =0,
(p-q _
mfn(l?, q) =0,

24+ (11)

2
4myy
2

—+

2
AP+ (0 afs(p @)+ Pfiop @) — 5l fu(p @) =0,

These relations provide a strong check of our calculation in
terms of Feynman diagrams.

In the case of light external states, the dominant contri-
bution to 7#” comes from the O; and O, structures. Indeed
the 03-0;, structures have a single chiral suppression
while O;; and Oy, are double chirally suppressed.

The interaction of the graviton with two different fer-
mion fields is described at the lowest order by the one-loop

2
4my,

(- afulp.q) + ¢*f12(p. q) = 0.

diagrams drawn® in Fig. 1. To be definite we assume the
external fermion states to be quarks of different generation,
then the mixing matrix entering in the W* and ¢™* vertices
is the CKM matrix. We evaluated exactly, namely, keeping
the complete dependence on the p, ¢ momenta and on the

“Feynman diagrams have been drawn using JAXODRAW [12].
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internal/external masses, the Feynman diagrams in Fig. 1
to obtain the form factors f;(p, ¢) appearing in Eq. (8). The
calculation has been performed in the ’t Hooft-Feynman
gauge (£ = 1) and cross-checked in the unitary gauge.
While in the ’t Hooft-Feynman gauge the result is finite
before the application of the Glashow-Iliopoulos-Maiani
(GIM) mechanism, in the unitary gauge the GIM is needed
to cancel some residual divergent term. From our result we
explicitly verified all the W1 reported in Eq. (11). It should
be pointed out that to satisfy the WI the &-dependent
term in the W*W™ graviton vertex (see Eq. (A2) in
Appendix A) was necessary.

The complete result is too long to be reported, however;
since we are mainly interested in analyzing the effects of
the TFCNC in low energy processes, we report here the
leading term of the form factors f;(p, ¢) in a ¢>/m%, and
(p - g)/m?, expansion of the matrix element, keeping the
dependence on the internal fermion masses exact. In this
approximation, the nonvanishing factors are given by

fi(p.q) = —q2;)\fga(xf),
frp.g)=(p- Q);/\fga(xf),
f3(p. q) = Cﬁg‘/\fgb(xf):
fs(po@) = _;)‘fgb(xf);

F1(p @) = =2(p - DD Asgalxy), (12)
f

fiolp, @) = Z/\fga(xf);
f
fulp.q) = _qzzAfgm(x_f)y
f

2P @) = (P @D Apgumlxp),
7

where x; = mj/mj, with m, the mass of the fermion
running into the loop and A, = K flK}} (the external
quarks are assumed to be of the down type), with K;; the
corresponding CKM matrix element. The functions g;(x)
appearing in Eq. (12) are given by

1
ga(x) = m[44 — 194x + 243)62 - 98)63 + 5)64
+ 6x(2 — 15x + 10x?) log(x)],
1
= — + 2 _ 3 _ 4
gp(x) 66— 1" [8 — 14x + 21x* — 14x° — x (13)
+ 2x(4 + 3x + 2x%) log(x)],

1

gm(x) = mm — 83x + 200x2 + 12x° — 142x4

+ 7x° — 12x(1 + 4x — 18x% — 2x%) log(x)].
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FIG. 1. The one-loop Feynman diagrams contributing to the

flavor-changing quark-graviton vertex in the unitary gauge. In
the R, gauge there is also the contribution of diagrams where the
W boson is replaced by its unphysical counterpart.

It is easy to check that, in this approximation, the form
factors in Eq. (12) satisfy the WI in Eq. (11). From
Egs. (12) and (13) one sees that the leading contribution
to T#” is given in terms of two functions, namely g,,(x) and
g»(x). Indeed the explicit expression of the leading terms in
T+ is

T = iGiFZ/\fﬁ(pz){(v“p” + 9" pP)PL(—q?)ga(xys)

16722 7 ’

+(y*q" +y"q")PL(p-q)g.(xp) — g q" M g)(xy)
+ [ =2(p - @M_g,(xp) + > M g, (x/)]
+(p*q” + p"q")M _g,(x)}u(py), (14)

and gauge invariance, g, T*" = 0, is easily verified using
q,04(p2)y* Pru(p,) = i(po)M _u(py).

