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Cluces for cwma/oyy from fundamental p@ﬂcy




Outline

§ Motivation and Overview

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

§ Quantum effects in gravity: ?@ﬁfiﬂj the 3%/1’1‘ brain’
— Ziw'nﬂ with gravity s non-renormalizabil ty
— Naturalness issues

§ Relevance fo cwma/aﬂy

— A brief cold shower
— an/aﬁan, Dark matter and ﬁméene@y
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3. Quantum Effects in Gravity

$ L’iw'nj with jmw'fy s non-renormalizabili L‘y

§ Naturalness and ﬁ'ne#um’nﬂ
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ What &ﬂ)eyﬂemm/ m/ﬂfiw'fy not renormalizable mean?

— compare GR, expﬂn&[e&/ abouta éac@mm A

Inverse powers of mass

I9mn = Gmn T hmn/Mp
L=\=g M,°R

1 1
= (0h)? + v h(0h)? + Ve h%(0h)*+..
p

Dimensionless

— with QED
L = (04)% + Yoy + mypyp +e APy
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

$ 7’0@ Ao you care? Qm&gine m/cu/ﬂfinﬂ pﬁafomp%fw
J'mfl‘em'@ in AQED:

g L = (94)2 4 Y + mapnp +e A

to evaluate L.’ J
~ G
jl'(/c%’ d4_ 1 84 E4
=t 4 i

(2r)* (p? +miges = (4m)2 m*
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Two nOfewam‘@ features:
— The il’)féﬂl/'ﬂ/ converges, and continues to do so once ﬁyﬁew orders

are included (more frowers of € don't require o more digegaent
]'}/}fl?y]/'ﬂ/] . o Adds 3 extra internal lines
| p/w two vertices and one
~ 4 extra /00p

AN/

A=e6§'4j(d%p>z 1 15

(2m)*) (p* + m?)*p? (p + m)?

Cwmo/oyy on the Beach Jan 2012



3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Two nOfewam‘@ features:

— Abso, ifﬁﬁafan energies are sma I compmﬂeﬁ/ with m then this is
well described to order E* /m* @ an effective interaction

L?
~
Nobice: smallest mass wins
e4
B=rc (F,,F™")* C S (41)% m;*
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ The magic’ of rem:ﬂm&zé’méi/@ in AED:
— Some ampﬁfw/w do ﬁﬁueiye in QED, but on@ the ]%/[owinj ones:

o Those with e)mc@ two external, pﬁaz‘on lines and no external electron
fines: E, =2 and E, = 0.

o Those with exﬁw@ two external electron lines and either zero or one
external, pﬁofan ine: E, =0o0rlandE, = 2.

B

d*p 1 ezEZ1 A
Cn)* (p2+m2)2 ~ (4n)? m
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ The magic’ of renmﬂmaé'zaéi/ify in AED:
— Some ampﬁfw/ex do ﬁﬁueiye in QED, but on@ the ]%/[owinj ones:

o Those with exﬂc@ two external, pﬁaz‘on lines and no external electron
fines: E, =2 and E, = 0.

o Those with exﬁw@
external, pﬁofanﬁ e: E, =00r1landE, = 2.

\‘\)

L =6z, (04)? + 852,00y + Sm Yy + Se Ay

wo external electron lines and either zero or one

Precise @ the same form as interactions in L, so &ﬁueiyencey can be

absorbed into parameters of L
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ The magic’ of rem:ﬂm&zé’méi/@ in AED:
— Some ampﬁfu&[%’ Ao ﬁﬁueiye in QED, lut on@ the ]%/[owinj ones:
o Those with e)mc@ two external, pﬁaz‘on lines and no external electron
fines: E, =2 and E, = 0.

o Those with exﬁw@ two external electron lines and either zero or one
external, pﬁofan ine: E, =0o0rlandE, = 2.

dimensional
NO/\/ I/'%M/&H/'iZﬂﬁOn
d
4= o2 2 d*p 1 e’E* 1 E
Zal Cm* P2 +m2)?  (4m)? 'm
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Repeat for graviton graviton scattering in GR;

