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Introduction

From a particle physics point of view, it is known that
theories with higher derivative quadratic operators have
a better UV-behaviour with respect to standard theories,

thanks to the modified free particle propagator

However, Lorentz invariance + higher
derivative operators imply a lack of unitarity
due to the appearance of ghost (PV-like fields)

Lifshitz-like theories, explicitly breaking Lorentz
invariance, allow for the construction of unitary
otherwise non-renormalizable theories



An extensive study of Lifshitz-like theories for
scalars, fermions and gauge fields, as well as

applications to the SM, has been made by Anselmi
[ Anselmi&Helat, 0707.2480; Anselmi, 0808.3470;
0808.3474; 0808.3475; 0904.1849]

The main recent interest, however, comes from the
Horava proposal of applying this idea to build a
renormalizable theory of gravity [Horava, 0901.3775]
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[ will not enter into the 1ssue of if and how Horava theory is
phenomenologically acceptable, but focus mstead on the
obvious general drawback of any Lifshitz-like theory:

How can we recover Lorentz invariance in the IR ?

Is there a possibility of an RGE of the Lorentz-violating

parameters such that they become all small in the IR ?
[Chadia, Nielsen, NPB 217 (1983)]

How much (if any) are these theories fine-tuned ?




Our aim 1s to answer to these questions by looking at
simple Lifshitz-like theories with scalars only

The Lorentz violating order parameters we will consider
are the “speeds of light” of the scalar fields

The answer does not seem to be promising
for weakly coupled theories

There 1s no way, 1n general, to have a sufficient RGE

suppression, and the fine-tuned left is very severe ~ 10"

[Collins et al, gr-qc/0403053]

Our analysis will also clarify the IR-UV
structure of Lifshitz-like theories

irsa: 09110063 Page 6/74




General properties of Lifshitz-like theories

Anisotropic scale invariance

z—D
2

(Df ( '_I:i! . t!) .
[t 1s useful to introduce weighted scaling dimensions so that

r i | 2=
t]u ==, [.‘IT ]w = —1 s [@]w -— 9

This is equivalent, but makes physics more transparent,
than defining unusual natural units.

t=X\t, =Xz, o(z* t)= )

Renormalizability by power-counting still holds, substituting
standard scaling dimensions with weighted scaling dimensions

(07¢)? is standard irrelevant, but weighted marginal

—




For instance. in D = 3 with z = 2. the most general renormalizable Lagrangian.
invariant under anisotropic scaling, is (in a “preferred frame”™ where spatial
SO(3) rotations, translations and time-reversal are unbroken symmetries)

= S 48A41T 10!1A8 "
Weighted relevant terms are
= —— - R
—— e € oo v 9n 2n+2 , "PL o 12,2
£ 59" — 5 (9:9) +HZ=:1 G n? 289
2 —1
Free particle propagator is i (k:g —ek — %k“‘ - mz)

Neglecting m. there are two regimes of interest.

UV behaviour: E > A
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UV behaviour: D=4 Theory with 1 particle

1., @ e 2 m A 4 2 k6
£—§{D _L\-(AD) E(a;(]) = > O _ED —E_,:(C}C)D] ﬁ!;‘\‘lﬂ

The marginal couplings are a®, g and k

Once their RG flows are known. we can study the ¢? operator

We work at 1-loop level

Use DR to the spatial directions only (D = 4 — ¢) and renormalize
using MS scheme where the poles in 1/¢ are subtracted
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Define gza%ﬁ k= a%
it) = - %g@% t=Inp/po, po>1
- () E T ()]
A Landau pole appears at E, ;. = pgeﬁ I E< B

& ; NETTONE
H—IBCE—?C : C(t)—CO go
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dqg°dPq i°q
(—igp© ) DT (2 2 o 213
2/ @n (@ — a2¢* — 2q% — m?)