In Appendix B we present 7#” in the approximation
(p - q) = p> + ¢*> = 0 keeping the full dependence on g>
and the internal masses.

III. FLAVOR-CHANGING GRAVITATIONAL
COUPLINGS

In this section we analyze the matrix element of the
TFCNC coupled to an external gravitational source at the
tree level. We consider the following gravitational scatter-
ing:

Ji(py) + T — fo(py) + T, (15)

where T4, indicates the energy-momentum tensor of the
external source, assumed to be conserved (GMT;",E = 0),
and f1,(p;,) are two fermions of different flavor and
masses, with associated four-momenta p, ,, respectively.
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In momentum space, the corresponding one-graviton ex-
change amplitude is given by

| BN .
M = M—%TMPZ”“”(q%Tz*g, (16)
mraB e oy : -

where P} "“"(q*) is the graviton propagator in momentum
space, with ¢ = p; — p,, and ffj‘}, is the Fourier transform
of T35 (x). It is understood that all indices are contracted
with the Minkowski metric 7,,,. In the Einstein theory, the
graviton propagator, in a covariant gauge, is given by

1
PLP(q?) = ——— 5 (hemP + pramib — purgel
q- —ie?2
+ 0#7F(q)), a7)

where the last term Q*”“P(g), which is gauge dependent, is
a tensor made by linear combinations of an even number of
g momenta with open indices, such as, for instance,
g g’ n%P or g*q"q%qP. 1t is also possible to set QHV*F =
0 by a particular gauge choice [13]. Nevertheless, due to
the conservation of the energy-momentum tensor, the con-
tribution of Q#"*A(q) vanishes when contracted with 7' wv
or TZ’%, leading to a gauge-invariant result. By using the
energy-momentum conservation, we can write

i

M=
(¢* — ie)2M3

[2T#7TSS, — CTRTS],  (18)
where we introduce, for later reference, the numerical
factor C that in the present case (massless graviton)
is equal to one. Because of the fact that the r.h.s. of
Eq. (18) is not vanishing, the scattering of a fermion on
an external gravitational field can induce a FC transition.

Despite the presence of the 1/¢” pole in Eq. (18), the FC
gravitational transition turns out to be local. Indeed by
using the leading contributions from Eq. (14) in Eq. (18)
we find

Gr _ {
=——F=— > Asll Ep” + y’pP)P,g.(x
16#2\/§M%§ FAp) (VP + ¥ PFIPLEA (X))

= (et = (56 - 1)eut)

(p-q)
+ M _ ———
(qZ_

- sulxpl2 + c<—z>]}u<p1>f7.z‘;.

(19)

The second line in Eq. (19) is zero if C = 1 (massless
graviton) showing that in the Einstein theory of general
relativity the 1/¢? pole cancels out. This is a general result
that holds also in the exact case, as can be easily proved
using the Wl in Eq. (11).

As we can see from Eq. (19), gravity and weak inter-
actions induce at one loop an effective local interaction for
the AF = 1 flavor transitions. The leading contribution to
the corresponding effective Hamiltonian is given by local
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operators of dimension eight. The characteristic scale of
this effective theory is A = \/Mpmy, ~ 10'° GeV, which
is 6 orders of magnitude below the grand unified theory
(GUT) scale. However, with respect to the known dimen-
sion six operators in the AF = 1 effective Hamiltonian of
weak interaction, the TFCNC gravitational operators in-
duce negligible effects because the scale A is much higher
and moreover it enters in Eq. (19) at the fourth power.

