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In this chapter we review nonlocal field theory (infinite derivative field theory). We start with the discus-
sion of the main peculiarities of nonlocal field theory on the example of d = 4 scalar ¢* model. The nonlocal
¢* model is ultraviolet finite, unitary, and macrocausal. We consider the model with an infinite number of
local scalar fields ¢,, (x) and local interactions among the local fields ¢,, (x) . An account of infinite number of
local fields ¢,, (x) leads to nonlocal and ultraviolet finite theory. We discuss the generalization of nonlocal ¢*
model to the case of abelian and nonabelian gauge field theories. In contrast to the case of ¢* model, nonlocal
gauge theories are superrenormalizable but not ultraviolet finite. The introduction of nonlocality allows to
make Feynman integrals ultraviolet finite except some finite number of one-loop integrals. Also we review
the main results obtained in nonlocal quantum gravity, and we point out that the nonlocal generalization of
Einstein gravity can make the theory ultraviolet finite except one-loop level. Especially interesting is nonlo-
cal generalization of renormalizable Stelle gravity which allows to get rid of the problems with negative norm
states at least for free graviton propagator. On the example of axial electrodynamics, we discuss gauge theories
with y5 -anomalies and show how nonlocal gauge field theories can help to make such theories meaningful.
Also we consider nonlocal generalization of standard nonsupersymmetric SU (5) Georgi-Glashow GUT and
show that it is possible to solve the problems with the proton lifetime and the Weinberg angle without intro-
duction of additional particles in the spectrum. Nonlocal scale A responsible for ultraviolet cutoff coincides
(up to some factor) with GUT scale Mgy ~ 3 - 10"GeV .
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Introduction
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It is well known [1] that local field theories are divided into (super)renormalizable and nonrenormaliz-
able field theories. For renormalizable field theories, ultraviolet divergences are eliminated by the introduc-
tion of finite number of local countert-erms. For instance, for the simplest scalar ¢* field theory in d = 4

space-time with the Lagrangian (Here we use the metric (+—).)

ARFFJEAL[1], EEIAIERI 08 (8) T ERI7IC 5 AT EEIe, X EREie, HINRANE
HSIAA RN E IR IIEER, B0, RERRIRE ¢* FIRTE d = 4 2 FRRAs I H 8O (FAT1iX
HEMAEM (+—). )

1
L = > (8498, — m*¢?) - A¢* )
all ultraviolet divergences arising in the calculation of Green’s functions in perturbation theory can be

removed by the introduction of finite number of local counterterms into the Lagrangian. Namely, the coun-

terterms

MPCAS MR RO B AP AR AT A SN RY,  # AT DOBEIE A A% B H 85 1A BRI S T I
bR, thmidid, #REIm

2
AL = (2, ~ 1) 3 (6440,9) — 42 — (2, - 1) 29" @

allow to make Green’s functions ultraviolet finite in each order of perturbation theory. In d = 4 space-
time, the most general renormalizable theory describes the interactions of massless spin 1 bosons, spin 1/2

fermions, and spin 0 bosons

A DAEAS AR R BAE ML IE B — BB SIME RN, 1E d = 4 N2, & —RATATEREHICHIIA T
TR B e 1 Bt BEE 1/2 BORFA B bE 0 Bt RIAHEEH



(The spontaneous symmetry breaking of the gauge symmetry allows to make nonzero masses for massless
vector bosons.). For instance, the SM (Standard Model) based on gauge group SU, (3) X SU; (2) X U (1) is
renormalizable field theory. For nonrenormalizable field theories like scalar ¢® model in d = 4 spacetime,
the number of different counterterms which make Green’s functions ultraviolet finite depends on the order of
perturbation theory; moreover the number of different counterterms is increasing function of the perturbation
theory order. In renormalizable field theories, the predictive power of the theory depends on finite number
of unknown parameters - masses and coupling constants - for instance in QED (quantum electrodynamics),
the predictions depend on electron mass and fine coupling constant « . In nonrenormalizable field theories,

the number of unknown parameters is infinite that makes very weak the predictive power of the theory.

(RYER FRPE R B 2 B A] PUETE B R B G T RS IEFT R, ) B, HETHVERE SU.(3) x
SUL(2) x U (1) By SMGbRIfERRTY) 2Rl BRI 10, W T ArIEERZIE, il d = 4 NEFEing
¢ BAL, RELERSARBR LU 28 SN BR B9 AS R TH TR SR AR T e IR &G HASFIHRTH IR
HERMIIE B R, TERTEER e, FICHT S sE KT B RN ARA S —BEM

B HB—PIUNTE QED(E T-HE 1% W, WIS4RAM T H T REMBAMSH R a, MES
AJEEICH, RASHRRERITHS N, XERFEICHSENIER 5.

As it was mentioned before, the SM and its extensions like SU (5) GUT and SU, (3) X SU;, (2) X SUg (2) X
U (1) left-right symmetric model are renormalizable field theories. The situation changes drastically if we
consider the gravitational interactions. It is well known that the Einstein gravity is nonrenormalizable field
theory at quantum level [2, 3]. Moreover all attempts to make Einstein gravity renormalizable and unitary
by the introduction of finite number of additional local fields failed. At present the string theory (See section
”String Theory” in this handbook.) is the most perspective approach to make Einstein gravity ultraviolet finite.
Another possible way to deal with quantum gravity is the use of nonlocal field theory (infinite derivative field
theory) [4, 5] .

WIRGFTIAR, FREEE N HY LA SU (5) RGE—HLSH SU, (3) X SUL, (2) X SUR (2) X U (1) 45X
FREBIE R P B0, UBA B RS DT EERN, 1BhEd TEREN, RFTE, ZFEmHE
FIhtEEF BRI AATERETIS [2,3], AN, ARSI AGRNESNE I LEZ R EES A
A[ERE H X IEZIRERI T, HAl, 528 (WARFM 92107 —77) BiZREBEE [ R ENE
RIS R ARTRNATR. 55— MIRE TR EES ZREMHIEEEZIE OuF SFE551R) (4,5) -

Many years ago G.V. Efimov proposed to use nonlocal field theory to make the theory ultraviolet finite
[4,6,7] . G.V. Efimov considered scalar ¢$* model and QED in d = 4 space-time and proved that the intro-
duction of nonlocal formfactor makes the renormalizable ¢* model ultraviolet finite whereas the nonlocal
QED becomes superrenormalizable field theory. It is well known that the simplest way to deal with ultra-
violet divergent Feynman diagrams is the introduction of the regularization. For instance, in Pauli-Villars

regularization [8] for scalar ¢* field theory, the replacement of scalar propagator

ZAERT G.V. HEER IR AR E BUAIE KRG EIME BRAVERIE [4,6,7]) o G.V. HHEESERIIFR T
d = 4 SRR E ¢f BARNE T B 0%, R T 5IAAEEBIARE T 7] DAL T E R ¢ R
BNEAIMEIR, MAREEE T I ERRONERIEEIE, AFEAR, AFRERINL RS 2 B
BT ERUZ S INIENME, B0, 7EARE ¢* SIERIEA-AER/RIERIL [8] H, FREEHbR R AR T
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D(p*) - Dyeq (p?) = 3)

makes all Feynman integrals ultraviolet finite except vacuum diagrams and one-loop correction to the
scalar propagator. The main drawback of Pauli-Villars regularization is that the introduction of the second

term — in (3) is equivalent to the introduction of negative norm state with a mass M in the spectrum.

M2—-p2—ig
The ¢* model with Pauli-Villars propagator (3) is local and unitary, but it contains negative norm states that
makes impossible reasonable physical interpretation of such model. The main idea of nonlocal field theory

[4] consists in the replacement of the local propagator D ( p2) to nonlocal propagator, namely,

(AR LS FERIRR RGO MBS TE D, T 2 SRS SRS BRA, YR T IE AL
FHERR, R Q) BT - 95 ANFN TSI A NRE M S, 4

EF-4ER IR T T (3) 19 ¢* RAELRER A A IEN), (HEMASHEEE, SBuEMzeat s
BRI PERERE, ARE AL [4] FADBE R R E LR T D (p?) B e+, Al

V(p)
m?2 — p? —ic’

D(p*) = Du(p*) = 4

where V (z) (nonlocal formfactor) is entire function in complex z -plane decreasing in the euclidean

2_ 102
region V (p?) — 0 at p> - —oo, for instance V (p?) = exp [(pA—Zm)] . Here A is nonlocal scale, and it is
assumed that V( p2) — lat A = o, i.e., in the infinite A limit, we obtain local ¢4 model (We assume that

formfactor V (p?) implicitly depends on nonlocal scale A .). Other interesting formfactor is

HA vV (2) AFEEIBARE T 28 7 FiF EA8EE, fERJLREARR V (p?) — 0 #1 p? — —co 4
e, BV (p7) = exp| ET | el A RAFEIRAERR, BN A — o B V (p?) — 1, B
15 A RS BRI TR T BRI 6% B0 GRITINIERIE T v (p?) B & T AR AT A ) 5
— A FRITARTE 72

V(p2)=VPV(p2)[1—sin(1—i—j)-(l—%>_l],A=M. (5)

In euclidean field theory at p?> < 0, Feynman integrals have damping formfactor V ( p2) ,and as a conse-
quence Feynman integrals become ultraviolet finite. In the limit A - coD,,; (p*) — D (p?) and we reproduce
local field theory. Both local renormalizable field theories and nonlocal field theories are Poincare invari-
ant and unitary. The crucial difference among them is that local renormalizable field theories are local and
microcausal while nonlocal field theories are only macrocausal. As it was mentioned before, it is reason-
able to assume that the world without gravity is described by the renormalizable SM or its renormalizable
extensions. Such theories are well defined except maybe the problems with Landau pole singularities (In the
SM Landau pole singularity for U (1) , gauge subgroup takes place at energies much higher the Planck scale
Mp; = 1.2x10'°GeV where the effects of quantum gravity are essential.). The situation changes drastically in
the world with gravity. A possible way to overcome problems with nonrenormalizability of quantum gravity
is the use of nonlocal gravity [9] to make the theory renormalizable or even superrenormalizable and escape
the problems with negative norm states. Very important question arises - what about the relation between
nonlocal scale A and the Planck scale Mp; ? We expect that A < Mp; because in the opposite case, the ul-
traviolet cutoff A can’ t help to make tree-level Feynman S-matrix elements well behaved at large energies.

The case with A <« Mp; is possible; however the value A ~ Mp; looks more natural. It should be stressed



that at present the single serious motivation in favor of nonlocal field theory is the fact that Einstein gravity
is nonrenormalizable field theory and its nonlocal generalization can solve the problems with the nonrenor-
malizability.