; 1 1
U S (a2 o2 )2l

2
Mp Mp
to evaluate
~ ’ N » ’
S ’ N Scamreent 7
SO S A v N/
i S I T
/l b /, \\ /)’\~_—’A\
. e N
ﬂlf/l%'
EZ EZ d4p p6

~y

Ano loops — M_pz ond Aloop - M_p4 (27_[)4 (p2)4
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Two nOfewam‘@ features:

— The n0~/00ﬁ (or ‘tree’) resulf aqrees with classic classical
caleulations afjmw'fon scatte ring (de Witt)
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Two nOfewam‘@ features:

— The n0~/00ﬁ (or ‘tree’) resulf aqrees with classic classical
caleulations afjmw'fon scatte ring (de Witt)

— The /00p infeym/ &/ivezyey, ond. ﬁyﬁewam/ew Eop.y'wf ;ﬁ'f/e:ye
more and more (as can be seen on ;ﬁ'menﬂbm/ﬂmun&é‘ because

the coupﬁnﬂ has dimensions of negative powers of mass)

\,""T\ e £2 d*p 2 P10
b Aioop = @0t (p?)

,,)’\~J_’/ \\ Mp6
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Non-renormalizable means all &ﬁueiyencey canmot be
absorbed into the 1%6’0@ 'y caup/inﬂy (ie Newton's constant)

— But &ﬁvelyencey can e absorbed if GR is reqarded as just partof

a /0w~eneiyy effective L‘ﬁemﬂy, for which n|BZ0) factor of R carries
pam’é/e interactions allowed @ S| two derivatives of the mefric

M2
L=A+—pR—I—C1R2-I—CZRWR”V—I—C—:%ZRB—I—---

- .

— Additional pﬁveiyencey can be absorbed into the new couﬁﬁnﬂy, o
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Can compute size of contributions of each interaction to any
ﬁf’OCﬂJ’J’.
— ¢ L~/0?ﬁ contribution to graviton scattering at enerqy Q inuaﬁ/inﬂ E
/ .

external lines (in dimensional :ﬂeﬂufam'zaﬁan ) and V;}, vertices inuo/t/inﬂ

i fields and Kk derivatives:

2L 2V,

2 (bk=4)Vy
4@ = 1= | | TH o7 £

P
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Can compute size of contributions of each interaction to any
ﬁf’OCﬂJ’J’.
— ¢ L~/0?ﬁ contribution to graviton scattering at enerqy Q inuaﬁ/inﬂ E
/ .

external lines (in dimensional :ﬂeﬂufarizaﬁbn ) and Vi, vertices inuo/t/inﬂ

i fields and Kk derivatives:

S it

) (k=4)V;
4@ = 1= | | T o7 2

P

— No negative /mvem of Q, so /oapj' controlled @ Q/M,, and QIm (with
the /ﬂgew only imfportant for ﬁyﬁewmruﬂfwg terms)
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

) Wawewcaunﬁzy for E~p0inf graviton scattering at enerqy Q:

- .5 2V, (k=4)V,
wore G| 2 T2 (2

5 pP

> L’emﬁnﬂ order: Qz/MpE—2
wmﬂwpamﬁnﬂ toL=0,Vy =0 unlessk = 2
— These are tree graf hs huilf w;og On@ interactions immﬁ/inﬂ
pre ciye@ two derivatives (e ctasieal GR)
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ 770we:ﬂ~00unﬁzy fow E~p0inf ﬂmw'fan Jmffem'nﬂ at enerqy Q:

this ACCUract, s stll p:ﬂe&ﬁcﬁw

0 TJ‘ Notice also: (m@ 4 parameters to

40| -2

I;hr,}é\“‘p/ A P

Noftice: &ﬁue@encey in these
renormalize coefficients of these |
- _ BN jses in one of two ways

e .-.‘v._,;]-.v. A% / [J
L=1,V, =0 unless K = 2, 'M/aop in GR /
or: L:O,Vik:1]%Wk:4,vik—0]zbfk>4
(ie tree ﬂmﬁﬁ with R2 term used emc@ once).
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ An ex&zmp[e of quantum prw/icﬁan at /0w~ene@y
— 2y: % @'e:ﬂmm~ﬂaﬁr, ﬁonoyﬁue & Holstein)

V(1) _ GM M, 1_G(M1+2M2) 3 526? )
r L Irc FC 4
Finite and caleulable coefficient c= —]ﬁi
307
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ Thisis the low enerqy limit of what?