The fact that the 1/¢> pole cancels out in the amplitude
M in Eq. (18) for a massless graviton can be simply
understood in terms of angular-momentum conservation.
Let us suppose that the numerator of M does not vanish in
the g> — 0 limit. If this would be the case, then TFCNC
could be directly coupled to an on-shell massless graviton
(¢> = 0). In particular, a nonvanishing matrix element for
the fermion decay f; — f,G would be possible, where G
is an on-shell graviton and m; > my,. However, the decay
f1 — f>G is forbidden by angular-momentum conserva-
tion as can be easily understood looking, in the rest frame
of the decaying particle, at the conservation of the angular
momentum along the momentum direction of the two final
states. In this frame one can see that angular-momentum
conservation is unbalanced along this direction, since a
massless graviton carries only helicity states *2, while
fermions can only have helicity states =1/2. Therefore, in
the case of massless graviton, only contact terms in the
amplitude M are allowed. Instead the fermion decay f| —
f>G does not vanish if the graviton has a small mass.
Indeed, the spin content of a massive graviton contains
five independent polarization states, including, among the
spin-2 and spin-1 polarizations, also a spin-0 one. Then, the
on-shell transition f; — f,G is allowed by angular-
momentum conservation due to the presence of the spin-
0 graviton polarization.

We consider now a scenario in which the graviton has a
very small mass m. In this case, the corresponding gravi-
ton propagator in the unitary gauge is given by [13]

] 1
prraB( 2y _ i 1
¢ @) q* —m% —ie 2

X (ﬁ,ua,;:lvﬁ + ,ﬁuaﬁuﬁ _

Wl

ﬁ’”ﬁ“ﬁ), 20)

where Rk = ptv — gtq”/ sz. The terms proportional to
q/mg, that in principle can be very enhanced, actually
vanish when contracted with 7,, and therefore do not
contribute to the analogous transition amplitude M in
Eq. (18). We assume here that m; is small enough that
the corresponding Newton potential (V(r) ~ % e~ ™M) is not
affected by its effect. This is clearly true for distances r <K
1/mg, where V(r) ~ 1/r.

We recall that, apart from terms proportional to the
momentum ¢, the massive-graviton propagator in
Eq. (20) differs from the one of the Einstein theory in
Eq. (17) by a finite term proportional to p*”1n*# which
does not vanish in the limit mg — 0. This is a consequence
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of the fact that the spin-0 component of the graviton field
does not decouple in the limit mg; — 0, giving rise to a real
graviton-mass discontinuity. This phenomenon was dis-
covered by van Dam, Veltman [13], and Zakharov [14]
(vDVZ), by analyzing the one-graviton exchange ampli-
tude. In particular, they found that if the graviton has a
small mass, no matter how small, a finite difference in the
deflection angle for the light bending from the sun would
be predicted with respect to the massless case. Then, since
this prediction is out of 25% from the measured value
(which is in agreement with the general relativity predic-
tions), they concluded that the massive gravity theory can
be ruled out by solar system observations. This conclusion
relies on the fact that the terms singular in ms vanish in the
one-graviton approximation. However, there are criticisms
on the validity of this approximation based on the obser-
vation that higher order corrections can be singular in the
graviton mass and therefore cannot be neglected [15,16].

Here we show that there exists another aspect of the
vDVZ discontinuity, to our knowledge not considered so
far, concerning the flavor-changing contribution to the
Newton potential in the massive gravity theory. In order
to see that, let us consider the amplitude in Eq. (16) in the
case of one massive-graviton exchange. It can be easily
obtained from Eq. (19) with C = 2/3 giving

Gr 2

_ q
S TV 7% m——
1672\2M5% %‘ 1P (¢* — m% — ig)
14 14 2 14
X ((v“p + y'pH)P — gn“ M+)ga(xf)

2 v (p ) C]) Mext
*3 M (qg_’/n—z)ga(xf)}u(Pl)Ty,v- (2D

¢ —ie
A remarkable aspect of Eq. (21) is that the 1/4> pole in the
last term does not vanish in the limit mg; — 0. As a con-
sequence it generates an off-diagonal contribution (in fla-
vor space) to the Newton potential. In order to see that, one
has to first look at the nonrelativistic limit of Eq. (21) in the
case of an external heavy gravitational source. This should
be compared with the Born approximation to the corre-
sponding scattering amplitude in nonrelativistic quantum
mechanics written in terms of the potential function V(r).
Then, the matrix element of the Newton potential V(r)
(generated by a heavy massive particle M) between initial
and final fermions states is