= _15-&93;1 [ /’dq dDQ 6 —a{qa ta’qg*+cPqg*+m?)
2D+ = A
3[4 P 1 DD
— ——=__ 1 finite Ip = —
8 a> e = (ZT)D

1514 gk 4514 ¢°

i = -
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=0 -k
DE'FIHFE g:a—:—)" k:a_~1.
i) — — t=In 1
g(t) = 1 354(}0?} = p‘/ﬂ‘ﬂ? Ho >
—
= . = 5 3
) - (a()\ 2 [ a(t)\” g(t
k() = kg(gf)) 1 2% (gf)) 1—(95)) ]
9o 4 \ 9o 9o
A Landau pole appears at E, ;. = pgeﬂffﬁn 1<K E L Epgie

& - T, = NTOME
E — e — ?C : C (t) — Cg go
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—1

( ) / dq“dD i3¢°
LG 2 (2W)D+1 (qg — a2q4 = Czqz = m2)3
i _].5193 e dq qu ] —a{qa—-—a q —|—C q —I—m )
4 dm (2m) P+ e
_ag 1 pite o
8 dd¢ | 7~ (2m)P

By similar manipulations we get

1514 gk 4514 ¢°

E = 3= = a
- S8 a3 32 a’
3l 4 .f}j
A
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UV behaviour: D=4 Theory with 1 particle

k- & & .- .o W o 3 E .
£ a9 O & oo —(Qd %) ~ 6A®

The marginal couplings are a®, ¢ and k

Once their RG flows are known. we can study the ¢? operator
We work at 1-loop level

Use DR to the spatial directions only (D = 4 — ¢) and renormalize
using MS scheme where the poles in 1/€ are subtracted
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= 4§ - _ k
Define g:a—3. k’:a—_l.
§(t) = go i—In 1
i) = —ig =Inp/po, po >
—
= 5 . 5 3
i - [t 32 [ a(t)\ > g(t
k() = ku(gf)) 1+ 2% (gf)) lﬂ(g,(_)) ]
do 4 \ 9o 9o
A Landau pole appears at Epﬂgﬂ — pgei’-‘fﬁu EE B

&&= _ L, 2 () °
E — — ?C :} [ (t) — Cg go
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a—1

ey3 13 / dqg°dPq 1°q
2 J (2m)P+! (g —a?q* —?¢® —m?)?

15&@’3113‘5 dﬂ d‘-?:rdﬂq qﬁe—a{q;:f—?—aiq*—l—czqﬂ—l—mzi
dm (2x)P+1

()
+ finite E————

? a’ e
By similar manipulations we get

151y gk 4514 ¢°

E—— I — — =
- 8 a3 32 a’
3[113!_}
A
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UV behaviour: D=4 Theory with 1 particle

Boy & .5 € . .3 " 2 4 F .4 03
ﬂ——§(3 —?AQ(AD) —E'(ng) - v —a? — —(00;0)" —

The marginal couplings are a®, ¢ and k

Once their RG flows are known. we can study the ¢ operator
We work at 1-loop level

Use DR to the spatial directions only (D = 4 — ¢) and renormalize
using MS scheme where the poles in 1/¢ are subtracted
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= =9 =k
Define g:a—3-. k:a—*"
&y — = t=In 1
it) = —am =Inp/po, po >
=
—— 5 = 5 3
: ~ £ att o £ att)\ g(t
k() = ku(gf)) +59“(gf)) ld(gf)) ]
do 4 \ 9o 9o
A Landau pole appears at E, ;. = pgeﬂfﬁu 1 €< E <K Byl

&= —  La, 2 2 (3())
E — k= ?C :> C (t) —€g go

irsa: 09110063 Page 20/74



UV behaviour: D=4 Theory with 2 particles
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Class of exact solutions:

90
£) = ) = alt) =
g1(t) = g2(t) = g(¥) 1— zlgd
hq
hl(t) == hg(t) — h(t) - ot
gi12.0
) =
912( ) l — :I?L;t
q —v—h.

0 - 4()"

g(t)
90

-
%
]
—
~
i —
Il

2(t) — &(t) = 6%(

).

gﬂ_hﬂ
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Study the RG evolution of the perturbed solutions at linear level

fOI'.'I?=3/8, dgi2.0 =0 ho =O Jo = 1

g1=g+0g+dou, go=g—4dg+du
h1:h+(5h+5’ﬂ hgzh—5h+6ﬂ 912_}912‘*'5912
Sg(t) _ du(t) _ (@ )
dgo dug go
oh(t) = ov(t) = dg12(t) (Q(t))§
dho dvg dg12.0 90
() — 5Cg(@) + Gl4990 (9“)) +a [(@) _ 1] Sho
90 8 go 9o

I: Not enough to start with de3 = 0 at pg > 1 to get ¢ =0 near E ~ A

2. 8ther perturbations around fixed point must be fine-tuned S




(Class of exact solutions:

90
) = ) = aglt) =
g1(t) = ga2(t) = g(?) 1— zlgd
ho
ha () = ha(t) = h(t) = T—
gi12.0
) =
912( ) 1 — Il4t
Hgl—r—hﬂ
t 2r
90

go—hg

o) - ) oc3( L))
g0

S
™
b
—
o~
T
|

irsa: 09110063 Page 24/74



Study the RG evolution of the perturbed solutions at linear level

for r = 3/8 gi12.0 =0 hg = 0, Jo — 1

g1=g+0g+dou, go=g—0dg+du
h1:h+5h+5’0 hgzh—5h+5ﬂ 912_}'912‘;‘5‘912

5g(t) _ 5u(t)_(M)2

dgo dug go

Sh(t) 5-u(t)5gu(t)(@)§

dhg dve  dgizo \ 9o

o _ a9\ Bldget (s L[(9®))} _
o = w(40)’ - Bt (20)' (e o
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(a) e =1, gp —hg =0, 8c; — 107"
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UV behaviour: D=10 Theory with 1 particle

1., a° x € N2 T 5 A g
E=_¢ — _(Ad) — g(aaﬂ") = ?@ = -3—!(9
2 : X
A g e B )
64a’ a’ a’

A and effective coupling = are UV free.

OA

. ‘ xr “x

ef(t)—c ( )
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(a) (b)

==

(a) g =1, dgp—dhg—0, 82 =102 (b) =1, g9 =g — 102, dc5=0
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Study the RG evolution of the perturbed solutions at linear level

for = — 3/8 dgi12.0 =0 h{] — 0, Jo — 1

g1=9g+0g+d0u, go=g—4dg+du

hy = h + 6h + v . hs = h —0h + v . g12 — g12 + 0412

dg(t) _ ou(t) (g(t))‘z

dgo dug g0
§h(t) = Jv(t) = 5912(1}) = (@)5
dhg dvg 0g12.0 0

o = ()’ () (s

Pi,‘;Ongther perturbations around fixed point must be fine-tuned

1. Not enough to start with de2 = 0 at pg > 1 to get d¢ = 0 near E ~ A
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Class of exact solutions:

91(t) = g2(t) = g(t) = 1 —g(;:ht
hi(t) = ha(t) = h(t) = 1 —h::l4t
G120
g12(t) = 1 — zlst
el — ¢ (g(t))
90

53 (t) E(t) — E(t) = d¢2 (@) h
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Study the RG evolution of the perturbed solutions at linear level

for = — 3/8 gi2.0 =O h{] = 0, Jo — 1

g1 =g+0g+ou . g2 =g —0g+ du
h1:h+5h—!—5v hgzh—5h+5v 912_*912‘*'5912
E 2

Sg(t) _ du(t) _ (g(t))

) go dug g0
oh(t) = du(t) = dg12(t) = (@)‘3’

dhg dvg 0g12.0 90
: N> Fhint Lal) 3 £)\ 3

90 8 9o 90

I: Not enough to start with de2 = 0 at pg > 1 to get ¢ = 0 near E ~ A

24ther perturbations around fixed point must be fine-tuned g




Define gz%? E=
: : =

h h
Lop = L1+ Lo — g12(01001)(02002) — 11(3651)265% = f(aﬁﬁz)z@% — Vi

l4
-3g1 - (3511 -+ —lgl:rh’) = h h} — )h )
1
5 g(sg) + Agiliy -+ Biyghiy — 202 )
ly : :
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[ > _ _
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B — lonrd
2 = tastah
l4
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UV behaviour: D=4 Theory with 2 particles

Loy
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IIIII
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Study the RG evolution of the perturbed solutions at linear level

for x— 3/8. gi12.0 =0, h(} =0.J, Go — 1

e e W S i = s I""“a
o 99x 10~ 0.0008 . i
s 1 =g
-~ e
ot 98x10° - g0006. ‘“\\
/ | “\‘
// 9.7% 10~ 0.0004 - B
//f . \x
/ ’ 9.6 10~* 0.0002 - e
' -3
o | =
7 t = f
3 0

(2 2 =1, gy —8hyg —0, 8 =102 (B) =1, Sy =dhg——107, =10
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UV behaviour: D=10 Theory with 1 particle