— Qon't know, but it doesn’t matter. 9f we know the Mnﬁ/e:ﬂ@inﬂ L%emy

%J‘fm’iy fﬁealy ), then the constants c; can be camﬁm‘eﬁé if we
on't know then L‘ﬁf,y are to be obtained. fmm expew’mem‘y

M2
L=A+—pR—I—C1R2+C2RWR”V—I—C—32R3+-~

R .

— Nofice: ﬁyﬁeﬁmﬂ&[er terms can be (and. wm@ are) s'upp:ﬂeﬂ'e/ @
the @ﬁfeyf mass, M <K Mp infeymfe/ out (like in AED),

— &'mi/ﬂ@: lowest-order terms (Einstein term and. 005'm0/0ﬂim/
constant) should be enhanced @ heaviestscale (. M, "
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3.1 L’iw'nﬂ with ﬂmu@ s non-renormalizabili @

§ %'efu/ﬂm'&[e/ine for ma&éﬁéuz’/&ﬁnﬂ

— Nofice: never ﬂef amyz%inﬂ but a series in curvaturesin this way

M ? A
——=A+—LR+cR*+C,R, R+ 3R’ +--.

T 2 .

— Formore exotic functions, ike f(R) theories, require away to
understand how c/omm‘um corvections can e controlled in order not fo

lose the successes aj[ﬂmu@ for puém rs and in the solar system.
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3.4 Local Summary

§ Classical GRis a great success of guantum gravity!
= Canjw'ﬁ@ domain of classical apfroximation,
— dentifies a hidden apfroximation; low energies: B < m, My,
— NO ﬁe/p with J'fmnﬂ ~ﬁe/&[ c/m'%@ umﬂyinﬂ J'yyfemy [im/mﬁ'@ most
interesting pmé/emy of quantum gravity).

§ Useful for pmcﬁm/ caleulntions:
— ¢9: fmcéfnj the v/c expansion for radiation @ in~5ﬁim/ﬁzfy compact
sources ( Ga//ée@e:ﬂ & Rothstein), ete..

— Allows a systematic identification of where quantum effects m@ﬁf he
small yez‘ﬂ'jmﬁmnf (eg black holes, inf/aﬁomry universe,. . ..J.
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3.2 Naturalness and ﬁne#um’nﬂ

§ How does matter cﬁ&mﬂe this ﬁaﬁpy pz’cz‘mﬂe?
— Main cﬁﬂnﬂe is to allow new kinds of interactions

L = V() + g(p) (09)? + M,*f(@)R +..
V =m*+m?p* +mqe3+..
§ Low-dimension terms, like mass terms and the cwma/oyim/

constant, are pafenﬁa@ &/ﬂnyemw ifm is /mye

— When used in /aaﬁy fﬁey introduce frowers of M in numerators,
Jeopam/izi@ Jyyfenm tic Supfrression 0/[ ﬁmﬁy @ powers 0}[ Q/M
— Worse: im‘eymﬁzg out pmﬂﬁc[e of mass M gives contribution with
m ~ M (and the heaviest mass that can contribute is most im/aa:ﬂfanf],
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3.2 Naturalness and ﬁne#um’nﬂ

§ These /mﬂje contributions fo masses can sometimes be

forbidden @ symmetries
— for inn%ﬂé[ ﬂm/yn'nmne pmﬁc/ey
— for spin~zero cubic terms
— supersymmetry
— forscalar mass terms in Jpeciﬁ'c case where there is a shift

symmetry: = @ + ¢ ( cormpmﬁfmﬂ to o ﬂaf/yfane boson)

§ Otherwise z%sy are &/mfye:ﬂa us, and reflect sensitivity to very
ﬁem/y (or very short- waue[eryz% ) ﬁ@ﬂ'@y
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3.2 Naturalness and ﬁne#um’nﬂ

§ Need you rm@ care about these
/mye contributions?

