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0 | Motivation

€D Can we make sense of the lowest 07+ QCD resonance fo(500)?
The mass and width have been precisely determined
my, = 4417° MeV Ty, = 544758 MeV
[Caprini, Colangelo & Leutwyler (06); Garcia-Martin et al. (11)]
but what is the quark content: qq, qqqq ... (something else)? [Pelaez (15)]
Related puzzles:

e ms, Smg = poor xPT'3 convergence in 0" channel [Meifner (91)]

NG bosons p-p'=0(m3) E
0

n K 7
xPT3

ey _

e Not NG bosons >

o role of fp(500) in Al=1/2 rule for non-leptonic kaon decays?


http://arxiv.org/abs/hep-ph/0512364
https://arxiv.org/abs/1107.1635
http://inspirehep.net/record/302754

0 | Motivation

9 A variety of non-perturbative approaches indicate that o ‘freezes”
in the IR to a constant value ayr for small values of Ny < 3

Decouple t, b, c, then
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[Diagram from RJ Crewther]

Main problems:

e scheme / definition
dependence of as = the
existence of ayr for small IV
Is not entirely settled

[For a catalog of existing results see:
Deur, Brodsky & de Teramond (16)]

e when is ar physical?

Q: If oyr exists, what are the
implications for low energy
physics, especially YPT?



1 | Chiral-scale perturbation theory

Decouple t,b,c = relevance of scale (or dilatation) invariance
determined by trace anomaly of Ny = 3 theory:

Q 6 048 —
{20, } = 0, = i& )G2 + (1 4+ vim) Z m,qq
i q=u,d,s
3 ) IR fixed point: B(or) = 0
i (7q)vac # 0 P Bour)
\ yPT, = asymptotic expansion In
O QTR -

P as Samp and My gs~0

about scale-dependent |vac)

xPT3
= 9 NG bosons m, K, n, o

In limit 6/, — 0 dilaton o couples to masses in non-NG sector [Gell-Mann (62)]

(vac|f,,|0(q)) = %(QMCIV — q29/W)Fa = e.g. Fogonn = My


http://journals.aps.org/pr/abstract/10.1103/PhysRev.125.1067

1 | Chiral-scale perturbation theory

Key results

o Associate dilaton o with f(500): the O(mg ) mass understood due
to ~ m,5s term in 6/, while the width is explained by O(p?) relation

F’Ug(77T7T ~ —mg [Ellis (70); Crewther (70)]

NB. In chiral-scale limit 6], — 0 get massless &, K, n and stable o/ fo
(phase space = 0) = OK to use local field o in Leg

e Promotion of fo(500) to NG sector = scale separation restored

NG bosons p-p'=0(m%) : Scale‘ . Not NG
0 ! separation  *— Loaons ,
YPT, o I —_— — > (mass)
77 fo K 7 %

Expect improved convergence in 07 channels (O(p*) analysis in progress)


http://www.sciencedirect.com/science/article/pii/0550321371904391
http://www.sciencedirect.com/science/article/pii/0370269370902777

1 | Chiral-scale perturbation theory

e Lowest order O(p*) xPT, explains the Al=1/2 rule for kaon decays

Q Relation between oyy coupling and electromagnetic trace anomaly

[Crewther (72);

S 2
(95 — 95 - (RO‘/GT‘-)F Chanowitz & Ellis (72)]

Fit data on mm — vy, Kg — ~v7v, and 0 — vy = bounds on
asymptotic Drell-Yan ratio at as = agp:

25 < Rip <5

This talk: some formal aspects concerning hidden scale invariance
& a proposal to test YPT, on the lattice


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.28.1421
http://www.apple.com

2 | The NG mechanism at an IR fixed point

The idea that particles can have mass in the scale invariant limit 0l — 0
seems counter-intuitive, especially for gauge theories like QCD

Usually one considers fixed points in the Wigner-\Weyl mode, as in e.g.
the conformal window: two-loop 8 = —bja? — bya® = IR fixed point

OCCBZ:_bQ/bl 1fb2<0, le fOI‘9§Nf§16
[Caswell (74); Banks & Zaks (82)]

But ... if IR fixed point is non-perturbative dimensional transmutation
may cause |vac) to break scale invariance = symmetry is hidden

General theory of the NG mode for scale and conformal invariance
established long ago [Salam & Strathdee (69); Zumino (70); Carruthers (71)]

Let us apply these ideas to Ny =3 QCD ...