1., @ x €. W o X,
L=—-0"——(A0)" — 5(0.,;@) = =54
9 /\2 ,\_3'
el B e W )

64a° a’ a
(£)\ = () -
:\(H = A( (.1 : ) ! . {Ij(f) - {1{2] (i ' ) |
Lo Y
)2
r—=— A and effective coupling x are UV free.
a-:l

I e =
~ z(l) | “=
s C s
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UV behaviour: D=10 Theory with 2 particles

— e - T g
== §O = ?(AO) 1 5(83@) == ?@ = EQ =

E. o —F - .

o1 ~ E(Aﬂ) = E(aﬂ}) e o @

X — Xtéx >—3—3)

) _ 9 = ) __ ) =
a- — a + oa . a —=a — oa
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To To

=
SA(t) — 5AO(I())

Lo
== L @B (E(®)\ T a26)g [E(E)\ S
o - (i) ¢ ()
o, @B (E(B)\ T Bodo (E(t)\ T
ac™(t) = (OCECE/\OO)(IE(_G)) +CEAUG(IE('D))

The RG evolution of dc* in the UV does not help in alleviating thel
fine-tuning needed to get de small enough for energies near A.
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IR behaviour

n conventional theories the MS scheme has to be used with care in presence
f mass terms when E < m. since the decoupling of massive particles is not

nanifest. Indeed, the MS 3-functions. being mass—independent, are formally the

ame for any E. while for £ < m the physical coupling does not run anymore
For Lifshitz-like theories. situation more complicated

2 —3
i(kg — k2 — %k* = -mﬂ)

suggests that IR effects arise for k£ ~ ¢A/a. the scale ¢A/a playving the role of m

— use physical scheme (momentum subtraction)
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Recall 3 in usual ¢* theory

Let T'Y) be the tree+one-loop+counterterms 1PI four-point function
Define the physical coupling A as

F'MNs=t=u=—p?)=TY(u) = -\

Thus (s, t.u)=—-A+ F§4)(s, t,u) — F§4)(M)

arf_-l]
= [
. o

At one-loop level v = 0 and CS equation gives 3, =

<3 [ldx p?z(l — )
0

O = 1672 m? + p?zx(1 — x)

m acts as an IR regulator to the one-loop graph. which
saosines WOUld otherwise have an IR divergence when u — 0. page 40174



IR behaviour: D=10 Theory with 1 particle

Define the renormalized field ¢ and the couplings ). a® and ¢? as

or'2 = 1 94172 = lairii) =
()2, 1t |, 2 |,
l“““{(p{f)'2 = —a.u‘(ﬁg)-pg_g —phaz=0]= rfg}(ﬂ) ==
w(p’®) = a’p* + fp® ~ { Sfffi ((?I;))
1 ar"’ 2
== = By = —U o + 3y
| arfﬂ)”” _ r >

—— +2va®, B2 =—= + 27¢
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SE = /‘dlﬂk-dkgfd pre (u?)z? (1 — z)?
= (27)11 kZ + a2k* + 2k2 + w(p?)z(1 — z)]*

9,2 =
= 1}11{]/\ de/ Ik k )u:)...u "(p?)x £1 ¥ =
a?k* + 2k? + w(p?)x(1 — x)]|7/2

= l10\2 c
o)~ = > — A

g 64a> ’ e ¥

Ead™ o’ c

omy ,, _Sov P =
L = ek ©a e

c®k? term is an IR regulator forbidding IR singularities for & — 0

IR finiteness is responsible for the freezing of the coupling

(IR) (IR) ﬁ(m) H2
p Az
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Generalization straightforward

Lesson: weighted marginal operators become mmoperative for u < A

Are ¢ and éc? frozen in the IR ?

No. because in the IR their running is governed by weighted
relevant operators which become standard marginal in the IR

Example: Yukawa theory in D=3

2
]. 7o C_ ‘ e 1 _ e =
L= (9)* — - (2:0)" + (@0 — cyv) — gibo

\ssume only remnant of the non-Lorentz invariance of the UV theory is a tiny
lifference in the speed of light of fermion and scalar: ¢; = ¢, + de, with de < 1
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By simple exercise we get

L - - 3
= =) = =)
Cy e — g 2 ‘30{:‘ — g 206' 39 — g 9
247 247 167~
1'r-hi
ol t == —
_L — f}“f_

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Fine-tuning

For ordinary particles de < 10~ (21523

[ Coleman-Glashow, hep-ph/9812418]

For photons, FERMI observation of GRB 080916C gives

Ic*(1MeV) — ¢#(10GeV)| < 10711

Severe tuning for each Lorentz-violating parameter in the theory
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By simple exercise we get

,. g . M _ 5%,
. —— —0c, DBsc= —o0c b —
R T =T 24x? 77 16m2
873
att)] —

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Generalization straightforward

Lesson: weighted mareinal operators become moperative for u < A

Are ¢? and d¢? frozen in the IR ?

