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Chiral Dynamics of QCD

Concepts

Effective field theory, chiral perturbation theory, renormalization,
predictive power, KSW vs Weinberg, power counting...

Methods

Effective Lagrangian, heavy-baryon expansion, perturbative calculation
of the amplitude, methods to derive nuclear forces (and currents), ...
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Syllabus

Today

— brief introduction to EFT

EFT philosophy, renormalization, power counting, construction principles...

Thursday
— chiral perturbation theory (ChPT)

Chiral symmetry, effective Lagrangian, chiral expansion, loops, inclusion of nucleons, ...



Part |: Brief Introduction to EFT

1. Main idea using a classical example
2. Basic QFT terminology
3. First example of an EFT

Some lecture notes (free access)

— Antonio Pich, Effective Field Theory, hep-ph/9806303

— Ira Rotstein, TASI lectures on effective field theories, hep-ph/0308266

— David Kaplan, Five lectures on effective field theory, nucl-th/0510023

— Aneesh Manohar, Introduction to Effective Field Theories, arXiv:1804.05863 [hep-ph]
— Matthias Neubert, Renormalization Theory and EFTs, arXiv:1901.06573 [hep-ph]



What'is'an‘effective'theory

1. Main idea using a classical example observer

The goal: compute electric potential generated
by a localized charge distribution p()

The answer is V(R) x /d3r o) _Charge
IR — 7| distribution

An effective theory for R > a: The Top-Down approach
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with ¢ = /d?’r p(7), P, = /d3r p(7) 14, Qij = /d37’ p(7) (3rir; — r26;5)

We have just ,integrated out” short-distance physics. For R > a, the only information
needed about p(7 ) is hidden in the moments ¢, P;, O, ..



What'is'an'effective'theory?

An effective theory for R > a: The Bottom-Up approach

What if we cannot ,integrate out“ short-distance physics or don’t even now p(7), apart from the
fact that it is localized in the volume ~ a>?

—

Solution: Write down the most general expression for V using the long-distance DoF (i.e., R)
compatible with the symmetry principles (rotational invariance)

V(E)) - Z rotational tensors___| | rotational tensors characterizing
constructed from R the system, independent of R

1 1 v symmetric and traceless (otherwise redundant structures)
= Econst + FRiXi + ﬁRiRinj + ...
- - '~
[V] = length- ~ a (NDA) ~ @’ (NDA)

The (2n + 1) components of X; ; are called in the EFT language LECs and can be determined
from experimental data.

= systematically improvable approximation for V(ﬁ) at R > a without knowing p(7)!



QUantum Fiela“rneory

2. Basic QFT terminology

— canonical (or path integral) quantization of classical field theories

— main objects to calculate are Green’s functions:
(O1T{B1(a1) - dran)et ¥+t Y o)
y L <O|Teifd4x7:lifnt |O>

= S-matrix (LSZ) Heisenberg-picture operators T —~—
basis for perturbation theory, can be cast into a set
of rules (Feynman diagrams)

Gy(x,... 1) = (\Q|T{¢A>(a:1)...g5(a:l)}|§2j> =

-

\

0UL<E1 see En|ﬁl see ﬁm>in

Those not familiar see: K. Kumeric, Feynman Diagrams for Beginners, arXiv:1602.04182 [physics.ed-ph]

— two types of diagrams: Trees and loops

Tree-level diagrams emerge when
(pertirbatively) solving the EOM in
classical field theory

Loop diagrams represent quantum

corrections: tree-level diagram loop diagram
loop expansion = expansion in A



Loop diagrams are typically UV divergent. E.g., for & = %aﬂgba”gb — lm2¢2 — %4)4
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5(_@)\) rf E—mZtic < quadratically divergent
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What is the origin of UV divergences?

Consider gquantum mechanical scattering off

some potential V(r), e.g. V(r) = e~ 124"

At p < 1/a can approximate: V(r) « 8°(r)
= V(g) =const = C

= the Lippmann-Schwinger eq. becomes divergent: T = V + VG,V + VG, VG,V + ...
H_I

J d’l c m c
(277.')3 [_52 — 72 +ie

potential V(r)

The basic principles of a QFT (causality, unitarity, relativity & cluster separability) require local
Lagrangian densities...



egularization; renormalization‘and-all*that

How to deal with UV divergences in QFT?

