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There is no royal road to science [Karl Marx]

@ From Peter Higgs (Nobel Laureate) [From “My Life as a Boson", 2010]:

What were the reactions there? Before the Princeton seminar I was told by Klaus
Hepp, an axiomatic field theorist who had been at the first Scottish summer school, that
what I what going to say must be wrong, because Goldstone’s theorem had been proved
rigorously using C* algebras. I did not understand C* algebras, but I did not think it was
possible that they could prove that without hiding something in their axioms. At Harvard
the atmosphere was very different, it was more of a dialogue with the audience than a
seminar. | was told afterwards when I met Sidney Coleman again they had been looking
forward to tearing apart this idiot who thought he could get round the Goldstone theorem,
and they were going to have fun. But I had fun too.
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There is no royal road to science [Karl Marx]

@ Penguin story from Arkady Vainshtein [1999 Sakurai Prize Lecture]:

We had a hard time communicating our idea to the world. Our first
publication was a short letter published on July 20, 1975 in the Letters to
the Journal of Theoretical and Experimental Physics. Although an English
translation of JETP Letters was available in the West we sent a more detailed
version to Nuclear Physics shortly after. What happened then was a long
fight for publication; we answered numerous referee reports — our paper was
considered by quite a number of experts. The main obstacle for referees was
to overcome their conviction about the GIM suppression (m? —m?2)/m#, and
to realize that there is no such suppression at distances larger than 1/m..
Probably our presentation was too concise for them to follow.

Eventually the paper was published in the March 1977 issue of Nuclear
Physics without any revision, but only after we appealed to David Gross who
was then on the editorial board. The process took more than a vear and
a halfT We were so exhausted by this fight that we decided to send our next
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There is no royal road to science [Karl Marx]

@ Higgs mechanism by Sasha Migdal and Alexander Polyakov:

This article will discuss the subject which occupied most of my scientific
life - strong interaction of gauge fields. My first encounter with it happened
in 1964 when Sasha Migdal and myself (undergraduates at that time ) redis-
covered the Higgs mechanism| 1]. The idea of this work was given to us by
the remarkable condensed matter physicist , Anatoly Larkin. He said that
in superconductors there are no massless modes , presumably because of the
Coulomb interaction, and advised us to apply this to particle physics with
gauge fields. So we did and I still find some non-trivial elements in this old
paper. Experts in particle physics thought that our work was a complete
nonsense, but because of our age we were excused. However, it delayed the
publication of our paper for almost a year. Another year was taken by the
English translation of the JETP. As a result our work had no influence on
anyone except the authors.
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Unfashionable Pursuits [Freeman John Dyson]

@ The rare individualist who does not fit into the prevailing pattern:

As an example of a great mathematical physicist
whose work is of crucial importance to the develop-
ment of physics at the present time, I mention the
name of Sophus Lie. Lie has been dead for 80 years.
His great work was done in the 1870s and 1880s, but
it has come to dominate the thinking of particle phys-
icists only in the last 20 years. Lie was the first to
understand and state explicitly that the principles of
physics have a group-theoretical origin. He con-
structed almost single-handed a vast and beautiful
theory of continuous groups, which he foresaw would
one day serve as a foundation of physics. Now, 100
years later, every physicist who classifies particles in
terms of broken and unbroken symmetries is, whether
he is aware of it or not, talking the language of Sophus
Lie. But in his lifetime Lie’s ideas remained unfashion-
able, little understood by mathematicians and not at
all by physicists. Felix Klein was one of the few leading
mathematicians who understood and supported him.
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Unfashionable Pursuits [Freeman John Dyson]

@ The interpretation of quantum mechanics [John Stewart Bell]:

