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Effective Field 7'660@ n Caj'mafzyﬂy

Cluces for cwma/oyy from fundamental p@ﬂcy
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§ Mofivation and Qverview

§ Effective field theories L%mvgﬁam‘ p@ﬂcy
— ﬁecaupﬁnﬂ and ‘naturaless’ issues

§ Quantum effects in gravity: ?@ﬁfiﬂj the 3%/1’1‘ brain’
— (,’Zmnﬁ@inﬂ theoreticalerror
— Wha fjwﬁﬁey the classical approximation?

§ Relevance to cwma/aﬂy
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— an/aﬁan, Dark matter and ﬁméene@y
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(. Mobivation and Overview

§ What controls the classical app roximation in cosmo /aﬂy?

L) et mée&/&é’nﬂ mto mz’cmwpic p@w’cy as on im/mm‘&mf clue
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11 What Controls the Classical Flppmx?

§ The importance of c/omnf@inﬂ theoretical ervor
Quantum field L%emny is a precision science: e.9. LEU

a, = 1159652188.4(4.3) 107" (exp)

1159652140(27.1) 10712 (#)

U
G

Renormalizabils 0y of AED is imprortant part of m/cu/ﬂéiﬁ'fy

Comoa/oyy on the Beach Jan 2012



11 What Controls the Classical Flppmx?

§ The importance of c/mnf@inﬂ theoretical error
General @e/ﬂﬁv}'fy is also preciyian science: .9 fﬁéz/ﬂyjﬁfw
1250, //hﬂ/// ulsar; e,
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11 What Controls the Classical Flppmx?

§ The importance of c/omnf@inﬂ theoretical ervor

General Qe/ﬂfiw}‘y is also a p:ﬂeciyian science: e.q. fﬁ/f/ﬂyjﬁfw
12505, //hﬂ//j il e,

dP/dt = —2.408(10) 107*  (exp)
dP/dt = —2.40243(5) 10712 (#)

COMP%MJ’OV) mmm’z/y[%’y if size of quantum effects is unknown
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11 What Controls the Classical Flppmx?

§ The c;mnfumymu@ Jpﬁﬁ brain menfﬂﬁfy:

— Because ﬂmu@ is not renormalizable (unlike QED), clwmfum

mechanics and gravity cannot be treated within the same framework

— The size of quantum effects cannot be cam/mz‘eﬁ/ for jmw'fﬂﬁma/

situations, even for macroscopic systems
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11 What Controls the Classical Flppmx?

§ The c;mnfumymw’fy 5p lit-brain menfaé’fy:

9 infeiﬂﬁref.%/ as an EFT quantum corrections are caleulable,
even for gravity, praw’&/e&/ z%ey involve an@ /b@ distances...
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12 M’cmp @yicy as a Crucial Clue

§ The puzz/e of 'nan%/emup/inﬂ' in cwmdoyy

- ﬁecaupﬁnjz mm@ most details of small-distance p@ﬂcy are not
ﬁec]m’:ﬂe&/ to understand [mg%ﬁ}fﬂnce p@ﬂ'cy
— Why should parﬁc/e ﬁ@ﬂ'cy (or J'fm'nﬂ L‘ﬁemy ) have ﬂ@fﬁiﬁj

etul to say about cosmology?
useru 05@” OUULEEES 0\9\7 C’wmo/oyy on the Beach Jan 2012



1.2 M’cm/o @5’1’05‘ as a Crucial Clue
VWV‘M

0
§ The Mmm&écwp[i@' n coymofzyjy

— Decoupling doesn't preclude long-distance physics depending on o
few affﬁez/efm'é' affﬁmﬂﬁ&ﬁﬂ‘mﬁe p@ﬂ'cy i S

e For e;mmp/e, ﬂfz‘ﬁoogﬁ atoms can be understood without énawinﬂ much
about nuclear p@ﬂ'w', you Ao need to know some fﬁinjy (like the nuclear
mass, cﬁmye, paﬂz’é@ &ﬁ'po[e moment, etc. .. )
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1.2 M’cm/o @5’1’05‘ as a Crucial Clue
OWWWM

§ The Wnan%fecaup/i@' n camw/aﬂy

— Decoupling doesn't preclude long-distance physics depending on o
few offﬁeg/efm'é' 0 J'ﬁmﬂﬁ&é}'fanﬂce p@ﬂcy i Al

— Most cmma/aﬂim/ models re@ on /mfy%é'yfﬂnce features that do
&/epem/ on the details of short-distance p@w’cy
o the existence of scalars with small masses, m < H
o the existence of small vacuum energies, Gyp=< H?
o the existence 0][ exotic states or @mmigy at very low energies
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12 Microp @5’1’05‘ as a Crucial Clue
§ The opportunity of 'nan%[ecaupﬁ'nj' n camw/zyy

— Cwma/oyim [ olservations in themselves are unlikely to be able to
definitive @ &ﬁ'yﬁnﬂm}'ﬁ amongst all the extant models

— The ﬁ/iﬁ%u@ of emée&/&/i@ a modelinto a realistic UV

complelion is an important clue, which when combined with
4 %

observations may ma ke it pam’é/e to i&/enﬁ@ the model of interest
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12 M’cm/o @5’1’05‘ as a Crucial Clue

$ Nan%/ecaupﬁnﬂ as a &ﬂmé/&e&@e&/ywaw/

— Y short-distance p@ﬂ'ey does nof&écaup/& from cosmology, w@
doesn 't this make it imﬁmié/e to make cwmo/aﬂim /) p:ﬂe/iZﬁam
without first mﬁ/inﬂ quantum gravity?