1. Regularize (DimReg, Pauli-Villars, cutoff, lattice, ...)

2. Renormalize: express the (generally infinite) bare parameters in &£ (masses, fields,
coupling constants) in terms of finite, physical quantities. Notice: this is ambiguous

= dependence on renormalization conditions/subtraction scales.
(an inappropriate choice may spoil convergence of the loop expansion...)

3. Remove the regulator to restore the original theory (optional for EFTs)

Ao
quO

— rewrite Z using renormalized quantities ¢, =: \/Z¢, ZmZ =: Z,,m* and Z*1, =: Z,:

1 1
Example: the ¢p*-theory £ = = u¢05’“¢0 — —m?@g -

Z-1 mXZ,—1)  AZ,—1)
1 1 A 1./ 1./ 5
_ 2 T an22 4 - n - A
L= 50.00"0 — 5m’¢® — 56"+ 5z<‘9u¢8 ¢ Qémcb il
renormalized Lagrangian counter terms (AZ)

Notice: counter terms are not free parameters (and not observable) and determined
from the requirement to cancel the UV divergences: §; = thi(l) + h25§2) +



egularization; renormalization‘and-all*that

Feynman rules: . ‘

- ({0~
Pz_ m % A (P 5% 8“4)
>< b = /g< RN
— g N— —
Y g
renormalized Lagrangian counter terms (AZ)

2-point function to 1 loop: —iX(p?) = ———— = ——Q—— o —p—

A
Using e.g. cutoff regularization one finds: Zj,,,(p?) = aA®+ pm*In — + ym?
m

Dressed propagator: — @& — - —— _ + 1
' 1

7 !

= + non pole terms
p*—m?=X(p*) | pP—m? ’

=0 l on-shell renormalization conditions

p2=m?2 (renorm. m = physical mass)

d
= X)), =0 d—p22(p2)

A
= read off: 5(21) =0, oW =_—(aA’>+ Bm?*In — + ym?)

5)((”) depend on both the regulator and renorm. cond., while renormalized result is unambiguous...



egularization; renormalization‘and-all*that

For ¢p*-theory in 4 dimensions, V divergences in n-point functions are cancelled by 0,4, 6,, and
0, at any loop order, so that the theory is renormalizable. (Perturbative) renormalizability is ge-
nerally determined by the mass dimension [4], (A ~ mass*) of the coupling.

A
Consider e.g. &, = ;4)3 in 4 dmensions: [S]1=0 = [Z]=4 = [¢]=1 = [1]=1

Using NDA, one can show:

[A] > O: super-renormalizable (only few divergent diagrams) = —O— + —G}— +...

~InA finite

[A] = O: renormalizable (QED, QCD) = —~— + G +... <«— divergent(~ A?

— >O< + >@< +... <— divergent (~ In A)
<— convergent

[4] < O: non-renormalizable (starting from some loop order, G, become divergent for all )

Notice: obviously, only a very limited number of possible interactions in 4 dimensions are renormalizable!



xampleoran'erT

3. First example of an EFT

Consider a QFT for two scalar fields (M > m) interacting with a Yukawa-like coupling:

A
= = M(ﬁ@“cb m 207 + a PO'Pd — 2M2c1>2 — 5¢2c1>
— ~— _/ — ~— —
light heavy
4
1\ /3 1 ... ’__.3 1 .. K
dp — ¢ scattering at LO (i.e., O(1?)): S—t’ It u:[;(:'
'o S s‘ . N . \‘ 3
20 54 2_ - ~s 4 2 .
A= i —— L h = 4 t= % u= ’
A= "1 s — M2 t — M2 u— M2 wnere 3_(p1+p2) ) _(pl_p3) ) U—(pl—p4)
: . . 1 4m? 42+
At low energies (s ~ t ~ u ~ m? ~ E? < M?): ZA%—Z/\Q(—W><3—I— o +>

But this looks like the tree-level amplitude, obtained from the effective Lagrangian:

l

1 1 I
Lar = 50,006 — sm*¢* — 6" — 2(9,0)(9"6)6” + .
3)\2 22 an infinite tower of non-
h= Ve 27 o4 renormalizable interactions

suppressed by powers of M



What if we were not able to determine &£ by matching (e.g., the underlying theory not
known or non-perturbative)?