— After all] the caupénﬂy have ﬂ/iﬂeﬂ@
been used to absorh infinite

contributions from ﬁﬁveryencey

M, ~10"° GeV

M ~ 10 GeV

§ Naéa@ can force you to care, but

this is not how fﬁmyy wm@ work M, ~10% GeV

e —nH H

Co;‘mo/oyy on the Beach Jan 2012



3.2 Naturalness and ﬁne#um’nﬂ

§ Effective L%em”y can be defined at
any scale

M, ~10" GeV

L =m2H% + ---

2 2 2
m =m +kM* +---
1 v M ~ 10™ GeV

M,, ~10° GeV

WMust cancelfo 20 decimal
p/acey//
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3.2 Naturalness and ﬁne#um’nﬂ

§ Not how hierarchies wm@ work
—¢g w@ are atoms /mye campmﬂe&/

with nuclei?

am, << Agep

om, <<m
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3.2 Naturalness and ﬁne#um’nﬂ

§ Not how hierarchies wm@ work
—¢g w@ are atoms /mye campmﬂe&/

with nuclei?
am, << Agep
am, <<m,
4
e m m
om, — ln—-

3 (4m)* me
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3.2 Naturalness and ﬁne#um’nﬂ

§ For all known hierarchies of . scale, y
our Mn&[em'famﬁ@ has two pmﬂfy: Mp~10" GeV

— Wgy is the ﬁiem:ﬂc@ small in the

ﬁy ~enerqy L%em”y.

M ~ 10" GeV

— 7’0@ does the ﬁz’emrc@ J‘fﬂy small
as one im:ﬁqm tes out successie

pmﬂﬁc/ey 5 reach the low enerﬂiey

M,, ~10° GeV

L i measured?

Second, foo rtmust be solved

at low ene @iey.//
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3.2 Naturalness and ﬁne#um’nﬂ

§ For the Higgs mass ﬁiemm@ this
fﬁz’n@'@ eads to the three main
categories of /ar'ffwwﬁ' for what
m@ﬁf be seen at the LTHC

M, ~10"° GeV

M ~ 10 GeV

* Compositeness
* Supersymmetry
* Large extra dimensions

M,, ~10° GeV
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3.2 Naturalness and ﬁne#um’nﬂ

§ What makes the cosmo /aﬂim/
constant pmé[em hard is that the
pmﬂﬁc/ey imvolved are very low
enif;yiey, which we L%in[Z/e

understand well
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3.2 Naturalness SUMmary

§ Notice that the entive discussion has been pﬁmye&/ in terms of
finite, renormalized masses, rather than cutoffs

— 9t is often swid that naturalness pm%my are to do with the foresence
of c/wwﬁﬂﬂ ticor quariic dive rgences,

— Cutoffs are used as foroxies for the real, pmé/emy ( ﬁemfy masses), but
n ﬂenem/ we know that cutoffs do not appearin observables

A
exp il =j Do expliSy(p)] + -+

explisa(@)] = | DoDy explis(, )
A
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3.2 Naturalness SUMmary

§ Naturalness issues refloct a strong sensitivity of ﬂmﬂ ~distance
/ @5’1’0}' to short distance / @J'icy
— 9t must e fixed my mwﬁ'@inj ﬁiﬂﬁ ener p@ﬂ'cy, starting at
re/ﬂﬁue@ low eneryies (needn 't awaita /[Z%c/rmnfum L‘ﬁemﬂy of
gravity)
§ Useful for quessing what kinds of new p@w’cy m@ﬁf be there
— Al known hierarchies are understood in a natural’ way: wo main
&/ﬂ@ﬁry hierarchies are the e[ecz‘mwméﬁiemm@ ( w@ the Higgs

mass is small), and the caymaﬁ)jim/ constant pmé[em (i w@ the
vacuum energy ﬂif'm/l'fﬂfej‘J'O (ittle)
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