John S. Bell (1928-1990, right) and | at CERN in Bell's office 10 years after
the neutrino experiment. We were the quasi-official theorists of that experiment.
We did not do very well, all things considered, because of inexperience and
ignorance. After the experiment, in 1963, we both went to SLAC, where | wrote
my computer program Schoonschip and he developed his famous inequalities.
We also discussed other things, even wrote a paper together that was never
published. He considered his work on the fundaments of quantum mechanics
as a hobby, mainly to be done in the evening, at home. He told me that he
intended to do away definitely with this nonsense of hidden variables, and so
he did. Later he drifted more and more into this subject, and as | consider it as
some sort of foolishness not good for anything having to do with the real world,
| once asked him: “Why are you doing this? Does it make the slightest
difference in the calculations such as | am doing?” To which he answered: “You
are right, but are you not interested and curious about the interpretation?"m
was right too, up to a point. While his work became very important, as it could
be verified by experiment, often in this branch of physics the discussions are
on the level of finding out how many angels can dance on the point of a
needle. But even so: there are interesting things there.
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Unfashionable Pursuits [Freeman John Dyson]

@ An excellent example from hadron physics [Bing-Song Zou]:

Fate of the last famous fading pentaquark 6+(1540): 1/2*

1997:
2003:
2003:
2003:
2004:
2004:
2005:
2006:

Z+ (1530) predicted by Diakonov et al., ZPA359, 305
0+(1540) > K*n claimed by LEPS, PRL.91, 012002

s (ud)(ud) for 6(1540) by Jaffe& Wilczek, PRL91, 232003
;ud)(ud) for 6(1540) by Karliner&Lipkin, PLB575, 249
supported by 10 expts = 6(1540) well-established by PDG
not supported by BESII, PRD70, 012004

not supported by many high stats experiments

removed from PDG

Note: 6+(1540) is not supported by hadronic molecule model &

chiral quark model by Huang, Zhang, Yu, Zou, PLB586(2004)69
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We live in a heroic, a unique and wonderful age [Feynman]

@ Importance of the elementary particle physics [Martinus J. G. Veltman]:

The twentieth century has seen an enormous progress in physics.
The fundamental physics of the first half of that century was
dominated by the theory of relativity, Einstein’s theory of gravi-
tation, and the theory of quantum mechanics. The second
half of the century saw the rise of elementary particle physics.
In other branches of physics much progress was made also, but
in a sense developments such as the discovery and theory of
superconductivity are developments in width, not in depth. They
do not affect in any way our understanding of the fundamental
laws of Nature. No one working in low-temperature physics or
statistical mechanics would presume that developments in those
areas, no matter how important, would affect our understanding
of quantum mechanics.
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Part I: General Information and Syllabus
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General Information and Syllabus

@ Email: wangyuming @nankai.edu.cn

@ General textbooks:

> L. M. Brown, Renormalization: From Lorentz to Landau (and beyond), New York, USA,
Springer, 1993.

> T.Y. Cao, Conceptual developments of 20th century field theories, Cambridge University
Press, 1997.

> T.Y. Cao (ed.), Conceptual foundations of quantum field theory, Proceedings, Symposium
and Workshop, Boston, USA, March 1-3, 1996, Cambridge University Press.

> S. S. Schweber, QED and the men who made it: Dyson, Feynman, Schwinger, and Tomonaga,
Princeton, USA: Univ. Pr, 1994,

> G. 't Hooft, 50 years of Yang-Mills theory, Hackensack, USA: World Scientific, 2005.

@ Advanced textbooks:
> S. Weinberg, Chapter 18 in The Quantum Theory of Fields, Vol. 2, Cambridge University
Press, 1995
> M. Peskin, and D. Schroeder, Chapter 12 in An Introduction to Quantum Field Theory,
Westview Press, 1995.
> M. Schwartz, Part V in Quantum Field Theory and the Standard Model, Cambridge
University Press, 2014.
A. Manohar, and M. Wise, Heavy Quark Physics, Cambridge University Press, 2007.
J. Collins, Renormalization: An Introduction to Renormalization, the Renormalization
Group, and the Operator-Product Expansion, Cambridge University Press, 1984.
> J. Collins, Foundations of perturbative QCD, Cambridge University Press, 2011.

vy
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General Information and Syllabus