FERJLES7IES, 3 p? <o, BRERHERRBIVRET vV (p?), RERERPZTNEING
fRo £ A — coDy; (p?) — D (p?) IR FEATAT LURFAS 2 E AL . k] B Ie IR E 7 18
AR R AR K IEM . A BB DCHIE T S ] R0 R R EO R SR A, T
TEBR MR B LA R Y, QRiAmE, BTE GEERIBEEIA Y, Jo51 At 57 b nl R A bR p A
RIS H AT Y iR, PREAERRAT RIS, IXRHEICHE U2 RIFH) (FERRERER A, U Q)
RRTET-BE BB A s BRI 75 T35 B S EAR Mpp, = 1.2 x 10"°GeV IIBERAL, TR T353R AE
R CARNER), EUETIIISRT, BULETRIZVE L, fRRET51 A E R
) —FmTRETT R AARE G [9], BRI AR ARl EREE A EE, I B inyes
[, F 2 T — DR E AR AR RERR A NI AP RERR Mp, Z RIZ A RER? Tl
WA A < Mpp,, BENFEARGNLE, SOMEMT A TCTRR IR 2 S FEFETTAE S REX AR RAFAT N,
A < Mpy FITEOURATREFATERT; (B A ~ Mp, (EEBREKEHR, FEBFIE, HISHRHEEE
e — AT SEREIHUE: ZRSHES R AR ERE I, e IRE s m DR rl s
AT A]

In this chapter we review nonlocal field theories including nonlocal gauge theories and nonlocal quan-
tum gravity. We discuss gauge theories with y5 -anomalies and show how nonlocal gauge field theories can
help to make such theories meaningful. We also consider nonlocal generalization of standard nonsuper-
symmetric SU (5) Georgi-Glashow GUT and show that it is possible to solve the problems with the proton
lifetime and the Weinberg angle without introduction of additional particles in the spectrum of the theory.
For nonlocal SU (5) Georgi-Glashow GUT nonlocal scale A responsible for ultraviolet cutoff coincides (up
to some factor) with GUT scale Mgyt . In the simplest nonlocal modification of the SU (5) GUT model
Mgyt ~ 3 -10"GeV.

ABERANEEEE 7L, EEIEE S EIC S IREIRE 151 . BATHEFE s R RIMTERE
16, UBRAEE B E e AN S B R Bl Bag PP o BATTIEH IR TARMEARERNFR SU (5) 71 -
8 R GE— B AYAEE B, IERITCRAEEIE I th 5 | NBTIMRL ¥ BT AT g R 51 A7 an A TR RS A
A, X FAREE SU (5) Fr M RS — BRI, Ts SN YA BRERR A (HHZE — P HEUA
F) GRG—HEDR Mgyr —8 1E SU (5) KRG — AR AR E BRIE IEH Moyr ~ 3 - 10'°GeV.

The chapter is organized as follows. In the next section, we discuss the main peculiarities of nonlocal field
theory on the example of d = 4¢* model. We show that nonlocal d = 4¢* model is unitary and macrocausal.
In section "Local Field Theory with Infinite Number of Local Fields as Origin of Nonlocality” we consider the
model with an infinite number of local scalar fields ¢,, (x) and local interactions with higher-order derivatives
for each local field ¢,, (x) . An account of infinite number of local fields leads to nonlocal and ultraviolet finite
theory. In section "Nonlocal Gauge Theories” we discuss the generalization of nonlocal d = 4¢* model to the
case of abelian and nonabelian gauge field theories. In contrast to the case of d = 4¢* model, nonlocal gauge
theories are superrenormalizable but not ultraviolet finite. The introduction of nonlocality allows to make
Feynman integrals ultraviolet finite except some finite number of one-loop integrals. In section "Nonlocal
Gravity” we review the main results obtained in nonlocal quantum gravity. The introduction of nonlocal-
ity makes the theory ultraviolet finite except one-loop level. Also we point out that nonlocal generalization
of renormalizable Stelle gravity allows to get rid of the problems with negative norm states at least for free



graviton propagator. In section “Some Applications of Nonlocal Field Theory” we study two possible appli-
cations of nonlocal field theory. As the first example, we consider y5; -anomalous field theory - axial QED. We
show that nonlocal generalization of axial QED is superrenormalizable theory describing the interaction of
massive vector boson with massless fermion. As the second example, we consider nonlocal generalization of
standard nonsupersymmetric SU (5) Georgi-Glashow GUT and show that it is possible to solve the problems
with the proton lifetime and the Weinberg angle without introduction of additional particles in the spectrum
of the theory. Nonlocal scale A responsible for ultraviolet cutoff coincides (up to some factor) with GUT scale
Mgy - In the simplest nonlocal modification of the SU (5) GUT Mgyt =~ 3-10'°GeV . Section “Conclusions”

contains concluding remarks.

ABEEZHINT: F—TRAILL d = 4¢* BRDNBITHEIEEBZIe M T 2R, HIIEEEd =
4¢* BT e LB SRR R £ “TENAEE IR & 7055 2 BN sizie” — 1, &
MRS TES 2 &Y ¢, (x) BENEE ¢, (x) A E Rl FECE SR B RO, 1t
ANTE%5 2 8 e SRR E IR R SMA IRAERIS, 12 “IREEMTEEIe” —%rh, TATNeIEE
B d = 4¢* BRI DUR SRR VURRITESIEHIHET s 5 d = 4¢* BAIARE], R SlaE it 2@
AR, EHAERIMEIR, SIAIREERMEA] DAL 2R EIMEIR, (A REE KRB
BROb. FE “AREIRGI N7 —Tir, BAIEBEHEEEE 75 A ERR EEEER: sIAFEEtE, bR
B INEICAR R SR IMEIRAY; BATETEH, rTERLZRE5 | AR e 2 DEE 50T
&R ¥ 2 Al DR e, £ “IFEEIenIFE TR —5d, JATAREESIEH
P RTRER. - 85— MBI FBAT T RAZAE ys RENIE—Him &7 Hah %, IERR & Hs)
R AR R A E R R B O T SRR F M B E R E ] ER R R, B
Bl FAT 15 EARIEIREX AR SU (5) Fr 5 M8 H RS —BRICRYAREIE, IERTC AR 5|
NBIRLF- RV g oo 7 e AR AR AR A Al D ST AMERIST B AR IRAE RS A (FHZE— DA T)
HRG—HENR Mgyr —Ho 1E SU (5) KGEi—RFBRIVAFEIIEE Mgyt ~ 3-10'°GeV i, “4ig”
—ga A PR,

Nonlocal ®* Model

JE R b o+ B

The nonlocal analog of the local Lagrangian (1) has the form:

JESHEA% A H & (1) B9RRIBER ELTE N T

Ly = % (04¢V 1 (—0Kd,) 0up — m*pV ! (0K, ) ¢) — 19*. ©)

Here the formfactor V (p?) is an entire function in complex p? plane and V' (p?) — 0 at p> - —oo that
leads to the ultraviolet finite Feynman diagrams in euclidean space-time. G.V. Efimov has considered [4, 6, 7]
nonlocal scalar ¢* model with formfactor V (z) satisfying the following requirements:

HALIRE ¥ v (p?) B8 p? V-l LRI EL, HAE p? - —oo LETHE V (p?) — =0, XS LERS
IR 2 EE R EKIME R, G.V. HAEERITI Tl e AR E. TRIREF0 v (2) 1 [4,6,7]
IR & ¢* ARAR:



1. V (z) is the entire function in complex z plane of the growth p > 1/2,i.e. V(z) < C-exp (b|z|p )
1. V(z) 2E z FH EHEKN T o > 1/2 FEEREL, BV (z) < C-exp (b|z|p)
2.V(z)=0(z7%)atRez —» —c0
2. fERez - —o0 LM V (z) = O (272)
3.V(2) =V*(z%)

4.V (m*) =1
5.V (z)>0forreal z.

5. X FEz, V(z)> 0L,

G.V. Efimov has proved that nonlocal model $* model is unitary and macrocausal in perturbation theory.
The main idea of the unitarity proof is based on the so-called formfactor quantization. The entire function
V (p?) of the growth p can be presented in the form:

G.V. HEERE KRB, e AR ¢* BARUE X IER) Bl e 2RISR, K IEPEIERARY
PO AR T NEIRE 7B 7. BRI o KIEEEE v (p?) AIE N Mg

n=oco

V(p?) = ), vu(pPm2 - l)n, (7

n=0

where v, ~ [T (n/p)]_1 atn — oo . The main trick consists in the “regularization” of the V' (pz) formfac-
tor, namely,

HHTE 1 — o0 4k vy ~ [T (n/p)] " o BLHIFET A v () TRIRE T “ENIL”, B

V(p?) = Ve (p?), (®)
where
Hrp
V) = %, en(pme 1) IS (-7 (1) ©)
n=0

Here ny > 2and op < 1. The regularized propagator D° (p?) = (m*~ p?— ie) Vo (p?) is meromorphic

function in complex p? plane, and it can be represented in the form:

Wik ng > 2 Hop <1, IEMHLAERET DO (p?) = (m>— p* —ie) ' VO (p?) 2E p? VIHi_-AITEAfF
8, AIFERN:



j=oo

DO (p) = (m?—p? —ie) "+ 3 (=14 (8) (m? (8) — p* —ic) . (10)
j=1
Here
il
mf &) =m?(1+j°67) (11)
and
A
n_n+n . o711
A®= Y oa(Fe) IS 1 - Gk (12)

n=max|[0,j—ng]|

The following identities are valid:

THIMEE AL

j=oo ) s
Z;) (—1)'4; () [m2 (9)] =0 (13)
J=

fors=0,1,...,n, . In the limit of the regularization removing § — 0 for any finite value of p?D? (p?) —
D(p?).

MNTs=0,1,..,n90 FEBBRIENMLAIIIR § > 0 &, NT p?D° (p?) — D (p?) MHEEARREAR L

3o

We can consider the regularization (9) as generalization of Pauli-Villars regularization (3). The differ-
ence between Paul-Villars regularization (3) and the generalization (9) is the following. For Pauli-Villars

regularization (3)

PATTAT DORFIE (K (9) BRI -AER/RIENIE (3) AUHES . IEA-AER/RIENIE (3) FIHE™ (9) RIIX
AR X FEA-HERRIENTE (3)

1

—_ 14
m? — p? —ie 4)

Dreg (P?) = D(p?) =

in the limit of the regularization removing M — oo . To make Feynman integrals ultraviolet finite,
we have to introduce counterterms (2) in each order of perturbation theory. For the regularized nonlocal

propagator D° (p?)

FERBBRIENMCHIER M — 00 o N T2 ST EIMEIR, BAITREEMIICHIE—Br5 I AIKTH
I (2)o A TIEMAERISERET DO (p?)

10



v(p?)
Da (pz) - m for 6 — 0. (15)

Due to the presence of nonlocal formfactor V( p?) , all Feynman integrals are ultraviolet finite in eu-
clidean space-time in each order of perturbation theory. As a consequence we don’t have to introduce local

counterterms (2) to make the theory ultraviolet finite.

