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Outline of the talk

@ Motivation & Introduction
@ QCD is the theory of strong interactions

Q@ Ux(1) anomaly
e 1’-mass
e lattice checks of the Witten—Veneziano formula

@ 6 angle & strong CP problem

@ axion

© Low energy effective action
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Motivation & Introduction - |

@ QCD is supposed to be the theory of strong interactions

e Perturbation theory « asymptotic freedom for p? > A%,

@ DIS structure functions moments (anomalous dimensions)
@ Drell-Yan process
e Exact non-perturbative results related to topology & anomalies
@ Ua(1)-anomaly — n'-mass
@ Flavour anomalies — 7% — vy
e Numerical non-perturbative results from lattice simulations
Spontaneous chiral symmetry breaking — pions as NG-bosons
Hadron spectrum
Pseudoscalar meson decay constants
Form factors: e.m. & semileptonic
HET hadronic matrix elements
Topological susceptibility
QCD at T # 0 and/or u # 0
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Motivation & Introduction - Il

@ At a deeper look we see that we need to

e investigate more carefully

o the issue of the n’-mass vs. the WV formula —
@ the QCD phase diagram
e understand/solve the strong CP problem in the SM —

@ why f-angle is small (apparently vanishing)?
@ experimental bound 8 < 10~° (from the neutron EDM)
@ is there a “natural” way to have § = 0?

@ l'll try to briefly set the stage as for the two items marked by <
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QCD
U(1)-anomaly & " mass
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QCD
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The fate of flavour symmetries

@ SU/(Ny) @ SUg(Ny) softly broken by mass terms (WTIs)
e WTIs — PCVC & PCAC

@ Upx(1) broken by quantum effects Fujikawa
e anomalous axial singlet WTls, at M =0

(0. A ()0(y)) = 2NH(Q(x)O(y)) + (540(y))
AS = y,y5  singlet axial current
92

Q= 6542 "P?F2 F%,  topological charge

@ Uy(1) exact (fermion number conservation)
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Low energy effective action of QCD - &P

@ Low energy (< Agep) physics can be encoded in a LEEA
raco(y,M)= / dx [FTETr(a,L U0 U)+vTr(UMI+ MUY+ .. ] U = N/
@ Formal construction of I (f =0,1,..., N2 — 1)

1) o= [ Duexp [ ax|icoo + i1 + iGN 50 1]

2) ir(z,n)= m|n IW(javlﬂ' /dx (xfj ”] Legendre

Jor shx

, or .t
with F()_ja( ) W()_ln( )

3) assume a non-trivial solution at j, = j, =0 <> SxSS
(=,n)=(0,0)  (=°,M°) = (v/2Nsso,0), s #0
Y+iM=hU, T—iN=Uh, U= h=se?

4) heavy o' eliminated from 6T /607 (x) = 0, light 7 NG-bosons, 7°7?

5) chiral symmetry constrains the form of F$¢2(U, M)
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The Witten—\Veneziano formula - Theory

@ A simplified argument (ignoring renormalization subtleties)
e Anomalous singlet axial WTI, taking O = Q, reads

j / & p, (A%(x)Q(0)) = 2N / P (Q(x)Q(0))

o Inthe limit u = N;/N; — 0, m2, — 0 (see back-up), then

L [ ePp, (A0 0a(0))] = tim mg’Fs’Lm( ?) =
2Nf plL 1 u=0 - U—0 2Nf p2 + m%/ ,0 =
mz, FZ,
_ Uyt 2
- 2Nf u:OJrO(p)
m?, F?, o S
o — i ; /px _
2N, o~ pTouy / (Q(x)Q(0)) / (@)

@ The issue is how to define finite operators and correlators
Di Vecchia Fabricius Rossi Veneziano; Di Giacomo ...; Giusti Testa ...
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The Witten—Veneziano formula - Numerics

@ taking m% ~ mZ, + m3 — 2mg
as the mass of the singlet in the chiral limit,
the WV formula m2 = 2AN;/F2 yields
the phenomenological estimate A = (180 MeV)* Veneziano

@ first lattice simulation (1981) Di Vecchia Fabricius Rossi Veneziano
wrong by a missed renormalization factor Di Giacomo et al.

o the lastest estimate (2015) gives A = (180 MeV)*
Cé Consonni Engel Giusti

@ an impressive agreement between theory and phenomenology
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f-angle, strong CP problem
& the axion
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QCD and the #-angle

:/Duexpi/dxﬁocg(e)

P
1672

1 _ .
* Laco(0) = —5 TH(Fu F*) + (0" 0u+ gy Aut M)y + OTr(F F™)

e Z(0)=Z(0+21) <« Z(0)= f ez,

n=—oo

en= /dXQ = T6x 2/der F »F*¥) , aka “winding” or Pontryagin number

Notes
@ 6 = 0 means summing over all Pontryagin numbers
o T(F,F™)=08,K, — [dxQ=0 inPT
@ Z(0) actually only depends upon 8 = @ + Arg det M
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The QCD LEEA in the presence of a 6-angle