. . GyM
Ulvnliy = —NTe e (m; 8y + (my —mj)A;) (22)
with
Gr(m? — m?)
A =20 N R K g (xp), 23
A N ; rikjgala) o 23)

where G is the Newton constant for the massive-graviton
case [13] and §;; is the delta function in flavor space, the
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indices i and j standing for the ingoing and outgoing
fermion states, respectively. The discontinuity in mg is
manifest in the fact that in the limit mg — O the A;; term
does not vanish, while the A; ; s strictly zero in the case of
massless graviton. Notice that the FC contribution to the
Newton potential vanishes in the case of equal masses
(m; = m;) and its attractive or repulsive nature is related
to the sign of the 3 /K K7;8,(xs) quantity. It should be
recalled that the result of Eq. (22) has been derived in the
one-graviton approximation and therefore all the criticisms
with respect to the vDVZ discontinuity apply also to it
[15,16].

IV. FLAVOR-CHANGING PROCESSES WITH
MASSIVE SPIN-2 PARTICLES

In this section we analyze a few applications of the
results derived in Secs. II and III related to processes that
are characterized by the kinematical regimes of small and
large values of |g?|/m?%,. At this aim, we consider a sce-
nario containing an elementary massive spin-2 particle in
the spectrum coupled to a conserved energy-momentum
tensor T',,,(x) via the interaction Lagrangian

1
=——T
£eff A

nv

(X)GH"(x), (24)

where G, (x) represents the massive spin-2 field and A is a
mass-scale free parameter having no relation with the
Plank mass Mp. For the spin-2 free Lagrangian we take
the Pauli-Fierz action which is the ghost-free linearized
action for a massive spin-2 particle [13]. Since we will
consider here only the first order in the 1/A expansion,
self-interactions of the spin-2 fields can be neglected and
the 7, (x) is reduced to the energy-momentum tensor of
matter fields in flat-space-time. Then, the off-diagonal one-
loop correction to the Lagrangian in Eq. (24) can be easily
generalized from the gravitational case by replacing Mp —
A.

We consider first the case of a decay process

f1(p1) = f2(p2)G(q) (25)

that can be considered as the spin-2 counterpart of the well-
known fermion radiative decay f; — f,7y. In Eq. (25) f;
and f, stand for two generic different fermions of the same
charge with p , the corresponding momenta, ¢ = p; — p,
and all the external particles are assumed to be much
lighter than the W boson and the fermions running into
the loop. The corresponding decay amplitude can be writ-
ten as

)

imgGp .
—72/\ Jxr)€,,

16 Zx/i'ffg(f)ﬂ(q)

X iy (p)ly*p” + v p*1PLui(py), (26)

where €,,(g) is the polarization tensor of the spin-2 par-

M(f, — f,G) =
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ticle of mass mg with the index i = 1, 5 labeling the five
independent polarizations and the function g,(x) is defined
in Eq. (13). In obtaining Eq. (26) we have used the fact that
for an on-shell spin-2 particle one has ¢, €*”(g) = 0 and
7,06 (g) = 0.

We point out that in the limit mg — 0 the amplitude in
Eq. (26) seems to vanish, being proportional to m%.
However, the sum over polarizations of a massive spin-2
particle [11,13]

5
j i 1 Ty ~va > 2~ Vo
> el (@ells(q) = E(n“ 778+ et = S B)
i=1

27

contains terms singular as mg — 0. Thus, after summing
over all the polarizations, averaging over the initial ones,
and integrating over the phase space, the decay width,
assuming f, massless, reads:

Glef (xg)

F(fl - fZG) 192(2 )5A2

ZAngxf) (28)

where x; = m%/m3, and f(x) = (1 —x)(1 —3(x + x> +
x*) + 1x%) absorbs the matrix element and phase space
corrections.