@ Review articles:

v

YVYyVYYVYVYYVYY

>

J. Polchinski, Effective field theory and the Fermi surface, hep-th/9210046.

S. Weinberg,Effective Field Theory, Past and Future, arXiv:0908.1964 [hep-th].

G. P. Lepage, What is renormalization?, hep-ph/0506330.

H. Georgi, Effective field theory, Ann. Rev. Nucl. Part. Sci. 43 (1993) 209.

1. Z. Rothstein, TASI lectures on effective field theories, hep-ph/0308266.

D. B. Kaplan, Five lectures on effective field theory, nucl-th/0510023.

A. Buras, Weak Hamiltonian, CP Violation and Rare Decays, hep-ph/9806471.

M. Neubert, Heavy quark symmetry, hep-ph/9306320.

T. Mannel, Effective Field Theories in Flavor Physics, Springer Tracts in Modern Physics
203 (2004) 1.

T. Becher, A. Broggio and A. Ferroglia, Introduction to Soft-Collinear Effective Theory,
arXiv:1410.1892 [hep-ph].

G. T. Bodwin, E. Braaten and G. P. Lepage, Rigorous QCD analysis of inclusive annihilation
and production of heavy quarkonium, hep-ph/9407339.

A. V. Manohar, Introduction to Effective Field Theories, arXiv:1804.05863 [hep-ph].

M. Neubert, Les Houches Lectures on Renormalization Theory and Effective Field Theories,
arXiv:1901.06573 [hep-ph].

A. Pich, Effective Field Theory with Nambu-Goldstone Modes, arXiv:1804.05664 [hep-ph].
U. van Kolck, Les Houches Lectures on Effective Field Theories for Nuclear and (some)
Atomic Physics, arXiv:1902.03141 [nucl-th].

Tain Stewart, 8.851 Effective Field Theory, Spring 2013, MIT OpenCourseWare,
https://ocw.mit.edu. License: Creative Commons BY-NC-SA.

Many more references can be found in Appendix B of arXiv: 1903.03622 [T. Cohen].
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Prologue I: Factorization in Classical Physics
@ Galileo’s Leaning Tower of Pisa Experiment:
1 .
L= _—mh®—mgh.
2
Symmetry of the effective Lagrangian: h — h+a.
Dynamical interpretation: The force acting on the ball, F = m g, independent of /.
@ Newton’s Gravity Theory:
Mm

Mm
Vian(h) = -G == =-G .

> Power expansion of the full potential energy:
Vee(h) = C1(R)m (h/R) + Co(R)m (h/R)* + ...

The general form of the effective potential can be written without knowing V.
> Matching the full theory and the effective theory:

GM m
CiR) =—-C(R) = =, Veff(h):mgh*%/ﬁ*w

@ Symmetry of the effective Lagrangian broken in the full theory.

s)= 2 D) = s,

This differential equation is actually a renormalization group equation.
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Prologue II: Factorization for the Hydrogen Problem

Example: Hydrogen .
non-relativistic quantum mechanics
parameters: mass Me -
charges Q. ,@p ®
coupling a = — *
degrees of 137 *
freedom: -
° scales:  m,=938MeV = — 00
N me = 0.511 MeV
proton P~ mea = 3.7keV ~ (aBonr)
i 13.6eV
1B} i— —W;ZO; = — n; + corrections
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Prologue II: Why the Sky is Blue?

Low energy scattering of photons from neutral atoms

in their ground state AR IO VN

® Jet v* =(1,0,0,0) ,atoms are static £ = ¢} i0° ¢, = ¢ iv- 0 ¢y
@y is field which destroys an atom, mass dim. [¢s] = 3/2

® Interactions are constrained by gauge invariance, parity & charge
conjugation. Consider

| even number of F,,’s
L7 =11 ¢f puFuu F*™ + 73 ¢ $ov Fiyv6 F7H

no F,,, here

[Ful=2 so [n]=[m]=-3 04 Fry = 0, 040,00 =0

® Very low energy photons do not probe inside the atom, so expect
cross section to depend on size of atom: 7 ~7 ~aj
ol =—2 light is scattered
o] SO o X E?Y ag & ]
o |AP ~ 72 stronger than red light
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Prologue III: Factorization in Quantum Physics
@ Wigner-Eckart theorem:
(7' ml|Ty|tjm) = (k[ Imgm") (<'||T"||7)).
Separation of geometry and dynamics.