* eqg.isan inf/m‘zbm@ interfrretation of CMB fluctuations robust?

§ The &/mflﬂem' 0][ 'Clanck 5'/0p'
— Fven ifﬁem/y p@ﬂcy &/ecoup[ey, w@ can'tsmall Planck-

mppreﬂw/infe ractions screw up cwma/@y Z
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2. Effective Field Tﬁemﬂy z‘ﬁm@%m‘ p@ﬂ'cy

§ ﬁewupﬁnﬂ: integrating out ﬁem/y pam‘z’c/ey
= Emmp[% from Weak, Strong and E/ecfmm&yneﬁc interactions

§ General features of /0w~eneiyy effective theories
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2.1 9nfeﬂmﬁnj Out ?/em/y Darticles

§ Consider a Jys'z‘em with a ﬁz’emrc@ 0][ scales: @ﬁf pmﬂﬁc/ey
with mass M and ﬁem/y pmﬂfic/ey with mass M

— 00mpm‘e an olservable (like @ﬁﬁpmﬂﬁc/e 5‘0&:#3%1’1}7 or hound-
e

state enerqy i, z’nuoﬁ/i@ energy E much smaller than M

s e f(a,E,E,E)

i E Y (Y £ (0l &) 4 ..
¥ 10 (a’m'E) i (M) J1 (a'm’E) 5
up to p(m'ié/e /aﬂy of EIM. (o here denotes dimensionless coupﬁny,

renormalized atrenormalization scale 11)
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2.1 9nfeﬂmﬁnj Out %m/y Darticles

§ Calculations are J'imp/eiﬂ the earlier one expamﬁ in 1/IM
— With E much less than M On@ virtual ﬁe&wy parﬁc/ey contribute

g
.9

g

if@ﬁﬁpmﬁc[e SCo fz‘em’nj takes p/&:ce due fo ﬁem/y%mﬂﬁc/e excﬁa@e,

—  Mostefficient to exp&m/m 1/M &ﬁ'iﬂec@ ey before
evalua ing observables
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2.1 9nfeﬂmﬁnﬂ Out %m/y Darticles

§ Ex/zanﬁ/inj pimp@m‘mﬂ in 1/IM gives local vesult:
ﬁ/ﬁ?ﬁ%fﬂé a consegquence o/ the ﬂ;ﬁz'mé/%'ﬂ ////Mﬁé

dk e tk(x=y)
(2m)* k? + M2 ~ M2

G — o) ot

C’o;‘mo/oyy on the Beach Jan 2012



2.1 9nfeﬂmﬁnﬂ Out %m/y Darticles

$ Expanﬁ/inj foropagator in 1/M gives local result
When used in the ampﬁfwﬁe the result is as if campm‘eﬁ/ with a divect
4~point interaction invaﬁ/inﬂ 01@ @ﬁf fields, with J'fiﬂenﬂfﬁ
= g 2 / MZ

Lerr = GApyHY) (Vv )

4 e
I g

C’o;‘mo/oyy on the Beach Jan 2012




2.1 aneﬂmﬁnﬂ Out %m/y Darticles

§ This local "effective’ interaction expresses (at order 1IM?)
the effects of virtual hﬂﬂf/y~ﬁﬂf'ﬁ0/f} excﬁﬂnje in any process

— Effective hamiltonian ( /epemﬁ'nj on@ on the @ﬁf fields) is
defined’so that it repm&/wcey the time evolution of the full fﬁemy 7

low energies, order @ orderin frowers of EIM, for mﬂéifmry low-
enerqy states

U(t,t") = exp[—iH(L h)(t —t")] = exp|—iH (D (t — t1)]
full L‘ﬁw@ @ﬁf fields an@
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2.1 aneymﬁnﬂ Out ?/em/y Darticles

§ Since Hand H; are ec;m’m[enf as c]uﬂnfum 0pemf0m',

effective interactions can be ﬂenemfe&/ @ and used in /00@'
— ¢4 how muons affect /0w~enelyy e/ecf:ﬂ(mymffem'nj in AEQD
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2/f%ﬁywﬁ@7ﬁhﬁﬁwwyfhﬁ%éf

$ £0w~ene§7y deqrees of freedom can be c/uﬂ/ifafive@ different
ﬁﬂam ﬁiﬂ -enerqy ones

— ¢.4. foions, or atoms, or p/ﬁmeév can be 'e/emenfﬂ@ 'fields at low
energies while their constituents are 'e/emenfmﬂy ‘at ﬁiyﬁ energies

