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We show that the non-locality recently identified in quantum gravity using resummation techniques 
propagates to the matter sector of the theory. We describe these non-local effects using effective field 
theory techniques. We derive the complete set of non-local effective operators at order NG2 for theories 
involving scalar, spinor, and vector fields. We then use recent data from the Large Hadron Collider to set 
a bound on the scale of space–time non-locality and find M� > 3 × 10−11 GeV.
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Finding a quantum mechanical description of General Relativ-
ity, in other words, a quantum theory of gravity, remains one of 
the holy grails of modern theoretical physics. While it is not clear 
what this fundamental theory might be, we can use effective the-
ory techniques to describe quantum gravity at energies below the 
Planck scale M P = 1/

√
G where G is Newton’s constant. This ap-

proach is justified by the requirement that whatever the correct 
theory of quantum gravity might be, General Relativity must arise 
in its low energy limit.

We do not have much information about physics at the Planck 
scale as experiments at this energy scale are difficult to imagine. 
We, nevertheless, have indications that a unification of General 
Relativity and Quantum Mechanics may lead to a more compli-
cated structure of space–time at short distances in the form of 
a minimal length. Indeed, there are several thought experiments 
[1–7] showing that, given our current understanding of Quantum 
Mechanics, General Relativity and causality, it is inconceivable to 
measure distances with a better precision than the Planck length 
lP = √

h̄G/c3 where h̄ is the reduced Planck constant and c is the 
speed of light in vacuum. Such arguments imply a form of non-
locality at short distances of the order of lP . We will show that 
the scale of non-locality could actually be much larger that lP de-
pending on the matter content in the theory.

An important question is whether this non-locality could be 
found when combining quantum field theory with General Relativ-
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ity as well. In [8], it was shown that General Relativity coupled to a 
quantum field theory generically leads to non-local effects in scalar 
field theories. In the current paper, we build on the results ob-
tained in [8] and extend them to matter theories involving spinor 
and vector fields as well. We show that non-local effects are uni-
versal and affect all matter fields. We derive a complete set of non-
local effective operators at order NG2 where N = Ns +3N f +12NV

with Ns , N f and NV denoting respectively the number of scalar, 
spinor, and vector fields in the theory. Then, using recent data from 
the Large Hadron Collider, we set a limit on the scale of space–
time non-locality.

Recently, several groups have studied perturbative linearized 
General Relativity coupled to matter fields. They found that per-
turbative unitarity can breakdown well below the reduced Planck 
mass [9–12]. The self-healing mechanism [13,14] demonstrates 
that unitarity can be recovered by resumming a series of gravi-
ton vacuum polarization diagrams in the large N limit (Fig. 1), see 
as well [15,16] for earlier works on large N quantum gravity. An 
interesting feature of this large N resummation, while keeping NG
small, is that the obtained resummed graviton propagator

iDαβ,μν(q2) = i
(
LαμLβν + Lαν Lβμ − Lαβ Lμν

)
2q2

(
1 − NGq2

120π log
(
− q2

μ2

)) , (1)

where μ is the renormalization scale incorporates some of the 
non-perturbative physics of quantum gravity. It has poles beyond 
the usual one at q2 = 0. Indeed, one finds [17–19] that there is a 
pair of complex poles at
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Fig. 1. Resummation of the graviton propagator.

q2 = 1

GN

120π

W
(−120π

μ2 NG

) (2)

where W is the Lambert function. As explained in [17], these com-
plex poles are a sign of strong interactions. The mass and width 
of these objects can be calculated. It was suggested in [17] that 
the complex poles could be interpreted as black hole precursors. 
These Planckian black holes are purely quantum object and their 
geometry is not expected to be described accurately by the stan-
dard solutions of classical Einstein’s equations. In particular, they 
will not decay via Hawking radiation as they are non-thermal 
objects. While they do not radiate, they are very short-lived ob-
jects and will decay to a few particles. Their widths are of the 
order of (120π/GN)1/2. Because the complex poles are related 
by complex conjugation, one of them has an incorrect sign be-
tween its mass and its width and it corresponds to a particle 
propagating backwards in time. This complex pole thus leads to 
acausal effects which should become appreciable at energies near 
(120π/GN)1/2. Using the in-in formalism [20,21] it is possible to 
restore causality at the price of introducing non-local effects at the 
scale (120π/GN)1/2. This was done, for example, in [22] within 
the context of Friedmann, Lemaître, Robertson and Walker cosmol-
ogy. The Lee-Wick prescription can also be used to make sense of 
complex poles [23,24]. The scale of non-locality is thus potentially 
much larger than lP if there are many fields in the matter sector, 
i.e., if N is large.

