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Goldstone theorem as an introduction
e a symmetry of the action is spontaneously broken if

Q*l0) #0

e Goldstone theorem: for every broken generator, there is a massless

particle in the spectrum of the theory

e chiral symmetry in massless QCD

SU@3)L x SUB)r — SU(3)y = massless octet

e Ward identities: GMOR

m2 = 2mB + O(m?), B—’
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anomalous breaking

e an anomalous symmetry is a symmetry of the action that is broken by

quantum corrections

e — no massless Goldstone bosons

example: U(1) 4 and Witten-Veneziano formula for the 7’

e Witten-Veneziano

02 (x) = 2n5q(x)
2

T () = a5 (x),  q(x) = 2—Tr G (2)GH (2)

1672
2n
=7 X‘YM ~ 1/N

2
— 77Zn/ }72
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the problem with scale invariance

o like the U(1) 4 symmetry of QCD, scale invariance is broken, in this
case by the trace anomaly

o what is a dilaton?

e in a QCD-like theory, no light degree of freedom associated to
spontaneously broken dilatations

e however the effect of the anomaly “vanishes” in a theory where there
is an IR fixed point
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phase diagram of gauge theories

B(g) = —bog® — big® + O(g°)
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IR conformal scaling
two-point correlator
Coan(t:5g.i,p) = [ dx (H(t.x)H(0))
(0] H(0)|H)|?

= DL ot
2mpyg

RG transformation
n= bula CHH (ta 697 Thv M) = biQ’YH CHH (t7 byg5g7 bymm’ ,LL/)
scale transformation

CHH(t7 5g7 m7 :u’) = biz(dH+7H)CHH (biltﬂ byg 597 bymm7 lu’)

= @280 /Ym B (typ V)

my oc 1/ Ym
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conformal spectrum
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axial and scale invariance

e axial transformations (broken generators of chiral symmetry)

da5q(z) = iy57%q()
Al = (@) ()

oM Al (z) = 2mP*(z) = 2m q(z)ivs7q(x)

e scale transformations (broken generator of scale invariance)

0s¢(x) = —[dy + 2 - 0] ¢()
D,(x) =2"T

0"Dy(a) = Alw) = S G +m 1+ 2(0) 2)a(o)
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matrix elements in the IR

on-shell contribution of the anomaly

<0’ﬂ2(‘g)G2(O)D(q)> o lim Pt <0|®G2(bt, a)®p(0)[0)
g b—o00 29
o blg]élo " Crq (bt, q; 89,10, 1)

o lim ePa% Cpg (¢, bq; b¥98g, bY™ 1, 1)

b—o0

if the theory has an IR fixed point, y, < 0

. B(g*+b%dg)
lim —2—— %2 =
b—oo  g* 4 bY9dg

B (g*)b¥dg L Widg\ 0
b—o0 g* g* N

= lim
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conformal dilaton phase

matrix elements & decay constants
ab a . a
T (q) = (0]4%(0) [7"(9)) = i Frqud®”
(@) = (0[Du(0)[D(q)) = iFpgyu ,

ward identities in the symmetric limit
g (0) = 2m (0|P(0) |70 (q)) = Frm25% 50,

S
iT1TL(0) = (0JAO)|D(q)) + ... = Fpm3 0.

SSB: Fi., Fp finite, and m,,mp — 0
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conformal dilaton phase - scaling

Coun (t93 Fr Sy 1) = [ x> (Ol (t. 30 H(0) 0

Cuu (t, 0; Fm 5977;7'7:“) =

— 5 20H/ym Crrr <m1/ymt7 0; m—l/ymﬁm 0,1, u)

— |my < ¥ Fy (ﬁl_l/ymﬂr)

conjecture:

lim Fy(z) =

T—00

K = myg = O (ml/ym)
KT = myg =0 (Fw) ’
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spectrum in the conformal dilaton phase

JPC | Goldstone
—T—

0+ | my = OmI™)  Fy = O(A)
1

0tt | mp = O(mqu*) Fp=0(A)

i
Jre ‘ non-Goldstone  ( 1ﬁ:;:’ > 1)
TF

0+ My = O(A) F. = O(m(;jw*)

nFD,

0t* | mp = O(A) Fpr=0O(mg™™)
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conformal dilaton spectrum
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gravitational form factors

T3 (0,9') = (6(0)| T (0)|6(p))

- QPMPVGl (q2) + (qMQV - QQUW)? GQ(q2) )
in the presence of a fixed point

T(¢})Lu(p’p') = (¢(p)]A(0)]¢(p)) =

hence 5

q

2m3(1 — yo 3))Gl( ¢*) — (d—1)m3Ga(q*) =0
conformal dilaton
9 2
2 2
Ga(q ):m(l i ;)Gl( 7). my, # 0
2
G2(0) = i_1
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possible tests by lattice simulations

e compute the matrix element of 7}, and look for the pole

e scaling of the spectrum

mp ~ ml/ym

My ~ ml/ym

M = O(A)

o finite volume effects need to be under control
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conclusions

e characterized a conformal dilaton phase, where scale invariance is
spontaneously broken and a dilaton can exist

e importance of having an IR fixed point so that the anomalous
breaking vanishes

e implementation of Ward identities consistent with a massless pole

e conformal dilaton phase is already being used to build dilatonic Higgs
models
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