-y
g "~

\ 1

\\~~ - ‘I N >
T:>\\ fE<4zF~1GeV
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2.2 General lessons

§ The virtual effects of ﬁem/y pmﬁcéx at low enerqy can he
0 fgh ol
— Unitary: because at energies below their mass, enerqy
conservation ensures ﬁemfy pﬂrﬁc[ay are not pro&/uceﬁ/i][naf
im’ﬁa@ frresent
— Local: prow’&/e/ the agreement between full L%emﬂy and low-
enerqy L%emﬂy is mﬂ&[ew@mmfe:ﬂ in1/IM

mpz‘mﬂe&/ @ a local effective fﬁemﬂy im/Oﬁ/inﬂ only

— Nonrenormalzable: effective interactions have coupﬁnjy

p:ﬂapmﬂﬁ()m/ o negative fowers of M
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2.2 General lessons

S In pm’ncip[e 'infaymﬁry out 'ﬁemfy pwﬁc[e jenemfey all
pw'yié/e effective interactions consistent with low enerqy
pmﬂfic/e content and. Jymmefriey

— Infinite number of pom’é/e effective infemcﬁomyenemfe&/
— Seale M dictated @ mass of, ﬁmﬂﬁc/e infejmfe&/ out

= Caupﬁnﬂy Cyr, calculnble in terms of microscopic parameters
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2.2 General lessons

§ Retter ﬂccmf'ﬂ% ::7011%95' ﬁ@ﬁeiﬂ orders in 1IM which
m

involves more kinds of effective interactions
- ?(/fﬁoogﬁ effective fﬁemy includes in pm’m’cp[e an infimite number

of effective inferactions

Lesr = F2M2 IC\;_?; 0 (ak’(qb/v)n)
kn

the L‘ﬁeow is nonetheless p:ﬂe&ﬁcﬁue, since an@ a fixed number
contribute to any given orderin 1/IM
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2.2 General lessons

§ Emmp le: E~p0im‘ J'Cﬂffem'@;
— L = number of ﬁwps

number of verfices with
k ;emmfwej and | fields

—Q = enerqy of externalstates

(k-2)V;
AE(Q)O{LQQVE][ e - ] Mo/ )
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2.2 General lessons

§ Utili y of these effective interactions requires the /0W~6’I/h9!/ﬂy
expansion: Q < M and Q KL f.
-- %'m'fyfeﬁ: Jpec@ the accuracy to which an answeris desived
— Semm/yfep: iﬁ(enﬁ@ the orderin QIM, Q/f mc/m're&/ to achieve

this accuracy

— Third. stefo: use power~counting to i&/enﬁ@ which effective

mteractions are rec/uire&/

— Fourth stef: either compute the coefficients, Cyp, of these
interactions from the fundamental z%emﬂy; or treat these as

pﬁemmem/ajim/ farameters to be found from experiment
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2.2 General lessons

§ Can eﬁ%aﬁua theories he used fmﬂ fz’me~&épenﬁfenf pméémy?
— This question has several levels:

— Q1. Are there additional conditions that must app/ in orderto
examine ﬁmew[epem/enfm/uﬁom in an effective L‘ZZO@ defined
about a stafic vacuum é&m@mwm/ 4

— (2: Since 6@%%&@%1’0&:&'03 interactions are p:ﬂmm‘, w@ aren't
there new runaway solutions?

— d3: Can an effective fﬁeogy e set upp o describe the fluctuations
about a ﬁme%/eﬁem[enf ﬂC@V’OW/M/?
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2.2 General lessons

§ For fz’me%/epem(enf solutions within an effective fﬁezytﬂy:
— Must check whether the /0w~enerjy criterion, E << M (t)

remains true as a function of time: must avoid level crossing:

— Additional conditions: W’mew@pem[mﬁv/uﬁam’ within the
effective fﬁemy onlh capture fz’me~&/eﬁem/ence of the full fﬁemﬂy it

the evolution is adiabatic

@ K M(t), ..
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2.2 General lessons

§ What about rUNGWIAY solutions?
— 9f the equations of motion were :ﬂeﬂ@ ﬁyﬁe:ﬂ order then nmﬂm&:@

acquire new, offen runaway, solutions:

—eﬂ.if L=q%+ G%/M?then G+ G/M* =0

andso q(t) = a + bt + M

— Key point: must pem‘wé in the effective interactions, since L%ey are
Oi’lg rec;m’m&/ to reprw/mae the full p@w’cy to fixed orderin 1 /M
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2.2 General lessons

§ Can effective theories be used for expansions about time-

&/epemfenf éﬂc@mun&é?

— In pm’ncip[ﬂ there is a pmé/em: we ;ﬁj'ﬁ'nﬂm}'ﬁ @ﬁf from ﬁemfy
states from one another using enf,:ﬂ/y as the criterion, but lose
enerqy conservation when expanding about a ﬁme%/epem/enf
émémun&[

— Can wm%i]%ﬂc@mum/ is adiala ﬁm@ euoﬁ/inﬂ since in this case
can define an adinbatic notion of enerqy at a given time, E (t), as
done by Cheung et al (arXiv:0709.0293)
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