2
Ferr(U, M; 0) = / dx{%Tr(@NUTa“U) + vTr (UM + MUT) +

i 2
—g(o - éTr Iog(U/UT)) + .. } Di Vecchia, Veneziano, Witten

.N21

_exp[ ZfAf

It incorporates the key features of the theory
@ the #-dependence only on upon § = 6 + Arg det M
@ the n’-mass formula

2 2
2| =A=Jax(amae)| =

@ pseudoscalar mass spectrum (expand U up to quadratic terms)

)] 2 = FEmE [ (m,+ m)

@ [ is seen to be 4 independent, if one of the quark is massless
@ [+ + baryons allows computing the neutron EDM
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The strong CP problem

@ In xPT from I' 4 + baryons, one finds the (almost model
independent) result |D,| ~ 107169
Crewther, Di Vecchia, Veneziano, Witten

@ experimentally one gets the bound |Dj,| < 1072° Dress et al. 1977

@ from which one derives # < 10~°
@ then the strong CP problem can be formulated as follows
e CP is not a symmetry of the SM
e then why 6 is so small?
e or (ala’t Hooft) is there a symmetry that is recovered at § = 0?

Figure : Typical diagrams contributing to neutron EDM in the chiral limit

B b
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The Peccei-Quinn proposal - |

@ consider an extension of the SM with two Higgses

@ coupled to up and down quarks, respectively
@ the relevant terms in the SM read

my - T d
—_ M ATe e T
Lyvuk <¢u> QL uvUR <¢d>

@ Uy(1)xUgy(1) spontaneously broken symmetry, parametrized as

Q] d4dr + leptons + h.c.

b, — eiax“d)u, by — eiaxdcbd, up — gloXu ug, dg— e"a"“dg

@ 1) x, = —xg — non anomalous U(1) transformation

e the corresponding Goldstone boson is [($®,)®, — (®g)Pg](P)
o eatenupbythe W — M2, = g?((®,)2 + (9g)2) = g2(P)2
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The Peccei-Quinn proposal - Il

@ 2) UPQ(1) : xy = x, xg = 1/x with x = (d,) /(dy)
anomalous and spontaneously broken

0 JPQ = %X0:0,0y + 250, Pg + 5T, 75U + 507,750 =
= (P)d,a+ LUV 5U + o dyuysd

0 a=[(dy)d, + (d,)D4](®) " is the associated Goldstone boson
a L [(®u)dy — (0g)Pa](®)”"

0 0,J79=cPQ, "= N;(x*+1)/2x

e the axion a gets a mass from the anomaly similarly to the '
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The LEEA in the presence of a #-angle and the axion

@ The LEEA
2
Ceir(U, M, N; ) = / dx{%Tr(aﬂ UTorU) + vTr(UMT + MUT) +

Fg T C[2
+.73,JN "N+ 22— 0q+
+g(Tr[logU—log U'] + apq [log N —log N]) }
oj M 1 2ia(x)
U=exp|=— AN — N(x) = ex
p[Fﬁ(;‘g ) NX) =exn =g

@ Expanding up to quadratic terms and diagonalizing mass matrix,

one gets Di Vecchia, Veneziano, Sannino
—1
; _ 1 1 _ M
e axion mass F2m2 = ZO‘IZDO(XW +>; W) A=x
e and mixings within the pseudoscalar meson singlet
e apqg is model-dependent, e.g. apg = ¢7? = N;(x2 +1)/2x
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The axion mass as a function of T

@ Summarizing (recall GMOR relation F2m?2 = 2mq(11)))

20‘/230 QCD
X7 I mi(qa)i[r

@ Since 1M 7é 0, Ilght mass terms dominate and we get

mym:

F2m2
a aT:O T w(m1+m2)

Weinberg

@ If at T # 0 the topological susceptibility becomes very small
below the deconfinement and xSB temperature, we obtain

Feme| = 202

@ Questions are
o behaviour of x9°P as function of T: who wins in (1)?
e validity of the chiral LEEA analysis, based on large N
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Thank you for your attention
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The Witten—\Veneziano formula - Theory

@ Theorem
e inthe limit u = Ny/N; — 0, m3 — 0
@ A simplified Proof (ignoring renormalization subtleties) Witten
o VE(0)= [Duexpi [ dx Lacp(f)
e E(0) does not depend on 6, if (at least) one quark is massless
e Recall d?E(0)/d0?y—0 = A= [ dx (Q(x)Q(0))
o Define A(k) = [ dx e*(Q(x)Q(0)) = O(N2)
@ A(k = 0) # 0 in the absence of quarks (pure YM)
@ A(k =0) = 0in QCD with a massless quark
e Quark loop expansion
o A(k) = Ao(k) + Ai(k) + Ax(k) +
o A(k) = O(N2) + N;,O(N;) + N2O(1) +
e The puzzle: how can chiral quark loops make A(k=0)=0, since
@ Ao(k = 0) # 0 without quarks
@ and each quark loop is down by a factor N¢/N,
e The solution
Nch

Na, b,,
° A(k ) = Zg/ueba/ls k2—M2 + Zmesons k2 +-
@ there must be a meson singlet with m2 = O(N,/Nc) as Ny/N; — 0
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