These results can have an application in the framework
of quantum gravity propagating in large extra dimensions
[17,18]. In [17,18], it was pointed out that if compactified
extra dimensions exist, with only gravity propagating in
the bulk, the fundamental scale of quantum gravity could
be much lower than the Plank scale Mp. In this scenario,
the standard Newton constant G in (3 + 1)-dimensional
space is related to the corresponding Plank scale M}, in
(D = 4 + §)-dimensional space, by

Gy' = 87TROM%"?, (29)

where R is the radius of the compactified manifold as-
sumed here to be on a torus. If one requires M ~ TeV,
present tests on gravity law imply that 6 = 2.

After integrating out compact extra dimensions, the
effective low energy theory describes an almost continuous
spectrum of massive spin-2 particles, which are excitations
of the standard graviton field. Then, each massive spin-2
field is coupled to the matter field by Eq. (24), where the
energy scale A corresponds to the reduced Plank mass M p.
In the case of Mp ~TeV and 6 <4, the mass splitting
between the Kaluza-Klein (KK) excitations is of the order
of KeV, and the KK spectrum can be approximated as
continuous. In this case the number density of modes
(dN) between mg and mg + dmg of KK spin-2 masses
is [11]

M
dN = S5_| —L-m? 'dmg, (30)

where Ss5_; is the surface of a unit-radius sphere in &
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dimensions which is given by Ss_; = 277" /(n — 1)! and
Ss—1 = 2"/ TI}Zj(k + ! for § =2n and 6 =2n + 1,
with n integer, respectively.

In this framework, we consider the inclusive flavor-
changing graviton decay f; — f,G, where G stands for
any KK massive spin-2 gravitons with mass mg < m;. In
this case, the corresponding decay width is obtained by
multiplying Eq. (28) for dN, with A replaced by Mp, and
integrating it over all the allowed kinematical range of m.
In particular, for the inclusive decay we get

GZm|*0Ss_11(9) 2
%F(.fl 192(2 )5M2+5 ;Afgu(xf) ’
(31)

where 1(8) = 960/(8(2 + 8)(6 + 6)(8 + 8)(10 + §)) and
6 = 2. As we can see from Eq. (31), the integration over
the number of KK states cancels the 1/M?% suppression
factor of the single graviton emission. We stress that the
final KK gravitons are detected as missing energy, since for
laboratory experiments they can be approximated as stable
particles [18]. This is due to the fact that the decay width of
a single KK graviton is strongly suppressed by 1/M?3.

For a numerical evaluation of Eq. (31) we restrict our-
selves to the inclusive B-meson decay B; — X,G, where
the standard GIM suppression is enhanced due to the
contribution of the top-quark running in the loop. In par-
ticular, for 6 = 2, the corresponding branching ratio, nor-
malized to the experimental BR(B — X7e) = 10.4% of the
semileptonic decay, is

ZBR(Bd — X,G) =10 13<TeV) ( my,

f2G) =

4
4.3 Ge V) (32)

where X, stands for any hadronic state containing an
s-quark. The above result corresponds to a top-quark
mass m; = 171.2 GeV.

Next we consider the decay of a massive spin-2 particle
G — f»f,, where f 1,2 are two fermions of different flavor.
In the approximation of neglecting the final fermion
masses the corresponding amplitude can be obtained
from Eq. (14) by setting init (p-g) =M, =M_ =0
and replacing the function g,(x) with the function
G,(x, y) provided in Appendix B, where the full > depen-
dence in the form factors is retained, or

iGFmG

M(Gﬁfo_‘l) == 164 2»\/_AZ/\fG (xf,xG)E,uy(Q)

X iy (p)ly*p” + v p*1PLvi(py). (33)

In Eq. (33) xg = mg/my,, p = p, — p and the v,(p,) is
the spinor of the antifermion associated with f. Then, for
the corresponding decay width we obtain

2,4
Grmyg;

L(G — fof1) ZFfw (34)

2
Z/\fGa(xfr xg) | >
f
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where

3
_ mgN,
L'y

1607 A2 (33)

is the tree-level decay width of a massive spin-2 particle
into a pair of massless fermions of the same flavor, with N,
the color factor.