@ Generalized Wigner-Eckart theorem in Lie algebra.
An example from SU(3): u, v and W are all 8s.

(u|Wv) = A Te[a W] + A, Tr[av W] .
Notice that 8° = 512 matrix elements expressed in terms of only two parameters.

@ Factorization for strong interaction physics.
An example from B — y{vy:

_ Qu mp (UJ,M)

; * 10
Fy,Lp(n-p) = np fB(ﬂ)CL(“'P#)/O do ==—"=J, (n-p,0,).

> Separation of hard, hard-collinear and soft fluctuations.
> Key input: B-meson light-cone distribution amplitude ¢, (. 1 ).

Yu-Ming Wang (NKU) EFT SDU, August-4-2023

16/65



Part II: Why effective field theories?
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Physics compartmentalized

General
Relativity
Special
Relativity

Classical
Electricity &
Magnetism

But, one doesn’t need

nuclear physics to build a boat

Generality
VS.
Precision

Yu-Ming Wang (NKU)

EFT

short distance A

long distance

quantum gravity

electro-weak

QCD & quarks

nuclei

atoms
chemistry

us
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== Dynamics at long distance do not depend on the
details of what happens at short distance
In the quantum realm, \ ~ 1—1) , wavelength and momentum

are related, so

==  Low energy interactions do not depend on
the details of high energy interactions

Good:

@ we can focus on the relevant interactions &
degrees of freedom

Newton didn’t need quantum gravity
® calculations are simpler for projectile motion

D

Bad:

® we have to work harder
to probe the interesting
physics at short distances
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EFT Concepts

1) The ingredients in any EFT: Relevant degrees of freedom,
symmetries, scales & power counting

2) Renormalization: Meaning of parameters

3) Decoupling: Effects from Heavy Particles are suppressed
4) Matching: How we can encode dynamics of one theory into another

5) Running: Connecting physics at different momentum scales
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Regularization and Renormalization

@ Regularization: How do we cutoff UV infinities in loop integrals?
Practical criteria: Computations are easier if our regulator preserve symmetries and
preserves power counting by not mixing up terms of different order in the expansion.

@ Renormalization: How we pick a scheme to give definite meaning to parameters of a theory.

@ Dimensional regularization [Collins, 1984]:
> Linearity: For any complex numbers a and b

[dplat)+ b5l =a [ dpfip)+b [alps(p).
> Scaling: For any number s
/ d'pf(sp) =51 / a'pf(p).
> Translation invariance: For any vector ¢

[dtorto+a)= [ aipsip).
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Properties of Dimensional Regularization

@ Scaleless integral vanishes:
/ dd p (pZ)OL _
@ Exchange of differentiation and integration:

/d"pf(p q) /d"p —f(p.9)-

@ Integration by parts:

a 9 ()
/d En =0.

@ Integration over two (or more) variables:
[dip [aksod= [a'k [alpsipn)

holds only if d = d’ or f(p,k) is independent of p - k.
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Properties of Dimensional Regularization

@ Integration over two variables:

[y [a'kpw? 1) = [ q(a).

@ Symmetry of the Feynman integration:

/ddppu, Py 8P = 0, (foroddr).
/ddPPm P 8PP = Ty Alg], (forevent).
with
Tyyor = [8uwito 8usa - &y + all permutations of the pi's] /1.
and
TW/(/241/2) [ 4
A = == T t/2 2
= R | e s,
Yu-Ming Wang (NKU) EFT SDU, August-4-2023
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Parametrizations of Feynman Integrations
@ Schwinger parametrization:

m = ﬁ /Omdxx""1 exp [fx(m2 7k2)] .

@ Feynman parametrization:

I T(a+B) /ldx xa—l(l_x)ﬁ—l
4988~ T(@)T(B) Jo ™ [ax+B(1—x)*F "

@ Georgi parametrization:

1 2PT(a+p) /w 2 AB-1
AP T(a)(B) Jo " [A4+2AB|*F’
Yu-Ming Wang (NKU) EFT SDU, August-4-2023
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Modern renormalization/EFT paradigm
0€d - fashioned renormalizadion paradiam
(£ 1980-4290) .