3 | Chiral and scale condensates

Recall Ward identities for e.g. Ji5 = ¢7,75T“q and its divergence:
O"J s = Dy = 2miqysT"q
Let O be any operator which is not chiral invariant and consider amplitude
5(0) = /d4$ ' T<VaC|Jg5(x)(9(O) vac)
Consider ¢ = 0 limit of the chiral Ward identities

q" A5 = commutators + / e'T* D¢ insertion
T

= 0= (vac|0¢O|vac) + i /d4at T(vac|Dg(z)O(0)|vac)
The term T(D5O) does not vanish in limit D5 — 0 if 3 ¢ =0 pion pole
=  (00) = iF(vac|O|lr) #0, m —0, F;~93 MeV

So e.g. (qq) # O the symmetry; Mp # 0 and mesons not P-doubled



3 | Chiral and scale condensates

For scale transformations, the relevant divergence is

OH{x%0q,} = 0, =

so the =0 Ward identities are the Callan-Symanzik equations

{'ug,u T 5(048)8(9&8 Fyo(as) + (1 + vm(as)) Z Mg ;inq } (O)vac =0

u,d,s

The terms $9/0a, and (1 + vm,) Z mq,0/0m, correspond to ¢ =0
insertion of 04 q

{'ug_,u + 7@(043)} (vac|O(0)|vac) = z'/d4m T(V&C‘Hﬁ(x)O(O)‘VaQ (%)

What happens to RH side of (x)if ar exists and limit 0%, — 0 is taken?



3 | Chiral and scale condensates

Wigner-Weyl (WW) mode

The standard procedure is to set all amplitudes involving fﬁﬁ to zero

—  no NG mechanism and scale invariance realised in

{ug‘—ﬂ " v@mWW)} (vacO(0) vachwa = 0

theory at a WW fixed point ayyyy is scale invariant
= Green's functions scale according to power-laws ~ =70 (@ww)

= No mass gap and dimensional transmutation does not occur.
In particular, fermions cannot condense at ayyyy . Must assume
that fermion condensation is consequence of scale

symmetry breaking, e.g. in walking gauge theories [Appelquist et al (97)]



3 | Chiral and scale condensates

Nambu-Goldstone (NG) mode

{ug—u + ’yO(OzS)} (vac|O(0)|vac) = i/d4a: T<Vac‘«9ﬁ(w)0(0)‘vac> (%)

In this case the RH side of (*) at aur as 0 — 0

Occurs if 3 dilaton o where (vac|0%|o) = —m.F;, so key result follows:

0

{'u(?_,u + W@(Oés)} (vac|O(0)|vac)na — —Fo(o(q = 0)] O(0) |vac), 0 — 0
Then (O)yac is a (e.8- (q)vac # 0) and the vacuum
breaks scale invariance.

NB. e all particles except &, K, n, o can at oUR
o Green's functions do not exhibit power-law behaviour
e |vac) carries p dependence of theory and “knows" about
dimensional transmutation; driven by strength of interactions in H



4 | Chiral-scale effective Lagrangian

It our exists in Ny = 3 QCD, it is necessary to extend xPT3 to account
for non-linearly realised scale invariance [Salam et al (69) & (70); Ellis (70)]

In physical region 0 < ay < ayi consider the combined limit

Moy d,s ~ 0 and as S agp

Effective chiral-scale Lagrangian composed of terms with differing

scale dimension
= L=t 4 pd>d 4 opd<d

£XPT0 1nv anom mass

Operator dimensions satisfy

diny =4 and 1 <3 —yp(agg) <4 [Wilson (69)]

Callan-Symanzik equations for QCD amplitudes implies that at LO
Blas) = B'(ap)(as —ar) = danom =4+ 5" > 4


http://journals.aps.org/pr/abstract/10.1103/PhysRev.184.1760
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.685
http://inspirehep.net/record/62405