Because of the presence of the Gzmy¢; term in the nu-
merator of Eq. (34), one would naively expect that when
mg >> myy, the one-loop decay would be strongly en-
hanced. However, this is not the case. Indeed, by using
the asymptotic expansion of the By(y) and Cy(x, y) func-
tions at large values of y [19], we obtain

Guly) =3[ P =3 loz(y) ~ im) | + G + 0(5),

(36)
~ (3x(3—x)  x(8 — 6x + x?)log(x)
R = (G )
72
- 4<Li2(1 —Xx) — F), 37

where Li(x) stands for the usual dilogarithm function and
G(y) is a pure function of y whose leading term is propor-
tional to log?(y)/y, showing that no powerlike enhance-
ment is present in the FC decay when mg > myy.
Furthermore, due to the unitarity of CKM, the contribution
of G(y) vanishes when the sum over all internal fermion
masses is performed, so that in the limit mg > my the
decay width reads:

F(G - f2f1)|m6>>mw

(v -3(ozd) )

As a last example, we consider the high-energy limit of
the following FC fermion scattering process

filp)X(q1) — fi(p2)X(q2) (39

induced by the one-graviton exchange amplitude, where
fij stands for two fermions of different flavor and X
indicates a generic particle. Because of the fact that gravity
does not change flavor at tree level, only the #-channel
diagram will contribute to the above scattering (where t =
(p; — p2)?), provided the X particle is different from the
initial and final fermions. In the fermion massless limit,
only the first term in Eq. (19), proportional to the G,(x, )
function, will contribute to the matrix element and there-
fore, regardless the graviton is assumed massive or mass-
less, in the region of large ¢ values ([t| > m},), the
following relation among cross sections holds:

2

(38)

PHYSICAL REVIEW D 79, 053004 (2009)
dofi—f; - dofi—fi G%m“‘v

dt T odt 647

X —t 2
X |Z)tf|:F(xf)—Eflog(—2):|| . (40)
7 My
d_o-fi—’fi

where <7 stands for the diagonal part (in flavor) of the
tree-level differential cross section of the process f; X —
fiX mediated by the one-graviton exchange diagram.

V. CONCLUSIONS

We computed the one-loop flavor-changing quark-
graviton vertex verifying all the WI induced by the con-
servation of energy-momentum tensor. The calculation
was performed in the R, gauge with § = 1, using a modi-
fied version of the ’t-Hooft gauge-fixing function and
cross-checked in the unitary gauge. We found that the
corresponding form factors turn out to be strongly GIM
suppressed when the internal fermion masses are much
smaller than the W mass. These results can be easily
generalized to the corresponding FC lepton-graviton verti-
ces, provided the neutrinos acquire mass of the Dirac type.

We investigated the case of a flavor-changing fermion-
graviton vertex coupled to an external gravitational source.
We show that, due to the angular-momentum conservation,
gravity and weak interactions induce at one loop an effec-
tive local interaction for the AF = 1 transitions. At low
energy, the corresponding effective Hamiltonian is given
by local operators of dimension eight suppressed by a

characteristic scale of order A = /Mpmy ~ 10'° GeV.
Thus gravitational FC effects are completely negligible
when compared to the known contribution of AF = 1
dimension six operators of the SM.

We showed that, in the case of massless graviton, the
locality of the FC gravitational interaction is related to the
cancellation of 1/¢*> pole in the corresponding one-
graviton exchange amplitude. The latter does not take
place if the graviton has a small mass signaling another
aspect of the known vDVZ discontinuity in the graviton
mass. Indeed we showed that in the graviton-massive case
the Newton potential acquires a FC contribution that van-
ishes in the limit of equal external masses.