HTFEIRREEREF v (p?), Frf SR ERJ LRGN ZIEERREteh 2 S IR
. RIEFAIETES | ANRER counterterms(2) L A LN IR,

The regularized Lagrangian

IENMEARSRA H &

Luis = 5#9(V® (=049,)) 0,8 — 5mP9(V2 (=40,)) "¢ — A4 (16)

is equivalent to the Lagrangian

ST FRR I H &
Ls = L0,5 + Lint» (17)
where
Hrp
j=w ,
los= % 21 [64430,85 — m2 (8) 847 (18)
J:
Lip = —/1(¢5)4, (19)
Jj=o0
=> ¢ (20)
j=0

The regularized Lagrangian Ls describes the self-interaction of the infinite number of scalar fields ¢35
with masses m; (6) . The quantization of such system is straightforward, namely, we postulate the following

canonical relations:

NI BIH & Ls #5875 2 REN m; () WbREY ¢0 WEMHEIEH. ZRFEMRE T
T ERE, BAUREM FIENKAR:

[#9(0,%),¢5 (0,%)] = [# (0,%), 75, (0,X)] = 0, (21)
[#2(0.%),75 (0.%)] = i6;8 (¥ - %), (22)

11



where

=

de® (%t
70 (%,1) = (_1)1%,

(23)

As a consequence of the commutation relations (21,22), we find that the Hamiltonian corresponding to

noninteracting Lagrangian L, s can be written in the form:

X ZKAR (21,22) Alfs, MNMNAMHEERDASE H & L, s KR EiiE a5 o8:

§ _ J =N}
HS = 2)(—1) f dpcojpdjpdjp,
j:

where coj‘%) =./p*+ m]g (8) and operators d I satisfy the commutation relations

Stb wd, = [ 4+ m? (8) SHAE djy WA B

JP’de] [Jp+’ i'p ]_ ’

[ JP’d ] [d1p+’ 5 ] = (_1)j5jj’5(§_ﬁ>’

(24)

(25)

(26)

The Hamiltonian (24) describes free scalar particles with masses m; (6)for j= 1,2,3...and mjz-zo %) =

m? for j = 0. The fields qbf with even j correspond to scalar particles with positive metric, while the fields

gbf with odd j correspond to scalar particles with indefinite metric. For § # 0 the physical spectrum contains

states with positive and negative metric. In the limit § — 0 masses of all ghost states m; (§) - oo .

We

characterize physical states by definite finite energy. As a consequence in the limit of regularization removing

d — 0, all states with finite energy are the states with positive energy, namely, such states consist of scalar

particles with a mass m .

IEEUR (24) #IR T B AN m? (8) L j = 1,2,3...) Ml mi_, (8) = m? (B j = 0) KIEH
PRERLTo j BB ¢ X RIEEMETFRERRL T, j T 8NI% 9 M RASE FERLINAR B o A
T o #0, VHEIBOEEEMSMIENS, MRS -0 , FrARAE m;(8) - o NREHT

5% ?*Z.ﬂ]ﬂﬂﬁﬁiﬁﬁ’]ﬁlzﬁ ERRJMEVHE, RIHEBREMLIINE S - 0 F, A ERERS
EIEREER, HNXEEEHEN m FIARER TR,

Unitarity

LB

#l

The unitarity of nonlocal ¢* model has been proved in Refs. [5,7] within perturbation theory. Recently

these results have been confirmed in Refs. [10,11]; see also F. Briscese this handbook. Intuitively it is obvi-

ous. Really, the spectrum of the regularized model (17-20) contains infinite number of scalar particles with
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definite and indefinite metrics and with masses m; (5) . The regularized model is unitary because the interac-
tion Lagrangian is Hermitian. The spectrum of the regularized model (17-20) contains the j odd states with
indefinite metric. If we consider the states with finite energy, we find that in the limit § — 0, all states with
j # 0 particles will have infinite energy and only scalar particles with j = 0 and a mass m survive in the
spectrum. In other words in the limit § — 0, the spectrum contains only scalar particles with a mass m and
the S -matrix is unitary. It should be stressed that it is not obvious that for the regularized S-matrix S° the
limit § — 0 exists; see [5,7] .

FERIR ¢* BRI X IEPEEAE S KR [5,7] PIEE HELIRSENEN, IRIXEGRNGE 725X
Bk [10,11] BYSRIE; 55 WA T F. Briscese HUAHR A, RXIEEM LR EAR, Khrt, IEMMR
R (17-20) RIS TES SARERL T, DAEERMIAEERME, FEN m;(5) . ZEMMLER
AR, FOUHEERAASE H82EKM, EMEER (17-20) RIS EE BAE T EERR j &
TS, HRIBEARERNT, REMES - oWRT, FrEES j # o KFHISHERKEAT
FRRER, WEHORINREN m, WA j =0 FbrER ¥, MAIEN, £6 > o RRT, EHMNE
BEEN m bR ER T, H S EMRAIER, TEEERE, NTEMMK SRS, § - oMk
R EMIFIERSR, 20 [5,7] .

Causality

KR

To understand the meaning and consequences of causality, consider the following example [12]. Suppose
real scalar field ¢ (x°, X) evolves by means of differential operator F ((J) in the presence of a source j (x%, X)

and the following differential equation is valid:

ERR R S e, RITEROTFHIT 12, BIRSHRES ¢ (0, %) EEMAEH F ()
TEIR j (x°, %) fAPERUI DL R, T EAT Fag 7 A

F@M¢(x%X)=—j(x%X). (27)

The solution of the equation (27) has the form:

Jitg (27) K RO0h:

¢ (x%,X) = ¢ (x°,X) + ifdyodic (x0=y%,%-%)j0°y), (28)

where ¢ (x°, X) is the solution of the homogeneous equation

o g (x0, %) IR

FM¢(x%%)=0 (29)

and Green’ s function G (x° — y°, X — ) satisfies the equation:

13



FLASHREIRL G (x0 — )0, % — 7) MR AT

FOG(x"—y%x—y)=i6(x°=»°)6(X-). (30)

The solution (28) is said to be causal if Green’ s function G (x° — y°, X — ) can be chosen such that

HTEMREREL G (x0 — 0, X — y) ATPOEN I 2 TIRAAF, WIFRAE (28) 2 RIRAY:

G (x° X) =0 for x° < 0. (31)

The meaning of the causality condition (31) is that the system cannot respond to an interaction before
interaction was turned on. The causality definition (31) takes place for both relativistic and nonrelativistic sys-
tems. The stronger relativistic generalization of causality (31) is the following. The relativistic Green function

is microcausal and local [1] if it obeys the condition (31) and besides it vanishes for x2<0,ie.,

RIS (31) BUE SOZRRGUEM ELMERIT R RIS H AR, RISRMEE X (31) XX IEM
AAEXHERGUIRRAL, KR (31) SESRAYHDR ISR 40 : AR IEAS PR R 6 /e 551 (31) HLtAh
£ x* < 0 W %E, R PR, WIERMRRE RS [1]:

G(x%X) =0if |x°| < |x]. (32)

Such Green’ s functions are often denoted as retarded. In local ¢* theory F ([]) = [+ m? and the
retarded Green function is [1]

IXSRASAAR R 508 B AR I NHEIRAS AR R, BRI ¢* BHIL F(O) = O+ m?, {ERSHREECN
[1]

—ikx
Dret (x) — 1 f € d4k

(27.[)4 m2 — k2 — ick,
= Lo(x0) [a(xz) -6t (m@)]. 33)

The retarded Green function (33) can be expressed in terms of free scalar fields, namely,

HBRMAREREL (33) FTDUH B HifrE5%0R, All:

D™ (x —y) =i0(x" = )°) <0[¢(x),9 ()]0 >, (34)

where [¢ (), (V)] = ¢(x) P (y) — ¢ (¥) P (x) and | 0 > is the vacuum state. The fact that D™ (x) = 0
at x? < 0 or at x’ < 0 is a consequence of the formulae (33,34). In nonlocal scalar field theory F ([(J) =
(O+ m?)v-1(-0), and the retarded function has the form:

HA[¢(x), M =¢()d (1) —¢ ()P (x) FT| 0> FHEEL, D™ (x) =01E x> <0H x* <0 4N
TN (33,34) WS, FEIEREREZIET FO) = O +m?) v (-0, MREEIE:
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2\ ,—ikx
Dyt (x) = - f mv(k) d*k = D" (x) + Dget (x), (35)

(27r)4 — k2 — ick©
where
Hrp
1 (V (kZ) _ 1) e—ikx
ret — 4
Dge" (x) = (271_)4f 2 — k2 — ickO d”k. (36)
Note that due to normalization condition V(mz) = 1, the integral in formula (36) does not contain

singularity at m? — k? — ick® = 0. As a consequence the function D}¢ (x) depends only on x? . The D¢ (x)
is not causal, i.e., D% (x) # 0 at x> < 0 or x° < 0[12,13] . Remember that nonlocal formfactor V(pz)
depends implicitly on nonlocal scale A and V' ( p2) — lat A - oo . Asa consequence acausal Green function
Di¢ (x) - 0aty = —x2A%* - oo . It means that at macroscopical distances |x?| > é , causality restores and
essential violation of causality takes place only at the distances [, = O (A‘l) . In Ref. [13] it was shown that
D[ (x) decreases as DS (x) — exp( a || xllﬁ ) at x — oo outside the future cone V* ; see also [12] and S.
Giassari this handbook. Herea > 0,3 < —— - || x||= \/m and the p > 1/2 is the growth order of formfactor
V (z) . 1t is interesting to note [6] that for nonlocal formfactors of the growth p = 1/2 the acausal function

DS (x) = 0 for x? < 0 at —x? > I3, where I, depends on the formfactor.

BER, BTE—EGV(m?) =1, 23K (36) HRIRHITE m? — k2 —ick® = 0 bR & AT AR, IR
#z D (x) URET x2 o DR (x) T(mﬁl%‘%lﬁ A4 x2 < 08( x° < 0[12,13] 2 Dm (x)# 0,

FEEAFREIRAT v (p?) REMRBTIRREARE A, HIEA - oo R vV (p?) —» 1, FIARR
FASPREREL DI (x) —» 0 FE y = —x2A2 — oo bR, IXERE YEEE A MR |32 > % in
RS, HRERA B TR I = O (A™Y) &be SCHR [13] 3RAA, TEASRICHE v+ 4,
M x — oo i Dargt (x) B DSt (x) — exp (—a I x||ﬁ> R, U [12]) SAFMH S. Giassari FIAR,
fhta>06< =l x|= Vix2, Hp>12BBIRET V(2) FEEN, BRI (6], X
THEKH N o = 1/2 FHAERBEREARR T, 2 —x2 > B AL x? < o IHHERREE DIt (x) =0, HA I,
KT AARE

To summarize, in nonlocal field theory, we have acausal behavior of retarded Green’s functions; however
acausality strongly decreases at distances larger nonlocal radius #,; = /—1\ so at macroscopical distances we
have causal theory. For nonlocal formfactors of the growth p = 1/2, the effects of acausality take place only
at small distances. Therefore the nonlocal field theory with nonlocal formfactors of the p = 1/2 growth is

closest to local field theory.