Good thepries axe renormalizable
Mon- renormatizable theories are BAD  ( unpredicdeve ... )

Modern venormalization / EFT p(\mdt‘gm (2 430 -4390)

Most theories are probably effeckve theores and
non- renormalizable .

Super- enormalisatls witerackions ave BAD and should be
forbidden b\, symmetvies .
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Different types of EFTs

Fundamental theory Fundamental theory
NOT known IS known
“bottom-up” “top-down”
EFFECTIVE
THEORY

Why is this useful?

e Fundamental theory too difficult
(QCD — HQET, SCET, ...)

e Emergent low-energy symmetries

e The Standard Model itself
e Gravity (Einstein-Hilbert action)

e Higher-dimensional gauge theories e Sum large logs

M
Aln —)"
(1)
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EFT Principles

1) Dynamics at low E does not depend on details of dynamics
at high E

2) Build an EFT using the relevant d.o.f. and known symmetries.

3) EFT has an infinite number of operators, but only a finite number
are needed for a given precision as determined by the power
counting. With this precision this set closes under renormalization.

4) EFT has same infrared but different ultraviolet than the more
fundamental theory.

5) Nature of high energy theory shows up as couplings and symmetries
in the low energy EFT.
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Effective Field Theories of QCD

HTL: Hard Thermal Loop Effective Theory; HDET: High Density Effective Theory
NNEFT: nucleon-nucleon effective field theory.
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Integrating top quarks in QCD

5 —
1= -%G};@m N {Iﬂ ¥, Cip-m)Y,
H ROP-mB B top fuetd
Assumption. : Pop; <« m>  for all extemal momento

= no exiemad & Cines

Au = AA(L) + Au(ﬂ)

v 4o g Cow- and high §requencies
[

ST TRITRIA)
ZLaaa) = N §D[A%%.0R)

5 y. ]u A\L\ % L\'_ ‘“‘/u_n
= N’ SD[A&\Wh‘ AN EQa (gt PATYHY 0
= AL

Matching equation for the generating functional:
only light DOFs coupled to external source fields for simplifying the matching calculations.
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Green functions

@ The n-point Green function:

Gr(x1--%n) = (OT[9(x1)...0 (x)]]0) -

@ Generating functional of the Green function:

2zl = /[d¢]exp {i/d4x ($+¢1)} :

@ Relation between the Green function and the Generating functional:

(=i 6"Z|J)
0|T 0) = —
Ol G)- 0000 = 5 5703 53|
with the definition of the functional derivative (in four dimensions)
1)
J3)=8®(x—y).
5709 ») (x=y)
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Matching condition for the effective action

ST ' __ (SlA%Y8a]
R AR S ST T I
Fa
" [ vitegrating cut the heavy
fuetds ond hugh eneray modes|”
(on_be expandsd
i Coad operaton

Jn most caswen  Segy an be onsbuckd only pecturbakively

Diagrammatic representation:

ey
| E
. )
—= < b

&) | Choose N, O TtaAw
o B sothatthis = AW
Ls Hue

Yu-Ming Wang (NKU) EFT SDU, August-4-2023

31/65



Consider the gluon two-point function

@ The first type of diagrams:

EXACTLY rveprodued for Lo = - %'Gh ? ¥, Cipn Y,
Nok: venormalize £ and feg o MS ofler using
dimennional.  vequlanzadion
No exgtucit high- frequancy cut-off

Hugh frequancy moden of A Yy  appear ondy w
diograms with Q- Eines that Contam the scala my