= write down all possible terms in &£ 4(¢) compatible with the symmetries

(why not a ¢3-interaction?) and fix LECs from experimental data

What about predictive power?
— at tree level, &(s, ) is determined by a single LEC from [,/(4!) ¢* (up to corrections
~ E?IM?)
— this interaction also determines the LO contribution to processes with more ¢’s, e.g.:

- L4
s~ "
m
LEEES *
.’ . .
m/
3 -
3 -
A

Q

g 4" S geﬂ

— obviously, contributions of terms with derivatives (e.g., L,¢? [ ¢?) are suppressed, at

tree level, by powers of M (,irrelevant” interactions). But inside loop diagrams, we in-
tegrate over arbitrarily high momenta!l Can one expect irrelevant operators be supp-
ressed beyond tree level?



xample‘oran"erFrl

Let’s do power counting (NDA):
'm. ~ const . ! ~ J

~~~~~

d*l 1
Qn)* (17 —m?)(( = p)? — m?)

(we count powers of soft scales Q like p ~ m ~ ;)

~ 0O(1)

M P . .~s b7 . ," ~~~ o'—l.“.~s "'
Similarly: o B~ wiiw o~ 0O
', Seelo- 4 el . s~ ', ~~.‘.‘:_¢ ;~
. \\ KOS . '/ d4l 12 5
On the other hand: . n ~ ~ 0(0°)
o c Qm)* (12 —m?)((l = p)> — m?)
ll 12

(after renormalization!)

The suppression appears automatically using DR, but it also holds in general (e.g.,
using A) for proper renormalization conditions (all subtraction scales u; ~ Q).

= power counting:  LO (~ QY%: V diagrams made out of ,-vertices

NLO ( ~ Q?): V diagrams made out of [;-vertices
and 1 insertion of dim-6 vertex (/)

The birth of ChPT (and an EFT in general): Steven Weinberg, Phenomenological Lagrangians,
Physica A96 (79) 327 (about 4000 citations...)



EFTTVsTMultipole"Expansion

Effective Field Theory Electric potential
® Most general effective Lagrangian for light DoF compatible Most general expression
with the symmetries of the underlying theory for the electric potential

1 (rotational invariance)

l l
Lop — % 0P — —mPp? — 4—1!¢4 . f(auqs)(aw)af o

2
® The size of (renormalized) LECs governed by the hard scale M. LECs (multipoles) gover-
LECs carry information about short-range dynamics. They can ned by the size a of p(7),
be calculated from matching or determined from experiment they can be calculated or

determined from exp.

® Separation of scales: [soff] QO ~m < M [hard] [soft] 1/R <« 1/a [hard]
A
v L _hard scale e Energy expansion of the amplitude Mulqtipole expansion for
(Feynman graphs, power counting, V(R) in powers of a/R
mass gap renormalization) _
Nete T
" T “soft scale _; \::-




ne‘principlestoran"erT

Construction of QFTs (~1930 ... 1980)

1) Construct the action respecting some symmetries. E.g., gauge invariance of QED:
P o P = ey A, > A=A, —-0d,ax)

3) Quantize, compute the amplitude ;@W = >w' " }» " >W©W #

4) Fix parameters from data (in QED, only ¢ and fermion masses) and make predictions...

Modern view is based on Weinberg’s Theorem:

+if one writes down the most general possible Lagrangian, including all terms consistent with
the assumed symmetry principles, and then calculates matrix elements with this Lagrangian
to any given order of perturbation theory, the result will simply be the most general possible
S-matrix consistent with analyticity, perturbative unitarity, cluster decomposition, and the
assumed symmetry properties”

S. Weinberg, Physica 96A (1979) 327; see also H. Leutwyler, Annals Phys. (1994) 165