4 | Chiral-scale effective Lagrangian

Want O(p?) expression for L,pr, = LI+ L34 4 L£o<2

1nv anorn Imass

Fo

Use covariant field e°/¥= with scale dimension 1 for

o — 0 — 1F,log|det(dz'/0z)]
— use powers of ¢7/F7 to adjust dimensions of operators like

KU, U = LF2Te(0,U0"UY) K, = 10,00"0

)

Then strong interactions at lowest order given by

Li=4 — {cllC + oKy + 3627/ Fe }eQU/FC’

1nv

LI = L1 —c)K+ (1 — ca)Ky + cae?7/Fa ) 24800/ Fo

anorn

rd<4 _ Tr(MUT 4 UMT)e(S—'ym)a/FJ

Imass

New set of low energy constants ¢1... 4, B'(ar), Ym(og)



4 | Chiral-scale effective Lagrangian

Can we constrain the low energy constants?

Li=4 — {cllC + oKy + cge20/ e }eQG/F"

1nv

£d>4 _ {(1 o Cl)IC+ (1 o CQ)ICO- _|_C4620/F0}6(2—|—5/)0/Fa

anorn

Lot = Te(MUT + UMT)eB3~rmlo/Fo

For consistency, c3and cqsare O(M). Vacuum stability (no tadpoles) req:
des + 4+ B)ea = —(3 — ym) F2 (mi + tm2)

Recently, we found a simplification: for

0| = (d—4)Lg = : B'Lomm — (1 + 1) Lot -
d

to vanish in chiral-scale limit, ¢y and ¢s are both 1+ O(M)



5 | Lowest order results

Mass formula
miF} = F2(m3 + 3m2)(3 — vm) (1 +vm) — B'(4 + 8)ey
Factor d(d — 4) in each term: dpass =3 — v and  danom = 4+ 5’

Sign of ¢4 not determined by theory: depends on mg /my :

ca > 0 unless d .4 close to O or 4
- { for (say) dmass = 2 and B'=1: ¢4 %m%Fg
Width
Lonn = {2(07]* = (3 = ym)mz|7|* }o /(2F)
— small effect on 77 scattering in SU(2) x SU(2) limit with 9 = O(m)
Vertex for on shell amplitude gorr = —(mg + (1 — ym)mi)/Fa
Fit to data on f(500) width = |F,| ~ 50 MeV



6 | The Al=1/2 rule for kaon decays

Let J;; = (U0, U");; and adjust dimensions of xPTs5 operators:

Qs = J13J21 — J23J11
Qo7 = J13J21 + 2 J23J11

Vacuum alignment of the resulting effective Lagrangian [Crewther (86)]

Lo = gsQgeP78)9/ o 1 gorQore2m120)0/ e g BT Vmuw)o/Fe ] ¢

and  Qumuw = Tr(A¢ — iX7) (g MU + Gp UMT)

— K go vertex from mismatch of mass and weak anomalous dimensions

7 7
7 7
v o v
K)---- + - <
98,27 N g[(sg Jormr ~
TN
gs and g27 allowed to Magnitude of gk .- needed is

have similar magnitude consistent with Kg — v and vy — 7w


http://www.sciencedirect.com/science/article/pii/0550321386904839

7 | Testing xPT, on the lattice

The signal on the lattice for an IR fixed point in NG mode is freezing of
the running coupling outside the conformal window [eg Horseley et al. (13)]

Scheme/definition dependence of os = hard to test xP'T, conclusively

Instead, revive lattice proposal to measure K — 7w on shell [Crewther (86)]
and consider low-energy theorems for K — 7:

€D Vacuum alignment = K — vac) = O(p*) (still true in xPT,)
. try lattice determination for (7| Leg|K) with both K and 1 on shell
9 In YPT, we have the following low-energy theorem
(K — nw} = {K — 7 on shell} + {o/ fy pole} + O(p*)
0 The on shell value of (7|Leg|K) is not affected by o/ fy pole

— a lattice determination of K — 7w measures |gs/g27| directly which
is what the Al=1/2 puzzle has always been about


http://www.sciencedirect.com/science/article/pii/0550321386904839
https://arxiv.org/abs/1309.4311