& b, ARREIE T, HEORMAKE R EARRIRIT N, RMERER TR+, = - EIT FEA
RV REZ, R ZEEE N IZEIe T R, NTHRN o =1/2 E’HE)%’“BTIBH:I? Ik
RIS AEZ A N E B, RJitk, HH o = 172 M KHEHERHEINE 7 AR IS Rizn
JRERmiE,
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Ultraviolet Finiteness or How to Calculate Feynman Integrals

SROMERRTE, st gk 2800

An entire function V(pz) has an essential singularity at complex infinity making the use of Wick ro-
tation unjustified. It means that nonlocal Feynman integrals are not well defined in Minkowski space-time
[5,7,10,11], while the corresponding integrals are well defined and ultraviolet finite in euclidean space-time.
As a consequence the receipt of the Feynman integral calculation is the following [5,7,10,11] : at first cal-
culate the Feynman integrals in euclidean space-time and after make analytical continuation to Minkowski
region. For nonlocal Feynman diagrams, analytical continuation to Minkowski region is straightforward, and
it does not produce new singularities in comparison with local case. As it has been demonstrated [10,11] on
the example of some Feynman diagrams, such prescription leads to well-defined results and preserves unitar-
ity. It should be noted that analytical continuation to Minkowski region does not produce new singularities
in comparison with the case of local field theory. Also it is possible to use the regularization formula (10) for
the propagator for the calculation of Feynman integrals and after the calculations to perform the limit § — 0

. However from practical point of view, such calculations are extremely difficult.

BV (p?) EELFUGFEANT R, SBHESINERNRAL, XEWEIFRIERE 207
PR K BN 2 (5, 7,10, 11] A REFE X, T4 R AR 2 R L AR I 22 FRoR o R AF HER 1
ARRA. Fit, HEMRSRITHEMNLT [5,7,10,11] : EEER LRGN HIH RS/, FfE
WAEAREI B A R X I, W TR e 2 K, AT R 2 X R R X ISR R R B, S
BT S A8 AT slo  IEQHSCHR [10,11] 7EHR 92 28 2 ERIHI 5 FrERARY, X —RNIREFS 2]
X RIFIEER, HERFEAENE, FEER, MEEZIEHEAEL, BATEhs|X R X
BAZT AR R WA PHETH R 2R SR A AR T ENI AR 10), RS B
R — 0. HMNKHARRKE, XEIHRAEZER,

Local Field Theory with Infinite Number of Local Fields as Origin of
Nonlocality

PATCT3 24 SR iR R (e h B e s e

In this section we discuss possible origin of nonlocality related with the introduction of infinite number
of local scalar fields ¢,, (x) [14,15] . Consider the model with the Lagrangian:

ARFEAINIC G FIATET 2 REIRES ¢, (x) (14, 15] HRAARERMERIATRER IR, ZEEEW
AR B H B AR

L =Lo+Lg (37)

where

E
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L= Y, 3 (*¢udubn —Migh). (9)

Ly = —gdsss (39)
b (=3 ca(=348,)" b0 (). (40)
n=0

The propagator for the effective field ¢, r (x) is the infinite sum of local propagators, namely,

ARIT by p (x) BIERE TR RIREHE T HITC55 KA, Al

ISP}
Dess (%)= 2, Gy

n=0

(41)

Imaginary part of the propagator (41) is nonnegative, and it coincides with the imaginary part of the
n=oo

propagator for the field ¢2f ()= X cp(M,)" $,, (x) . For the model (37-40) with M2 = M? + M?n and
n=0

n
¢t = a—|, a > 0, the effective propagator (40) can be represented in the form:
n:

n=oo

R (@) ER/FIEIAER, BS99 60, (x) = 3 cn(Mp) ¢, (x) EEFHIER— WTEE

n=0

M} =M;+Minflci = ‘;—’: a > 0 WA (37-40), HRULHET (40) A] AFRRA BA MER:

1
Desr(p*) = A%%/de exp (ap?x) xP*/Mi, (42)

In the euclidean region ¢* = —p* > 0 for Mja > 1, the propagator D,/ (—q?) has the asymptotics

Desr(—q%) ~ ML%‘ / qzigaz exp [—131—2% - 1\% In (Mfa)] at ¢> — oo . As a consequence all Feynman diagrams
for the model (37-42) are ultraviolet finite. The model (37-42) describes an infinite number of local fields
¢, (x) with local interactions among them. An account of infinite number of local fields leads to nonlocal
and ultraviolet finite theory. So we find that the introduction of infinite number of local fields could be an
origin of nonlocality (For the model with finite number of scalar fields ¢, (x)n < N, , the model (37-42)
is nonrenormalizable. Only account of the infinite number of local fields ¢,, (x) leads to ultraviolet finite

theory.).

LB ¢? = —p2 > 0, WTF M2a>1, 3T Depy (—) T£ @ — oo EVEWHEITH
Dopr(—) ~ . [ =2 exp [_ﬁ — T n(M2a)|. B, KR (37-42) HOFTE 2 B AR 225G

| evia YRRV

BRI, A (37-42) HR T IS 2 AR 6, (), T2 WTEERBE B, M 24
o7 2R EIEE R B L AV BRETEDG, RRITEH, 3IATES 2 MR BT DU B i
T ERMRRT ¢, On < N, (UL B (37-42) BRTEEN, WEMATHZDREEG
B () A HEEFIZIVETRINELL, ).
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Nonlocal Gauge Theories

BTGB

Nonlocal QED

BRI 78115 (QED)

As is well known the Lagrangian of QED

ARFER], QED HIHikgHA H &

1 —
Logp = =7F*E + 9 (iD-m)y, (43)

is invariant under gauge transformations

MU N BA A

Ay (x) = Ay (x) +9,a(x), (44)

P (x) = exp (iex (X)) P (x), (45)

where F,,, = 0,4, —9,4,, and D= y#d, —iey#A,, . Itis possible to generalize local gauge transformations
(44,45) to nonlocal case, namely [6, 16],

H By, = 0,4, — 0,A, Fl D = y#d, — iey*A, o TRATRI DS RIBRITEAEHE (44, 45) #E) 2IHERIRIE
¥, Bll[e,16],

Ay (x) = Ay (x) +9,a(x), (46)

P (x) = exp (ie f d*x'K(x—x)a (x’)) P (x). (47)

Here K (x) is some real function (formfactor) with the normalization condition:

AL K (o) 72 2 DA NI — S8 PF RS SE R 8 (R ARA )

f d*xK(x) =1 (48)

The Lagrangian of nonlocal QED [6, 16]

JEfRE QED Whit& B H & [6, 16]
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1 -/
Lyi,qep = =7 F* Fup + § (Do — m) ¢ (49)

is invariant under nonlocal gauge transformations (46,47). Here

FEARRIIRLTE AL e (46,47) PEAA AL, At

Dy = YOy — ie/ d*x'K (x = x")y*A, (X'). (50)

In nonlocal generalization of QED, we have to replace local interaction eiyl“‘l,bA u to nonlocal eay“gbA’ ,
where A, (x) = [ d*x'K (x — x')A, (x") . The Feynman rules for nonlocal QED coincide with the Feynman
rules for local QED except the appearance of nonlocal formfactor K (k?) = f d*x exp (ikx) K (x) in the vertex,
namely,

1£ QED WYARRISHEFp, FRATTFRZLR R ELAE A ey, Bl AR RIBAE ELIE epytpa, , H
HA, (x) = fd*Y'K(x—x)A, (x) . IFRIER QED K2k EMNI5 K QED ik SR —2, (X
RS Z HARRIIEIREF K (k) = f d*xexp (ikx) K (x), B

P (p+ k) P (p)A, (k) — K (K2 (p + k) y*p (p) Ay (k). (51)

For QED with several fermions 1; , the corresponding formfactors K; (k?) in general don’ t coincide. For
universal formfactor K; (k*) = K (k?) by the redefinition A, (x) — A}, (x) = [ d*x'K (x — x') A, (x') , we can
rewrite nonlocal Lagrangian (49) in the form:

HFEZABKT g, 19 QED, HEMLRET &, (k) BAHE MR, HTELEEY A, (x) -
AL (x) = [d*XK (x = X) A, () TREIHREERE T K, (k2) = R(k2), BATAT AR ko 7
FI (49) 25 0 FIB:

1 — /A
Luts,qep = =7 F*V ™ (=03,) Fuw + (iD—m)y, (52)

where

=

V(2) = B (k). (53)

In other words the simplest nonlocal generalization of QED consists in the replacement of local free

photon Lagrangian to nonlocal one. For nonlocal QED (52), the Feynman rules coincide with standard QED
kuky 1 kuky\ V(K2
Zz ) rie (guv - ;;2 ) _k2(+iz for local photon QED propa-

Feynman rules except the replacement (gw, -

gator in transverse gauge. For formfactor

BT, QED HL A B R B B2 A4 R I TR B RSOV R RS HE T4
WIE . XFARR QED(s2), 3B BHUNSHRME QED MR BHINI—5, MFENFHIE FHI
BOLT QED Al TN (g — 22) 1 — (g — 202) KB | FHARIA T

k2 / k2+ie k2 / k2+ig
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1
k2
all Feynman diagrams except one-loop correction to the photon propagator are ultraviolet finite [6,16].

V(K2)=0(5) atk? - —oo (54)

In nonlocal QED the interaction between two charges e; and e, is

PROCTEREFRIRBIIEIESS, Fratt 2EEREIMEIRE [6,16], AFRIE QED FP NS eq Fl e,
Z A EAE N

W (r) = (821;23 f V<Iz_2k2) exp (—ilz)_c') dk. (55)

For local QED with V (—k?) = 1W (r) = - and W (0) = oo , while for nonlocal QED with the propa-
gator (54), the value W, (r = 0) is finite. It is possible to fix the form of nonlocal propagator V (k?) [6] by the

€€z

requirement [6] that the interaction of two electrons in x -space W,; () is minimal at r = 0. This requirement
allows to fix the formfactor V' (z) equal to [6]

MNTEV(-k?) =1W(r) = % MW (0) = co WEBETHINNE, HELH; M THERET
(54) MAEEIHE THBN%, H Wy (r=0) 26K, FRATAT DA DU ZERIfE JFE L f+
V (k?) [6] BT DN ELFTE x 2318 Wy (r) PRIE EAERTE r = 0 EBURVIME, IZZRATHE AR
R+ V(z) &T [6]:

V(z) =K% (2), (56)

K (z) = [sin((1/2)12Y2) / ((1/2) 121/?)] (57)

Herel = i is the inverse nonlocal scale. The formfactor (57) is an entire function of the minimal growth
p =1/2, and it corresponds to the electron charge distribution [6]:

it = % AREBRER ERIEE, X (57) FIIZIRE 72 NME K o = 1/2 FVEEEREL, EX R H
THIHEAT 2T [6]:

b() = n)~° f dkK (k_i> exp (EF) =6(r—1/2) /4nr?, (58)

The distribution (58) describes the uniformly charged sphere with the radius 1/2 .