No. because in the IR their running is governed by weighted
relevant operators which become standard marginal in the IR

Example: Yukawa theory in D=3

2
1 . C, - - = -
A 5(@)2 = 5@(&;@)2 + U (@o — cudV) — gUbd

\ssume only remnant of the non-Lorentz invariance of the UV theory is a tiny
lifference in the speed of light of fermion and scalar: ¢; = ¢, + d¢, with de K 1
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Fine-tuning

For ordinary particles de < 10~ (21+23)

oleman-Glashow, hep- 2418
[Col Glash hep-ph/9812418]

For photons, FERMI observation of GRB 080916C gives

I (1MeV) — ¢*(10GeV)| <107

Severe tuning for each Lorentz-violating parameter in the theory
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By simple exercise we get

2 = 2 = 3
- 7 5¢g
. — —Jc . e — —d¢ B —
= 2472 %€ g2 97 16m2
{'-'t;
cxlt = —
_L — if.-}_e_'.f_

) E alt) \ ¥
f." C| ?L ' — !r." Ci )
h !‘-} Il.i J

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Generalization straightforward

Lesson: weighted mareinal operators become imoperative for u < A

Are ¢ and é¢c? frozen in the IR ?

No. because in the IR their running is governed by weighted
relevant operators which become standard marginal in the IR

Example: Yukawa theory in D=3

= 2 _ = = =
L= 5(@)2 = g(ai@)z + (o — co@V) — gd

\ssume only remnant of the non-Lorentz invariance of the UV theory is a tiny
lifference in the speed of light of fermion and scalar: ¢; = ¢, + d¢, with de < 1
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== 3)\2/ d'kdkEg /ld.r pod ()22 (1 —z)?
’ (2n ) (k% + a?k* + 2k2 + w(p?)z(l — x)]4

O 2 ge Iy By 23
= 1}[1{3/\ /dr/ Ik A,u.u:(,u )x ;(,1 x) B
a?k* + 2k? + w(p?)x(1 — x)|7/2

Jovy o hed - = A
~ = 7l =
Lo \2 2 c
_(IR) __ 10 H -~
g =~ BedeAz’ P<, =

c?k? term is an IR regulator forbidding IR singularities for & — 0

IR finiteness is responsible for the freezing of the coupling

(R) _ gUR) | gUR) n”
A ~a? AQ
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Recall 3 in usual ¢* theory

Let T'Y) be the tree+one-loop+counterterms 1PI four-point function
Define the physical coupling A as

FMNs=t=u=—p2)=TY(u) = -\

Thus I'(df)(s, tbu) = —A+ F§4)(5= t, u) — F,g”(ﬂ)

a]:‘{-l}
1L

At one-loop level v = 0 and CS equation gives ), =

e < 3 /ld::; p?zr(l — x)
2T 1672 o m*+p?z(l—x)

m acts as an IR regulator to the one-loop graph. which
msaoninss WOUld otherwise have an IR divergence when u — 0. oo



The RG evolution of dc* in the UV does not help in alleviating thel
fine-tuning needed to get de small enough for energies near A.
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By simple exercise we get

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Fine-tuning

For ordinary particles de < 10~ (21+23)

Coleman-Glashow, hep-ph/9812418]
| p-P

For photons, FERMI observation of GRB 080916C gives

lc?(1MeV) — ¢*(10GeV)| <1071

Severe tuning for each Lorentz-violating parameter in the theory
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Generalization straightforward

Lesson: weighted mareinal operators become mmoperative for up < Al

Are ¢? and d¢? frozen in the IR ?