In [8], it was shown that the resummed graviton propagator in 
Eq. (1) induces non-local effects in scalar field theories at short 
distances of the order of (120π/GN)1/2. We extend this work to 
spinor and vector fields and demonstrate that the non-local ef-
fects propagate universally in quantum field theory as would be 
expected from quantum black holes and the thought experiments 
described previously. We consider a theory with an arbitrary num-
ber of scalar fields, spinor and vector fields and calculate their 
two-by-two scattering gravitational amplitudes using the dressed 
graviton propagator (1). We then extract the leading order (i.e. or-
der G2 N) term of each of these amplitudes and present the results 
in terms of effective operators.

The stress-energy tensors for the different field species with 
spins 0, 1/2 and 1 are given as usual by

T μν
scalar = ∂μφ ∂νφ − ημν Lscalar , (3)

T μν
fermion = i

4
ψ̄γ μ∇νψ + i

4
ψ̄γ ν∇μψ − i

4
∇μψ̄γ νψ

− i

4
∇νψ̄γ μψ − ημν Lfermion , (4)

T μν
vector = −F μσ F ν

σ + m2 Aμ Aν − ημν Lvector , (5)

where we have used the following free field matter Lagrangians:

Lscalar = 1

2
(∂φ)2 − 1

2
m2φ2 , (6)

Lfermion = i

2
ψ̄γ σ ∇σ ψ − i

2
∇σ ψ̄γ σ ψ − mψ̄ψ , (7)

Lvector = −1

4
F 2 + 1

2
m2 A2 . (8)

We can now present the complete set of non-local operators at 
order NG2. The non-local operators involving scalar fields only are 
given by

O scalar,1 = NG2

30π
∂μφ ∂νφ ln

(
�
μ2

)
∂μφ′ ∂νφ′ , (9)

O scalar,2 = − NG2

60π
∂μφ∂μφ ln

(
�
μ2

)
∂σ φ′∂σ φ′ , (10)

O scalar,3 = NG2

30π
Lscalar ln

(
�
μ2

)
∂σ φ′∂σ φ′ , (11)

O scalar,4 = NG2

30π
∂μφ∂μφ ln

(
�
μ2

)
L′

scalar , (12)

O scalar,5 = −2NG2

15π
Lscalar ln

(
�
μ2

)
L′

scalar . (13)

The non-local operators involving spinor fields only are given 
by

O fermion,1 = NG2

60π

(
i

2
ψ̄γ μ∇νψ − i

2
∇μψ̄γ νψ

)(
δα
μδ

β
ν + δ

β
μδα

ν

)

× ln

(
�
μ2

)(
i

2
ψ̄ ′γ α∇βψ ′ − i

2
∇αψ̄ ′γ βψ ′

)
, (14)

O fermion,2 = − NG2

60π

(
i

2
ψ̄γ σ ∇σ ψ − i

2
∇σ ψ̄γ σ ψ

)
ln

(
�
μ2

)

×
(

i

2
ψ̄ ′γ ρ∇ρψ ′ − i

2
∇ρψ̄ ′γ ρψ ′

)
, (15)

O fermion,3 = NG2

30π
Lfermion ln

(
�
μ2

)

×
(

i

2
ψ̄ ′γ σ ∇σ ψ ′ − i

2
∇σ ψ̄ ′γ σ ψ ′

)
, (16)

O fermion,4 = NG2

30π

(
i

2
ψ̄γ σ ∇σ ψ − i

2
∇σ ψ̄γ σ ψ

)
ln

(
�
μ2

)
L′

fermion ,

(17)

O fermion,5 = −2NG2

15π
Lfermion ln

(
�
μ2

)
L′

fermion . (18)

The non-local operators involving vector fields only are given 
by

O vector,1 = NG2

30π

(
F μσ Fνσ − m2 Aμ Aν

)
ln

(
�
μ2

)

×
(

F ′ μρ F ′ νρ − m′ 2 A′ μ A′ ν)
, (19)

O vector,2 = − NG2

60π
(F 2 − m2 A2) ln

(
�
μ2

)
(F ′ 2 − m′ 2 A′ 2) , (20)

O vector,3 = − NG2

30π
Lvector ln

(
�
μ2

)
(F ′ 2 − m′ 2 A′ 2) , (21)

O vector,4 = − NG2

30π
(F 2 − m2 A2) ln

(
�
μ2

)
L′

vector , (22)



Download English Version:

https://daneshyari.com/en/article/8187303

Download Persian Version:

https://daneshyari.com/article/8187303

Daneshyari.com

https://daneshyari.com/en/article/8187303
https://daneshyari.com/article/8187303
https://daneshyari.com