734 (58) IRHZHAZN 1/2 BIE ST BLERIA,

Nonlocal Nonabelian Gauge Theories

AB)RIAE R DUR R B I

The straightforward generalization of nonlocal QED to nonabelian gauge theories consists in the replace-
ment [9] of the local Yang-Mills Lagrangian:
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RAERSE T ah B EHER DURRIEEIE, Wi Risits- K Irhis i A 20k [9):

Lyy = —% Tr (F*YF,) — _% Tr (F*'V~' (=A%) Ey)., (59)

where A* = (6% —igAH) (9, —igA,), A, = ALT,, Tr(T,Tp) = %5% . Nonlocal Lagrangian (59) is the
generalization of Slavnov [17] regularization with higher-order derivatives. Slavnov regularization is gauge-
invariant generalization of Pauli-Villars regularization to the case of nonabelian gauge fields. Slavnov regu-

larization corresponds to the formfactor:

Her A2 = (04 — igA#) (3, — igA,) Ay = AST,, Tr (T, Tp) = gag o ABRJRIERRIAR A H & (59) BHrH/R
VR [17) R S BOENRAHET . Brh/RIERIENM R R A4 /R IE N DATE A2 1977 34
JEHER DURRITEAIIEE R, XN IREA 5

Vikonor (—28%) = 1+ ¢ 12(8%)" (60)

in the Lagrangian (59). The peculiarity of Slavnov regularization (60) is that it produces new vertices
in the Lagrangian. For instance, for k = 1 the Lagrangian contains additional five and six vertices V5 ~
0AAAAA,Vy ~ AAAAAA . Slavnov has proved [17] that for k > 2, all diagrams are ultraviolet finite except
some finite number of one-loop diagrams (For k = 1 all diagrams are ultraviolet finite except some one-
loop and two-loop diagrams.). For instance, for k = 2, all diagrams are finite except one-loop propagators,
three and four vertices. The increase of parameter k in Slavnov regularization (60) does not help to cure
the remaining ultraviolet divergences. Note that in odd dimensions (d = 5 for instance), one-loop diagrams
are well defined and ultraviolet finite in the sense of analytical continuation, and as a consequence Slavnov
regularization for k > 2 leads to ultraviolet finite diagrams in all loops. From technical point of view, it is
convenient to use nonlocal formfactor V! (k?) such that in the ultraviolet region |k?| — oo

HHIRAEHIAE B H & (59) HF, HThi/RIERIENIL. (60) IR Z AMME T &2 AEhikg B H &5 | AHT T
o BN, k=1, HASHIHBEIIMLE 5 STURAT 6 TR Vs ~ GAAAAA, Vg ~ AAAAAA  Hii
P/RIEREIER [17): M T k> 2, BRAEMRADELEEES, g2 AERIMR k=1, Bk
iR BB &5, Firf 2t 2 EER SAMEIRI). Blan, X k=2, BREEERET. =K
RIS, P 2 S EEDR AR, $ABIZRIERIENIE (60) HEIZEL k TLIRTHERFIARE
SONERL TR R EEE (BN d=>5) , RREEIE RE XK, HAEMNTIERE 2N IR,
RIS k > 2 fEABTHRIERIENMLE, FraBRTEEZSRIME IR, WERMESR, ERHRE
HNXZRAF K2 — oo BYAERIBIARIA T V=1 (k2) T8

V71 (k?) - py (K?) = niv ca(k?)". (61)

n=0
The asymptotic formfactor py (kz) corresponds to local Lagrangian (59) with higher-order derivatives
up to 2N + 2 . It means that in the ultraviolet region, the theory is asymptotically local and the corre-
sponding behavior of Feynman diagrams in ultraviolet region is determined by the local Lagrangian L, =
—% Tr (F*’ py (—A%) F,,) . It should be noted that the conjecture that asymptotic behavior (61) of the form-
factor V! (k?) determines the ultraviolet properties of the theory is not trivial. The reason is that subleading

21



terms of the nonlocal formfactor V= (—A?) generate additional vertices. At one-loop level using the Feyn-
man rules for nonlocal gauge Lagrangian (59) (The Feynman rules for the nonlocal Lagrangian (59) for three
and four vertices are contained in Ref. [18].), it is possible to check this conjecture. One can invent a lot of

formfactors with the asymptotic behavior (61). For instance, nonlocal formfactors

MR AR T py (K2) AR B8] 2N + 2 B S RIS B F R (59), X RELRE X BLICTE S5
(AR, PR IN T RS E R Lo = —L Tr (P9 py (~02) By,) . TREE
W, HRET V- (k) BHHETA (61) TREBIS S ME T — IR e, HEEIER
SR T- V1 (=A%) HIR ORI P AT, 12T, 7T DRI AR bt i 4
(59) F9 2% B HURAEIX —J5A8 CIE TR oS B ik (59) 01 = s 0 A1 £ L 2t S MM T L5
ik (181)0 FRATAT DRSS K R ERESTH (61) BRI T, HInA RIE R SR T

N ()
Vsm (k ) = PN (k )ll pll\;z (kz) ’ (62)
Ve (k) = p¥' (2)[1 —exp (—py (K2))], (63)

are an entire function in k? complex plane and with ultraviolet asymptotics py' (kz) . Other often used

nonlocal formfactor of this type is [19]

2 k2 GO R, B EANINE T py (k) o 5 —2RE I RIZBAE RIBIEARE - W sC
Mk [19]

n=oo n+1 2n
Vv1l(z)= exp( Z (=D 2;‘:}’ @) ) = exp @ [F (0, pN(Z)Z) +yg+1n pN(Z)Z]),
n=1 :

(64)where T (0,2) = f :Oodte_t/ t is incomplete Gamma function with zero first argument and yg = 0.577

is Euler constant. One can find that at |z| - oo

HAFT(0,2) = [ Vdte!/t BRE—HLZRNBIFZLMBHEL, yp = 0.577 ZEGIHE, AT
F, Yz > o0

V7l(z) = Vgt = e |p(2)]. (65)

Nonlocal Gravity

ABRES 1)

The action of Einstein gravity without A -term and matter is (In this section we use flat metric 7, =
Diag(—+++4) .)

A& A TSR ZRBEEG I ER RN (AT RATTERAFEER 7, = Diag(—+ ++) o )
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S[g] = ZLKZ‘/‘d“xR\/—_, (66)

where

=

R =gMR,,, (67)

R;w = RZO{V = gapRoc,upw (68)

Ry, = 3,T% — 0,0, + TS Lf, — TSI, (69)
1

F,Lfv = zgp/'t (a,ug/lv + avg/,(/l - a/'tg/w) (70)

and g = Det(gy,),x" = % = (2.4 . 1018GeV) is the reduced Planck mass. The use of perturbative

expansion gy, = 1y, + xhy, around flat space-time metric 7, leads to the following expansion on x for the

action of Einstein gravity:

H g =Det(g,,),x! = Aj;l = (24 10"°GeV) LML BT R R, FILTIHN R 1,,,, (MR
I 8y = Ny + xhy, , FIREIZREHES HEHER T « FREITRAT:

n=+oo

SIgl=S+ D, x"Sp (71)

n=1
Here S, is free graviton action, and S,,,, is the part of action describing self-interaction of n + 2 gravitons.

Free graviton propagator for the Einstein action (66) in transverse gauge 9“h,,,, = 0 reads:

AL S, REBIINFIEHR, Sy 2HIA n+2 517 B ERRIMEHRER D BIRTE 64hy, =0
T, ZFEEUEIEH R (66) B9 EH5 1 FEREFR1:

1 2 }Lovpa
DGR ,MUPC (k) Ewpo 2 ’ (72)
where
Hrp

, 1 1

vapa = 5 (eypevcr + e/wavp) - §a/w9pa’ (73)
0 o= 260,10

Ewpcr - 3 uvY oo (74)

e;w =Nuw — l]i_z (75)
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Off-shell Einstein gravity (66) is nonrenormalizable at one-loop level [2]. On-shell Einstein gravity (66)
is nonrenormalizable at two-loop level [3]. Using power counting rules and BRS invariance [20] K.S. Stelle

proved [21] that the gravity action with four derivatives

fiscZ A HES 7 (66) fE SR8 ZH AT 2L [2], 1E7cZRHTIHSGH (66) FEAE R EAS Al % [3],
K.S. Stelle Al A BN 5 BRS £ [20] UERA [21]: 77 UM RIS I /EH &

Ssi 18l = 55 f d*ey/=g [R + 5 (R + BR“Ry)|. (76)

is renormalizable field theory (Possible term R ,,,,R**F? does not lead to new contribution to free gravi-

HLPCT
ton propagator due to the equality R,,,oR*"P° — 4RF'R,,,, + R? = div, and we omit it. Here div stands
for total covariant derivative.). It should be noted that the fact that the use of higher derivatives in kinetic
term improves ultraviolet behavior and can make renormalizable nonrenormalizable theories is trivial and it
is based on power-counting arguments. For instance, ¢* model in d = 8 space-time becomes renormalizable
for %qs(aﬂaﬂ)ch kinetic term in the Lagrangian. The price of such renormalizability is the existence of negative

norm states in the spectrum. For the model (76), free graviton propagator has the form:

EATERR TH16 (TSR R,0peRRP — dRR,, + R = div, TTRETFLEIIIN R ypoRHOPT T2
XS EI I3 )7 AP TR, UM EEAE, JLAE div 277 SR ) R,
SIS AN ST D AT, LA T R TR, XL RPN,
CHRTRUABILIE, FA, REE b Lp(043,)" HREM, ¢4 BRI d = 8 U RN
RIS, SRR RO R R I (E GRS, TR (76), E1HIBI) TR TIRN:

(kz [ uvapB 2 ,uvocﬁ] [}fvaﬁ(kz + mZ) +5 2 pwocﬁ’(kz + mO) (77)

12 and my = B + 5)_1/2 . The propagator (77) describes spin 2 massless graviton,

where m, = (—f/2)
spin 2 ghost with a mass m, , and spin zero scalar with a mass m, . The existence of ghost states in the

spectrum makes impossible reasonable physical interpretation of the model.