As a few applications of our results we analyzed a new
physics scenario containing massive spin-2 particles
coupled to the SM fields. In this framework, we calculated
the width of the FC decay f; — f,G and the decay of a
heavy spin-2 particle in two fermions of different flavor,
G — f,f;. We also considered the scenario of quantum
gravity propagating in large extra dimensions. In this
framework, we evaluated the inclusive decay width for
the process f; — f,G, where G stands for any Kaluza-
Klein spin-2 graviton and estimated the branching ratio for
the inclusive B,-meson decay B, — X;G. Finally, as a
consistency test of our results, we studied the asymptotic
behavior for large spin-2 masses of the decay G — f,f,

053004-8



FLAVOR CHANGING FERMION-GRAVITON VERTICES

and the high-energy limit of the gravitational scattering
f1X — foX (with X # f,,) with respect to the GIM
mechanism. We explicitly check that also in the asymptotic
limit, the GIM mechanism acts in the usual way strongly
suppressing the process for small internal fermion masses.
The results presented for the massive graviton can be
easily generalized to the case of a graviscalar, ¢g, whose
interaction with the SM fields can be described by

1
L int = A_ TMV(X)¢S(X)UMV~

s
In particular, the counterpart of Eq. (22) for the graviscalar
reads:

. ) 1 M _,
<]|V(r)|l>: _A—§4—7Tre md’s(mlé‘u-i-(m,—m/)AlSJ)

with A7, = 6A;;. The width of the FC decay f; — f¢s
neglecting the mass of the produced particles is instead

Z)‘fga(xf)
f

2,7
Gpm;

2
32(2)° A% '

L(fy — fads) =

Finally, because the coupling between a graviscalar and the
fermions is proportional to the fermion mass, the decay
width of a graviscalar into two massless fermions is null.
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APPENDIX A

In this appendix we report the Feynman rules for gravi-
tational interactions with SM fields that are relevant for the
processes considered in this article. They are presented in
Fig. 2.

The symbols used in Fig. 2 are defined as

X,E{’)/ = ’)’,u,(klu + k2V) - 77;”(1(1 + léZ - Zmi)r (Al)
XV kst sk — 1 sk k

uvap _Enlw 20818 T NapKipkor = MupRivKoa

— Npakakig + (ki - ky + mf)
1
X (np,anvﬁ - Enﬂvnaﬁ)
171

+ ; En,tu/(klaklﬁ + kaokop + kiakap)
- nvﬁklakl,u, - nvak2/3k2p,]’ (AZ)
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fi(k1) fi W (k1)
hyw

—ig_x(fV)

0 (X + XI) PN

fi(ke) Ji P
Wi (k) fi 0"
/
By ¥
i g (f<9)
m(x,%ia + XIE/‘;)M) \/iﬂgpxl‘”
Wy (k
'3( 2) f] h/w
o™ (k1)
h h,
\ YV 72
YOO 1
A
/
¢ (k)

FIG. 2. Three and four-point vertex Feynman rules relevant for
our calculation. The particle momenta are assumed to flow along
the direction of the arrows. For the meaning of the symbols see
text.

Xﬁfl = (ky * ky + EmY)n,, — kikay — kika,,  (A3)

v
X/(IVOZ) = Kij(27an,uv - yana - ’)/Vnp,a)PLr (A4)
X = Kyl Py = P e (AS)

APPENDIX B

In this appendix we discuss the form taken by 74" in the
limit (p - ¢) = p> + ¢*> = 0, i.e. when terms proportional
to m? , are neglected. In this limit, from the Wl on Eq. (11),
only five form factors survive and T#” can be cast in the
following form:

. iGr < A
Trr= Fi(p, @)iia(p2)Of "uy(py),  (B1)
16772\/51; P> q)uz\p> 1\P1
where
ANy v v quy+qleV
Oy" = (y*p” + y'p*)P;. —TMﬂ

04" = (="' q* + q*q")M,
O3 = (=m"q* + g*q" )M,
Oiw = (p*p")M,,
0L = (pkp*)M_

(B2)
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with Fi(p, q) = f1(p, 9). F2(p, @) = f5(p, 9). F3(p. @) = fo(p, @), Fa(p. @) = fu(p, q), and Fs5(p, q) = f5(p, g). In this
basis each element O” satisfies the gauge invariance condition ¢ “ 0" =0, and so the corresponding form factors

F(p, q) are manifestly independent.