No. because in the IR their running is governed by weighted
relevant operators which become standard marginal in the IR

Example: Yukawa theory in D=3

2
]. - C, " = < .
L= 5(0) — 2(9:0)” + V(o — cd) — giiro

\ssume only remnant of the non-Lorentz invariance of the UV theory is a tiny
lifference in the speed of light of fermion and scalar: ¢, = ¢, + de. with de < 1
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Fine-tuning

For ordinary particles de < 10~ (21523)

[ Coleman-Glashow, hep-ph/9812418]

For photons, FERMI observation of GRB 080916C gives

Ic*(1MeV) — ¢*(10GeV)| <1071

Severe tuning for each Lorentz-violating parameter in the theory
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By simple exercise we get

2 A e
* D 2 -
Bey = ——4—bc, fie=—nzbe, Bg=—a
: 241 24w 167=
f}af' = H:'
J_ — 3_"1' ,f_

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Qouolusions

Ve have analvzed the one-loop RG evolution of Lifshitz-like theories.

by focusing on specific Lorentz violating scalar field theories

and on the the spatial kinetic term ¢35 (90, 2)* operators
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Two regimes of interest

D E > A UV regime

Operators classified by their weighted scaling dimensions

RGE governed by weighted marginal operators

2) E< A IR regime

Operators classified by their standard scaling dimensions

RGE governed by standard marginal operators

Pirsa: 09110063

Weighted marginal couplings freeze



UV: ¢ and d¢? logarithmically run with the energy
(governed by weighted marginal operators)
IR: ¢ and d¢? logarithmically run with the energy

(governed by standard marginal operators)
unless

all sources of Lorentz symmetry breaking vanish

A dynamical mechanism to keep all Lorentz violating
parameters small, 1s necessary to make Lifshitz-like
theories promising theories of particle physics
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end

Pirsa: 09110063 Page 62/74

-



§ Keynote File Edit Insert Slide Format Arrange View Window Help W 2 T 4 = = 99 TuellS9am Q
8ene = Toronto2009

=~ e E TREE AL = | = = O

Fsiclil=3 Play View Themes Masiers ext 5Shapes Table Chart Comment inspector N

Q

-

. ———

-
-
v




UV: ¢? and dc¢? logarithmically run with the energy
(governed by weighted marginal operators)
IR: ¢ and d¢? logarithmically run with the energy

(governed by standard marginal operators)
unless

all sources of Lorentz symmetry breaking vanish

A dynamical mechanism to keep all Lorentz violating
parameters small, 1s necessary to make Lifshitz-like
theories promising theories of particle physics
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(a) (b)
oct &c?
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Introduction

From a particle physics point of view, it 1s known that
theories with higher derivative quadratic operators have
a better UV-behaviour with respect to standard theories,

thanks to the modified free particle propagator

However, Lorentz invaniance + higher
derivative operators imply a lack of unitarity
due to the appearance of ghost (PV-like fields)

Lifshitz-like theories, explicitly breaking Lorentz
invariance, allow for the construction of unitary
otherwise non-renormalizable theories



An extensive study of Lifshitz-like theories for
scalars, fermions and gauge fields, as well as

applications to the SM, has been made by Anselmi
[ Anselmi&Helat, 0707.2480; Anselmi, 0808.3470;
0808.3474: 0808.3475: 0904.1849]

The main recent interest, however, comes from the
Horava proposal of applying this idea to build a
renormalizable theory of gravity [Horava. 0901 3775]
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Renormalization Group in Lifshitz-Type Theories

Marco Serone, SISSA, Irieste

IN COLLABORATION WITH JORGE G. RUSSO AND
ROBERTO IENGO, BASED ON 0906.3477 [HEP-TH]|]

Perimeter Institute, November 10 2009
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Introduction and brief review

UV behaviour

IR behaviour

Fine-tuning problem

Conclusions
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By simple exercise we get

2 ~ 2 = 3
= D > D
Be, = ——3—bc, Pre=—azbe, By=-—
241 247 167~
alt) — ”:}
J_ == _%‘t'}“f
: ‘alt) \
Yelt) —  O€Con ( )
. Qo

A Lorentz symmetry breaking term in the IR theory
(coming from the underlying UV theory) induces, by
quantum effects, an energy-dependent speed of light
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Fine-tuning

For ordinary particles de < 10~ (21523

[ Coleman-Glashow, hep-ph/9812418]

For photons, FERMI observation of GRB 080916C gives

lc*(1MeV) — ¢*(10GeV)| <1071

Severe tuning for each Lorentz-violating parameter in the theory
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