Hebtmy = (=82 Rl mg = Ga+ B2 o 1EIET (77) #R T EINE 2 RN BB, RN
m, (IETE 2 R, DAKBIEN mo BIETE 0 frdds, A ERS, SBOERTTIAGE GBI
BRfRRE

A possible way to get rid of nonphysical ghost states and improve ultraviolet properties of the theory is
the use of nonlocal gravity [15, 19, 22-25]. The simplest nonlocal gravity action has the form:

HERAEBERAS, B BIe S IME B — ] 1775 B R M AERIEG 17 15, 19, 22-25], & & HAYIE
RigE 1 e ER A

Snl [g] [ d4x V— [R +3 [Rfl (Dcov)R + lefz (DCOU)R,LLU (78)
8 a¢
Yy —ggMU T
Here |:| cov = 8MPAL A, is the covariant d’ Alembertian <|:| cov® = N (1/ 88" 5 ) for scalar field

¢, ARy = F Rpili} — RimIfs AyA, = 3,A, —T%A,) and f; = Zfi,n(ljcov)" (i = 1,2) are nonlocal

formfactors. The quadratic gravitational action for the action (78) reads [12,25]:
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JJCULDCOV - MUA Ay th’iEiﬁQb AR, = F leFkl Rimrlzl’ AuAv = auAu - r;?vAot) E/‘ng

SEBADURETY (DM Far (VEC55) f1= T finCeo)" (= 1,2) RAESIARIA -
VPR (78) 8903 AL AT R [12,25]

S(z) f d4XL(2) (79)

L® = %hwf(lj) 0 — hG f () 850,h*” + hiug (C1) 8,8, h*” — —hﬂg(D) ml

Lo ) -g@ v
+5h %g()alaaa#avhﬂ : (80)
where
Hrf
fO=1+36O0 (81)
¢@ =1-2A@)0O- 3£O0 (32)

For nonlocal action (78), gauge-independent part of free graviton propagator has the form:

MNTAEEEI R (78), HHESIHFEREFRIMIETCRE 20

1 f(=K)—g(=k)
Dfree NiaYeles (k) f( kz)DGR MVOO (k) + 2 (f( k2) 3g( kz)) kzlfl',?vpa’

(83)
where Dgg ;w0 (k) and By, are given by the formulae (72) and (74). For the case f, = —2f; , only spin

2 propagates and the graviton propagator has the form:

HH Do pvpo (k) F1 BY,oe IR (72) F1 (74) Bt 34 f, = —2fi I, HA BjE 2 BEHE, 510+
LS Wk

1
D free S=2,UVP0 (k) = WDGR,MUFJG k), (84)

f (K =1= 3£ (-1) K2 (85)

We assume that the formfactor f~* (—k?) is an entire function of the growth p > 1/2. As a consequence

of this assumption, free graviton propagator (84) does not have singularities in complex k? plane except gravi-
ton pole at k? = 0. So we can expect that the theory is unitary, and moreover for the decreasing formfactor
f1(=k*) ~ 0 ((k—Z)Z) in euclidean region at k> — +oo , the model is superrenormalizable, and techni-
cal details are contained in review [25]. Especially interesting are the formfactors (85) with the asymptotics
fo(=k*) — Py (k?) at k* — +oo . The ultraviolet asymptotics of such formfactors coincides with local

formfactor f, jo. (k?) = Py (k?) that corresponds to the local gravity model with finite number of higher-order
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derivatives. In fact such models are the generalizations of Slavnov regularization with higher-order derivatives
to the gravity case. Using power counting of ultraviolet divergences and BRS invariance [20] of the gravity
action, one can find that the models with polynomial formfactors are superrenormalizable in full analogy
with Slavnov higher-order regularization for nonabelian gauge theories (See also P. Lavrov, I. Shapiro, and N.
Ohta this handbook.). However the spectrum of such models contains negative norm states that makes very
difficult or even impossible reasonable physical interpretation. The use of nonlocal formfactor f (—kz) with
polynomial behavior at ultraviolet asymptotics leads to superrenormalizable theory and allows to get rid of
problems with the presence in the spectrum of negative norm states; see as a review [25]. It should be stressed
that up to now, there is no rigorous proof that subleading terms in the nonlocal formfactor don’t generate new
ultraviolet divergences. The reason is that subleading terms in formfactor change not only propagator but ver-
tices.

BABILARKT £ (—42) REKIN p > 1/2 WEE, ZBIET, Em3INTEET (89
5 12 LR K2 = 0 4693 ) RSN A A, IRMEPT ARSI R ATERD; MEAh, A
FHRRECHL K2 — oo ORAITARAT 1 (-12) ~ O((L)), MebwmmmBATasE L, HoRem
HBIGESIR (251, AIEBIERRIAE K — +oo EARHEFN f, (k) > Py (K2) MK
BT (85)e IXFTARE TRYSSMIEATH SEBIVARE T fo 00 (k2) = Py (k2) — 8L, [EERBIAR
R SR RE B, SRR LB AR R SHE N 03 N, B
RESESNR IR BOFRI 311 1R Y BRS TFEHE [20], 7RIS TR A T B A2
AT, 52RO PRSI RN K NI (53 DA P. Lavioy, 1
Shapiro, N. Ohta HIPZ), {HIXKBULMYMARERTEE, FHRMIEFAIRELA M AT
o RAESNE N STRAT ISR T £ (—k2) AT DMBEIEAT AR, FIRARYCI
PIAESTEASINITE, 5985 (25, REMBIVR, BIE RN M HENIENHEE KA
FHIRIKTUR 2P AR, REE FIARE TR SO (XSS 4 7, 162
AT,

As it was mentioned before in nonlocal QED, the interaction between the charges could be finite atr = 0
-1
for decreasing at k> — —oo as (k*)  nonlocal formfactor. Absolutely the same situation takes place for

nonlocal gravity. Classical aspects of nonlocal gravity are discussed in [12] and A. Mazumdar this handbook.

TEAN 2 A e AF Rk R T A 72 F R BN, 1 TFE K2 — —oo AIEIRAN (k2) ™ IERBUBIRIAF,
IR EAEFAE r = 0 &bRTDUR AR, AERIBE IIRIES e emFl, ERIRG 1 rZ st
FREAESCHR [12] AN ATF A. Mazumdar (X EHE,

A very important question naturally arises: what about the scale of nonlocality A ?. It is clear that nonlo-
cal scale A has to be smaller or equal to the scale k! because in opposite case we shall have the problems with
tree-level unitarity for graviton amplitudes. The most natural assumption is that A ~ O (K_l) ,butwe can’ t
exclude the case A < ¥~ . Current experimental data support Starobinsky R? model of the inflation. There
are attempts [26]; see also A. Koshelev, S. Kumar, and A. Starobinsky this handbook to use nonlocal gravity
in the inflation models. It is interesting to mention that in Starobinsky model [27, 28] , the free parameter is
the scalar mass M ~ 3 -102GeV , and the nonlocal scale A has to be much larger the scalar mass A > M . So
Starobinsky model gives us the hint that nonlocal scale A > 10"GevV .
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— M EEEZN R BASPER L AEREBERFRE A BZ2/D? BARRRERE A VN TEEET
PRI =t S5 FARMERZ A B IR, & HANREZ A ~ 0 (7)), HIR
THEARBEHERR A < 7! BUTENL, BUA SER0EdE S #F Starobinsky R? REKIEAY, TAHIFZ [26] 22k
FKAEREE I T 2&EKEE; ] S UWAF A+ A. Koshelev, S. Kumar 5 A. Starobinsky AJHHE
XE, HE 122, 1F Starobinsky 7 [27,28] F, HHEZSHENERE M ~3-10°Gev, H
ERIBARE A AR R T IZbRRFER A > M, [Ft Starobinsky 845 T A 2 R: JEfRIEHRE
A >10"GeV ,

Renormalizable Nonlocal Gravity

AR R

It is well known that the SM- renormalizable gauge theory based on SU, (3) ® SU; (2) ® U (1) gauge
theory successfully describes strong, electromagnetic, and weak interactions. So it is natural to suggest that
quantum gravity also could be renormalizable field theory. However Stelle renormalizable local generaliza-
tion (76) of Einstein gravity (66) contains indefinite metric spin 2 state in graviton propagator. The formfactor
f (—k?) in graviton propagator (84) with ultraviolet asymptotics f (—k?) /k* — constat k* — oo corresponds to

asymptotically renormalizable theory (76), and besides it provides the absence of negative norm states at least

(sl

k2

for free graviton propagator. For instance, we can use nonlocal formfactor f~! (—=k?) = A? in
formula (85) or the formfactors (56,64). The theory with such formfactors is renormalizable in the ultraviolet
asymptotics, and graviton propagator (84) does not contain negative norm states. The main problem is that in
contrast to local field theories, nonlocal renormalizable gravity depends on unknown formfactor f (kz) ,and

up to now there are no fundamental principles how to fix its form.

WKL, BT SU,(3) @ SU(2) ® U (1) BITEHRIE A BRI I Al 54 (kST BRI RTHER T 3
AR, HERGHE LA RIS TR A, (R SR TT DR, R T3 tmT AR AT LIz, SRT,
BIRNHET (66) (KIMZS AT EEEALRBRIET (76) FIR1 ) FAERB Tt (E R FEL E i 2 50 3
HTFHEIET (84) FITGRET f (—k2) 16 k2 — oo MEELESANITELE £ (—k2) /K2 — 36K, AP
SERTERAIE (76), MEAMEMHE T E/0 310 TEH T R R ETGasEs. i, eI e
el
=X (85) FEEIERBIIRE T ! (k) = AZ(—(I "k( A2>>), SR AR T (56,64), SIXKTY
R TR IESANDER BT ERALE, HE ) BT (84) FESTEHE, ROMEET,
AURBUAIE AR, JER IS B3 BT RETARE T £ (k) , 4114 T S A
$}/_§I\‘£EO

Some Applications of Nonlocal Field Theory

BRI IS T
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¥s -Anomaly and Nonlocal Theories

¥s RS AEE e

It is well known that triangle y5 -anomalies spoil the gauge invariance at one-loop level [29,30] . As a
consequence longitudinal and transverse photons interact at one-loop level that makes impossible physical

interpretation of y5 -anomalous models. As a simplest example, consider axial QED with the Lagrangian:

RFTARL, = ys REREREMBIAMIEA N [29,30] . L, JOLTEROETREREN K
AMEEH, S8y REBITCESG HYPERE, DR E T a0 0], Hbr R Eh:

1 — —
Ly = _ZFWF“U + iy, ) + edyHys AL (86)

At the classical level, the Lagrangian (86) is invariant under gauge transformations:

SRR, PR (86) TEAN PALYEARH M IRFFAEL:

Y - exp (ieysa) P, Ay, = Ay +d,a. (87)

Due to ys -anomaly, the effective Lagrangian

BT ys RH, ARHLRE

Lerr (Ay) = %ln (/ dipdy exp (i/d“xLA)) (88)

is not invariant under gauge transformations, namely [29, 30],

TERYEAS e R AEAZE, B [29,30],

3
ae
Legs (Ap +84@) = Loy (Ap) = 15,58 P FuoFap. (89)