Writing
Fi(p,q) = _qzz)\fGa(xf: ), Fy(p, q) = _Z/\be(xf: ), F3(p,q) =0, (B3)
7 7
Fi(p.q) = D A;Go(xy,y), Fs(p,q) =0,
7
we find
4 ) 1.,

Guley) = 5[ @ = 3+ 2)(Baly) ~ Bol5) + (5= D@+ 9o 3) + £ Co(& ) + (= 122 + ) logto ]

+ yl_z[u 24— %(42 —23x + 5By (5) + 2(7 —dx £ 32)By(y) + (x — D8 — Tx + 2)Cy(x, )

+ %(x S = x 1 32)Cy(E ) + (14 — 3x + 4x2) log(x):l

1[(1”)(2”) L2 3mB,(5) + L(8 + 0Bo(y) — (12 — 61 + )Colx, y) + 24Co(%, F)
v 4(1 — x) 6 3
(34 — 45x + 18x% + 2x7) log(x) B
+ 6(x — 1)° ] 2Co(x, y), (B4)
Goto.y) =5 = 35+ ) Bf5) ~ Bulo) — (5 = P +-0( o) + £ Col5, ) = (5 = 172 + ) logto |

+ yzz[(x - D2 +x) + %(3 —x + )By(5) — %(2 + x + 9x2)By(y) + (6 — 7x + 2x* — x3)Co(x, y)
“ 20— 1)(1 + 20)Co(® 7) — (4 + 2x + 3x2) log(x)]

20x — 1) 3

1[3(2 —5x+x*) 1
y

(2= 59By(5) + 2 (8 — S9By() + (4~ 20Cy(x y)

(2 + 3x — 24x> + 10x%) log(x)
3(x — 1)?

- %(4 ~6x + 632)Cy(E, ) — ] 26 §), (B5)

Gulw ) = [ @ = 35+ #)(B5) ~ Bo) — (= 1’2+ Coty) + 1 Col5 ) = (& = 172 + ) loglo) |

2 1 1
+ —2[8(x — )2+ 1) + 5 (78 = 595 + SAB(F) — 5 (10 = 255 + 398y (r)
y

+ 18(x — 2)(x — 1)Co(x, y) — 18x(x — 1)Cy(X, §) — (26 + 3x + 13x?) log(x)]

+ 1[3(2 —Sx k) | AI0=9B00) 45 s p ) 4209 — 02 — 0)Cole )
y x—1 3 3
2(20 — 24x — 15x% + 10x3) log(x)

3(x —1)2

1
(- A 18G5 ) - ] 1 4Cy(x, y) — 2Co(% 7)., (B6)
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where x; = m%/mj, and y = ¢*/mj,, and x = 1/x, j =
v/x, and the functions By(y), Cy(x, y) are defined as

Bo(y) = %(y R - t[ﬁ])

Colx,y) = /: dx, /OI_XI dx[(1 — x)(x; + xp) (B7)

+yxx, — 1771

An analytic result for the function Cy(x, y) can be obtained
from Refs. [19,20]. The functions G, .(x, y) generalize
the g, (x) in Eq. (13) to include the full > dependence and
satisfy the following conditions:

}E%Ga(x, y) = g4(x), ygéGb(x, y) = gp(x),

(B8)
linolGC(x, y) = 0.
y—

PHYSICAL REVIEW D 79, 053004 (2009)

Notice that, despite the presence of pure log(x) terms (not
multiplied by x) in Egs. (B4)—(B6), the G, .(x, y) func-
tions turn out to be of order O(x) for small x. This is
because the log(x) terms cancel out when summed to the
corresponding terms proportional to the B(y) function.
Indeed, B(¥) = log(x) + O(x). Therefore, as expected by
the infrared behavior of the diagrams in Fig. 1, for small
internal fermion masses, the GIM mechanism strongly
suppresses the TFCNC in all ranges of ¢°.
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