To restore the gauge invariance (87) at quantum level, let us add additional scalar field ¢ which transforms
as ¢ — ¢ + a under the gauge transformations (87) and add the term [31]:

FERTBIKE ML (87), FM5IAFIMNIIREY ¢, BIEMIEAH: (87) FHIZHEA N
¢ - ¢+oa, FEMUIRLE[31]:
Ly — Ly =Lg+AL (90)

1 el
AL = zmj (A —0,9) (AF — 3Hp) — ¢ P eV BF,, Fyg. (91)

The Lagrangian AL restores the gauge invariance at quantum level. Due to the presence of the term
e3
1272

—¢

s“”“ﬁFMUFaB in (91), the Lagrangian L + AL is nonrenormalizable.
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B FCR AL AT DAE R PRI RA MG R 26 e, T (91) FRTFLEDT —¢
BRI,

PP, Fyg , TLRE L+AL

e3
72

12

So we see that by the introduction of additional scalar field ¢ , it is possible to restore the gauge invariance
at quantum level. However the price of the gauge invariance restoration is the lack of the renormalizability.
The nonlocal analog of the Lagrangian L, + AL allows in full analogy with nonlocal QED to make the model
(86) superrenormalizable [32-34]. Namely, consider the nonlocal generalization of the model (90) with the

Lagrangian:

HIEBAIEER], FIANHIMREY ¢ 7] UER FREREMTEAZN, HIREMTEANZERA 2
AR R A ERENE, FIRE Ly + AL BYAEEESE AR E IR 1 8l 17 A58 22810, AT PAULERTY (86)
ARl ] R [32-34],  BIFRATIA AR (90) B EIE, Hhr FREN:

Ltoti = Lan + ApiLs (92)
1 _ — —
LA,nl = _ZFMUVH’1 Gl)) P,Zw + llPY“aul/’ + el/’V“VsA,ulP, (93)
1 _ e
ApyL = Em,%} (Au - aﬂ¢) Vi ! (- (A —o#¢) — ¢Tn,2€#vaﬁFvaaﬁ- (94)

For the Lagrangian (92) the vector propagator in transverse gauge is

MFHLRE (92), BMTE FRIRBERET N

(gllv _ k‘:;” ) Vi (kz)

Dl (k) = 95
1= e v, @) =
while scalar propagator is
MR ERE TN
-V (k?)

Consider at first the case V;(k?) = 1. Using power-counting arguments, one can show that in full

analogy with nonlocal QED for the transverse formfactor V;, (k*) with the ultraviolet asymptotics V;, (k?) =
o) <$) , all Feynman diagrams except one-loop correction to the vector propagator are ultraviolet finite. For
the case V;, (k%) = V; (k?) , one can show that for the longitudinal formfactor with the ultraviolet asymptotics
Vir (kz) =0 (ﬁ) all diagrams except one-loop correction to the vector propagator are ultraviolet finite. In

the unitary gauge, the most general form of vector propagator is
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RITESEZIE v, (k2) = 1 HOF0L, I RATHROT LUERA, A s T a1 se 220, &
?ﬁﬁ%%ﬁﬁﬁﬁ%&#)=o(l)m@%%ﬁ%wdwy REREETIRBIEES, B

k2)’
B BEEREIMGRN, NT V, (k?) = v, (k) BTG, FTCAERE, T HBAMHEREINE TN
Vi, (k¥) =0 ((k1)2> HINEIRA T, FRREEE TR REBIESN, rE 2R ZEKIVERRI, A

ERER, REEHF TR RPN

UV
N CRAGE-=SA%)

97
o (97)

The longitudinal formfactor V, (k%) does not contribute at mass shell for ys nonanomalous models like
2
QED. For V; (k?) = k—ZVZ (k?) , the vector propagator (97) is transverse, and triangle ys -anomaly does not
m
contribute. 4

X{?@%?Eﬂﬁﬁj FIXFEH ys TTREERL, PR F v, (K2) e ERE T T v (k) =
::TZVZ (K?), REMERET (97) M, BIE=F/ ys RFEEA TR,

To conclude, in axial QED it is possible to restore gauge invariance by the introduction of additional
scalar field. However due to 5 -anomalies, the local version of the model with V;, (k*) = V; (k?) = 1 is non-
renormalizable. The introduction of nonlocal formfactors makes the model superrenormalizable. It should
be stressed that in nonlocal axial QED, it is impossible to perform the limit m, — 0, i.e., axial QED with
massless vector field does not exist.

f5 AR, fEMRR TN, ALY AIUME R RIRE MR, HET s K,
8V, (k) = vV, (k) = 1 FEBARABALR R By, 3INIEEBRE TR, 8y
AT E R, FERANE, AR R TR, TERERIR my — 0, HRLEB,
TR IR R B B T N R A TE

Nonlocal SU(5) GUT

el su(5) Rgi—Big

The remarkable success of the supersymmetric SU (5) grand unified theory (GUT) (As a review see [35].)
was considered by many physicists as the first hint in favor of the existence of low energy broken supersym-
metry in nature. However the nonobservation of supersymmetry at the LHC is probably the opposite hint

that the supersymmetry concept and in particular the supersymmetric SU (5) GUT are wrong.

FEXFR SU (5) Rgt—HlE (GUT) RIFE LA (SRR I [35])) #F 2 WP A 50N B AR A7 TE IR AER
RN FREYE NMEUE, PTG B AR X ZE R IR, X —FLAG A RIERR, EX TR
&, JUHZENFR SU (5) GUT 1R A2 FH IR Y,

It is well known that the Georgi-Glashow SU (5) GUT [36] is in conflict with experimental data [37]. So

a natural question arises: is it possible to invent nonsupersymmetric generalizations of the standard SU (5)

GUT noncontradicting to the experimental data? The answer is positive, in particular, the introduction of
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additional split multiplets 5 @®5and 109 10in the Georgi-Glashow SU (5) GUT allows to obtain the Weinberg
angle 6,, in agreement with experiment [38].

RFTEEN, FRIG-H8HH SU (5) GUT[36] 53256 50E [37] #17 &, Rtk—A B RM A N8 A4 : GE
R 5 SR EHE AR R BHIARIE SU (5) GUT RAEREX AR ? BREEEWN: BAKMNE, 1R
TB-FEHE SU (5) GUT FH5| ANBAMY DL ER 5@ 5 M 10 10, HEAT ASEIS 25 [38]) —2
BAAME A Oy o

In this section we discuss nonlocal generalization of SU (5) GUT [39]. We demonstrate that it is possible
to solve the problems with the proton lifetime and the Weinberg angle by the introduction of additional nonlo-
cal terms in the local SU (5) GUT Lagrangian. An account of additional terms leads to the modification of the
GUT condition ay (MgyT) = ay (Mgyt) = a3 (Mgyr) for the effective coupling constants. Nonlocal scale A
responsible for ultraviolet cutoff coincides (up to some factor) with GUT scale Mg ;7 . In the simplest nonlocal
modification of the standard renormalizable SU (5) GUT, the value of the GUT scale is Mgyt = 3 - 10'°GeV
. In general case the value of Mgy is an arbitrary, and the most interesting option Mgy = O (Mpy) could

be realized.

A EATTIE SU (5) GUT WIHEEBEE [39], FRATIERA, JEITEEI SU (5) GUT kg H &5
NESMEE IR, 7] ARG 7 tn AR AAAS A Y R, BRANIR 5 | ABIE T B30 & £ 2 1Y
KGt— M a; Mgur) = ay Mgyr) = as (Mgyr) » ASTERIMEWHIAEEBARE A (HHE—NFEEL
K1) 5KG—WE Mgyr —3 EARERTERE SU (5) GUT M RIAEEBBES, K —FrERTE
{HH Mgyr ~ 3-10°GeV . —RHIEN N Mgy WBUEZTER, RERENEE Mgyr = 0(Mpr)
A PASEER,

Let us start with the observation that in the SM, the effective coupling constants o3 (1) and a, (u) cross
each other ( a3 (Mgyr) = a, (MgyT) ) at the scale Mgy = O (1017) GeV . At one-loop level the effective
coupling constants a; (1) obey the equations:

AT FRBPREBAPHZER: HREEE R ay () 7l oy () TEFRE Mgy ~ 0(10'7) GeV Ab4H
R ( as (MGUT) =, (MGUT) )o $7qu‘|:, BRREEH a; (,u) (ﬁ/@ PAR 7 E:

da; (1) _ b; ,
where for the SM model with three generations b; = —7,b, = —3§ ,and b; = 4.1. As a consequence we

find that

HAS T ERbRERR B by =—7,b, = —3§ b, =41, HHEFRMES:

1 1 b, — bs (MGUT)
- = In . 99
a,(my) oaz(m;) 27 my (99)

Numerically Mgyt = (0.9 £ 0.2)- 10"GeV and .

= 46.9+0.2 (In our estimates we use a3 (my) =
as(Mgur

0.118 + 0.001, sin” (6y) (my) = 0.231 +0.001 , and a;} (mz) = 127.8 £ 0.1.).
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BUESETA Moyt = (0.9 £0.2) - 107GeV Hl ———— = 46.9 + 0.2 (BAWEIEH A T oy (my) =

azs(Mgur)
0.118 £+ 0.001, sin” (Bw) (mz) = 0.231 + 0.001 1 Oce_,}l (mz) =127.8£0.1 ),

The unification scale Mgyr = (0.9 £0.2) - 10" GeV is safe for the current proton decay bound [40].
Really, in standard SU (5) model, the proton lifetime due to the massive vector exchange is determined by the
formula [41]:

RG—HEAR Mgyt = (0.9 + 0.2)-10" GeV 1 /& 24 BT T T3 A8 S IRAYEE K [40], S2FR b, TEARIE SU (5)
A BRERHSHIRFAaE NG [41]:

4

_ M,
I(p—etn®) ' =4. 1029i°'7<+> yr, (100)
2-107°GeV

where M, = Mgyt = 1/ i 859, is the mass of vector bosons responsible for proton decay (Here @, is

the vacuum expectation value of the SU (5) scalar 24-plet < ® >= % Diag(1,1,1,—3/2,—3/2) responsible
for SU(5) - SU.(3) ® SUL (2) ® U (1) gauge symmetry breaking and gs is the SU (5) gauge coupling at
the GUT scale Mgy .). From the current experimental limit [40] T'(p — e*’n’o)_1 > 1.67 - 1034yr , We
conclude that Mgy > 2.5 - 10°GeV . The main problem of the standard SU (5) GUT with the unification
scale Mgyt ~ 10'7GeV is that the experimental values of o5 (mZ),sin2 (6w ) (my) , and o} (my) lead to
nonequal values of the effective coupling constants oy (M) and o (Mgyr), namely, ayt (Mgyr) = 36.0 #
o3t (Mgyr) = 46.9.

He M, = Mgyr = \/ggsd)o B ERTRENRER AT RE (Lt o, 27AF SUG) -
SU, 3)QSUy (2)@U (1) FITEAFRIME BB SU (5) i 24 A < @ >= % Diag(1,1,1, —3/2, —3/2)
MEZHHEE, g5 BRKG—REI Mgyr &M SUG) FTEEEFE L ) RIEYETEE LR [40]
I(p— e*7°) " > 1.67-10%yr, RAUFRILEL Moyr > 2.5-10°GeV . KRl SU (5) kG5 —Hipr
KRGE—REFRE Mgyt ~ 10" GeV FIRDIRIEE, SKRIMIAEH a3 (my),sin® (By) (mz) Fl agl (my) %
HEREEEFHE as Meyr) 5 0y Mgyr) THEE, Bl a7 (Mgyr) = 36.0 # a3 (Mgyr) = 46.9 6

The main observation [39] is that the use of nonrenormalizable interaction (In Refs. [42,43] the influence

of nonrenormalizable interaction L,; = ML Tr (FWIIJF"“’) with ¢ = O (1) has been studied. It was realized
PL

that this interaction allows to increase the GUT scale but can’t solve the problem with wrong Weinberg angle

prediction.)

BOILMES R [39] 2, (ERAA]EEAHEMEM UMk [42,43] B0 T ARTEBMHEIER Ly =
MLPL Tr (F,®F*) 5 ¢ = 0 (1) RIREMA, EZBLZMHE/EM AT AR R RS —REbR, (EICEEMIUREMMA
FRIEE IR AR, )

1
Alpere = en (Tr (B, ®) Tr (FF D)) (101)
P1

leads to additional term for the effective coupling constant ¢; (1) at GUT scale, namely,

RERGE—REFRE A B A H B oy () HRBSNIE,  RD
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1 1
a Mgyr) a3 (Mgyr)

A, (102)

where

=

_ 1 6M?

A= = .
A% a3 (Mgur) 5A%,

(103)

Numerically we obtain A = 10.9+ 0.2 and Ag; =~ 2.3- M, . In other words additional nonrenormalizable
interaction (101) can modify GUT unification condition in such a way that the unification takes place at the
GUT scale nondangerous for proton decay bound and the GUT scale Mgyt = 10" GeV does not contradict to
the experimental values of sin’ (6w) (M) and a~! (M) . The appearance of additional arbitrary parameter
A in the relation (102) means that we can’ t predict the value of sin” (Bw) . The untrivial fact is that the
unifcation of a, (1) and a3 (u) effective coupling constants takes place at the GUT scale which is safe for the
proton lifetime bound.

EEBETEBRNEE A =10.9+0.2 1 Ag; & 2.3-M, ., 52, YNNI ERMEE/ERH (101) 7]
DA KRG — B G — R AT MBS G — IR AN R F RS RIEFEN KRG —fene, B
KRG —HERR Mgyt ~ 107 GeV 5 sin® (8y) (M) Fl a~! (M) BISZRAERF G, XAR (102)
WAIMER S A, BHRERNTCERI sin’® (6y) BME, EFERNIEENELRE, oW S5 a; ()
I R0 & 5 U S AE RIS R BT 77 i S B R G — RERR AL SRS —

An account of two-loop corrections leads to the decrease of the Mgy by factor 3. The parameter A in
(102) is not small. Really, A/ <m) ~ 0.24 and Ag; = 2.3 - M,, . It means that at the scale Mgy , we
must have some ultraviolet cutoff(regulator) to make sense to the nonrenormalizable interaction (101) at loop
level. The promising way to deal with nonrenormalizable interactions is the use of nonlocal field theory. The
simplest nonlocal generalization of the renormalizable Yang-Mills Lagrangian is given by the formula (59).

Possible nonlocal generalization of nonrenormalizable interaction (101) is

EEWEIEIE S, Mgy S/NNERA 1/3, (102) FIISE A FR/, 52 EA A/ ((M;) ~ 0.24
1 Ay ~ 2.3 M, o JXEBKETERERT Moyr &b, BATTRHEI NEIMEIT (B T), AREIE RS
FIE AR (101) ZEBIKT R EARE X, AR E A B R T R R MR R, mE
ek KR TR B R R 2 AR R B I 2 (59) 8 tH, AT EESHIEL (R (101) ATAERYAESR

SERAE)

1
ALporon = Ten (Tr (Fp®) V g1 (—0H,,) Tr (FFY®)). (104)
1

The use of nonlocal formfactors V and V ; cures bad ultraviot properties of nonrenormalizable interac-
tion (104). For nonlocal Lagrangian (104), the parameter A depends on the scale u :

ERFERIBIRIA T V F1 V o, 7T AR AR A EAEH (104) A REAIMER, XTFHERIEHL
FEHH &= (104), Z%8 A {3 THER u
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Td2
A(p) = 52V a1 (%) (105)
ACI>1

We can use the normalization condition V g; (~M&yr) = 1. In this case formula (103) and numerical

estimate for A are valid.

TRATAT AR L 20 V g (—MByp) = 1, BEIFER (103) FIRE A BURE RS TSR

Conclusions

Gile

In this chapter we considered nonlocal quantum field theory including gauge fields and gravity. As the
simplest example, we gave an overview of nonlocal scalar d = 4¢* model. We have demonstrated that non-
local ¢4 model is ultraviolet finite, unitary, and macrocausal. The main difference between renormalized
¢* model and its nonlocal analog is that renormalized ¢* model is local and microcausal while its nonlocal
analog is only macrocausal. In other words the price of ultraviolet finiteness is the loss of locality and micro-
causality. Also we considered the model with an infinite number of local fields ¢,, (x) and local interactions
with higher-order derivatives for each local field. An account of infinite number of local fields leads to non-
local and ultraviolet finite theory. So we can say that the presence of infinite number of local fields could be
the origin of nonlocality. The nonlocal generalizations of abelian and nonabelian gauge theories are super-
renormalizable field theories. From practical point of view, the main motivation that nonlocal field theory
has to do with reality is the well-known fact that Einstein gravity is non-renormalizable theory at quantum
level. Possible remedy to improve bad ultraviolet properties of Einstein gravity is the modification of gravity at
Planck scale. In particular, nonlocal generalization of Einstein gravity leads to superrenormalizable theory.
Also nonlocal renormalizable gravity model looks very promising. In this model ultraviolet behavior is de-
termined by the Stelle model. The use of nonlocal formfactor allows to get rid of the problems with negative
norm states for Stelle model. There is a very interesting question - what about the value of nonlocal scale?
The most natural answer is that the nonlocal scale A coincides up to one or two orders with the quantum
gravity scale k™! = 2.4 - 10®GeV . However we can’ t exclude that A < 2.4 - 10'%GeV . As opposed to
local renormalizable field theories, nonlocal field theories depend on unknown functions - formfactors. At
present state of art, we can’t fix the form of nonlocal formfactor that strongly decreases the predictive power of
nonlocal theory in comparison with renormalizable theory where the predictions depend on finite number of
unknown parameters - masses and coupling constants. Also it is very interesting to mention that nonlocality

can change drastically the classical solutions of Einstein gravity.
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AREBANIR TREMIES S5 ARSI E 7718, BATARARRF]FHEE T IRE bR d =
4¢* A, ELUERHIREIR ¢* BRHALZSIMEIR. KIEHZEMERE, HEEAM ¢* HALS HARE I
EEBRIRI RO X BITE T AL ¢* R I BRI SR AN, T G 38 H AR (S S R R IR
Rt #HaiET, SFIMEIRIERIAO BRI IE S MM E R, BANEHIFR TR &I 2 e
% ¢n (x), BEDEBIZHAGHE S SECEBH IR IR, 51\TC5% 2 & 87 )5 w] G2k
T HESMEIRIEIE, FIBATA AR, To%5 2 Bt e Al RER IR E AR TR, FIUURS
R DUR LGRS (O AEE il #R E rT R 718, WSS MRS, AREE7 85 ISR
ALK B — D NHIEYSESE: 2 REHES IR 1R im0 A ] ERAEIE, 2 N S
H A REIMERRIAT 7T RRAE & MIse REXN 51 0 TEk, BAmE, ZEREHE5r99E
TE AR DS I Al A, AR ] RS [ A B R IE A AR, IR
SOMT O R AR, AR AR A 7 m] DA R R AR B e S R, A —
FEFES SRR FESRENRERZD? RARNERE, IFEBRE A SEFIHRE
k1l =2.4-10"GeV HHZENX—FIF MUER, FETRITEAGEHR A < 2.4-10"°GeV ATHEN, 5
TE ERAAIE AR, IREEASAM T RS —PIRE 7 ELRTRITFOKTE T, BAITE
R AR BIEIRE PR, XSSEAREBEICHT S e T T BRI —FE S
AR D ARNSE: R SHMEHE. SDIMERES IR, IREEMERT AR % K
H5 7] 2B,

There are several interesting applications of nonlocal field theory. In particular, in this chapter we consid-
ered the models with ys5 -anomalies. As is well known the models with y5 -anomalies spoil gauge invariance at
quantum level. As a consequence models with y5 -anomalies are nonrenormalizable. On the example of axial
QED, we have demonstrated that the introduction of nonlocality allows to make axial QED superrenormal-
izable. Nonlocal axial QED describes the interaction of massive vector photon with massless fermions. Also
we considered nonlocal generalization of Georgi-Glashow SU (5) GUT. An account of nonlocality can cure
Georgi-Glashow SU (5) GUT with its wrong phenomenological predictions for proton decay and the Wein-
berg angle Oy, . In the simplest nonlocal extension of the Georgi-Glashow SU (5) GUT, the value of GUT scale
isMgyr ~ 3 - 10'°GeV . The nonlocal scale A in this model coincides by the order of magnitude with the
GUT scale Mgy , and it is by two orders of magnitude smaller the quantum gravity scale k™! = 2.4- 10"8Gev

EEBHCEE S TEBHNH. BIRMS, RERINTHR THE v REERL, KFEA,
B ys RENSRISER FREEBITEREN, W v OEBEEE R R AT E R, AT
R EE TR SERGRERE T, 5IAIEEIEIERT DU B R T ) A i ] SR IR,
R ER T H AR TERBERBEL TS ERBICK M EEM, FRAOTEMR 1757
IB-IEHLH SU (5) KRG —HISRYAEEIRIME T, 51 AIEE B R] DR8P SU (5) KRgi—Hit
1R T AR M 6y FHRMMER TS M, EFRIG-MHLHE SU (5) KGi— Bt R & L
EBY R, KRGE—F—REMNHEN Mgyr ~ 3-10"°CGeV . ZEAIPRAEEBRE A 55 —R
J& Mgy B —5%, HEEBTFIINRE ¢! =24-10°GeV /NN ED,

I am indebted to the collaborators of the INR theoretical department for discussions and critical com-

ments.

JEE INR BHSHRH) & 1EE 2 5 THEF R H R AT E L,
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