@ Comment: The great simplification is due to the (soft)-light external fields, otherwise the high
frequency modes of A, and yy can contribute to these 1-loop diagrams.
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Consider the gluon two-point function
@ The second type of diagrams:

ql-l-l.n‘(:)nll: i _ulaasse  + e . oees

e & G
+ (Ounterterm y o
ExPun ston g m

= 1(99,,-9.4.) 8 T

A L 2
Ty = + 2T dex(‘.-x) & &__3“"(:"‘3
™ : M
L] T‘E %
- Shent. 4k g, (8
3k pt B md m,
i ALY
Ge-16 6= GDP"6
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Consider the gluon two-point function

@ The resulting effective Lagrangian:

= 4, (»“h\(“(“"
i?.f{- (4 77("'“:.‘

TVGipenY, + AsTe GApicha
+ L Y Gpem)Y, + e N +
& t
4=t
hos beerimum di=6  non-renormalizabl
modufied aterackion has bean
Qenerated

Restala gluon field o vecover cononical kindic term

A= (-sEem)A = - 182
: (3,3 az t
Bu‘l: . _A
VKY, = & _ ¥ Y
e 11&&@ "
ex
L_Y__—J
3 i
= G5
the effectice %ieory
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Five-Flavour QCD as an Effective Field Theory

.mt

(S

<.
we & R s -p i R-M-1)
~A ds
near m, velate “: TR o ()
3n a
add, _ 2 d droen o _ pBNidgt »
”.\,,x" "ﬁ;*’ _;.KJ 1y = -PB F“rO&)

?’: M- %@

far belos my MUST use Loy

Othergse fec s~ pecmy get b T
and  perturbakion theery breels down.

In 3y these high-energy Bogs o absarbed

W d(p
sfwe_ rtnormabization group .
rdd ~ :
R = @  uith
ineteal cordidron %)
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Five-Flavour QCD as an Effective Field Theory
Andso on....

hao  Ophrons

® o external bottam lines = }epu.\l- above
P"B( ure.

. external botom Cines
must be Conserved belots my,

— ‘fElen -adanstic BCD, heavy quark effecive
heory

@ Technical comments for general EFTs:

> Renormalization-scheme dependence [projection scheme, 5 scheme, subtraction scheme
(MS, MS, ...)].

> Evanescent operators in dimensional regularization [no Fierz transformation in
D-dimensions, ...].

> IR subtraction complicated for many exclusive B-meson decays [ag for B — hj hy, penguin
contributions, ...].

> Loop integrals with three different energy scales at 2 loops [modern amplitude techniques,
differential equations, interplay between mathematics and physics, ... ].
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Effective field theories for heavy quark physics

New Physics: Zyp

!
EW scale (my): Loy + Lp=4

I

G
Heavy-quark scale (mp): L5 = —7; Z Ci Qi+ Lo p>6
7

1

QCD scale (Aqcp)

Aim: {f|Q;|B) =?

QCD factorization

[diagrammatic method].

SCET factorization
[operator formalism].

TMD factorization.

(Light-cone) QCD sum
rules.

Lattice QCD.

Key Concepts : Factorization, Resummation, Evolution

Yu-Ming Wang (NKU) EFT
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Why do we need QCD factorization?

2 b P"
Gl '

B _\\Ll
. &= (o, B
C =
= —'1\ =
9 ‘D P2

° P:N_IL — SO.F-L pion

:105/'8:;&0 o h(uvy- - (iaht {mnsi’c\'ons m HQET
mosslon fatb+ heovy quirk ® Fosm bet plemi&md

N MM
fucuadins sofb KA —>  energlic pion
- no Suh fietd w HRET
I = Z h&VaLVdD5L\iv‘_

Pl1 % (MQ,/-A, A‘/ mb) " ofinear 4 )
jﬁ;’ + T 3 Sl (noty Qight- €iked
ofacn T 9+%9

'V
LS 2 {] o X
K= (f +Q) "~ A
[-> HQS\{MHE{Y'\Q)—} Q k°~m: :
1
A ‘n‘[’l M havd- cfinoar !
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Why do we need QCD factorization?

OCDF deals with B decays that wivofoe energetic  Right particds (hadvons)

B> mbv do not tivofoe four-quark opevalers
ol Ty ewgdc - QD forn {hckcnqmr
B> Dn nvolve {our quark opevators
B- mx, ... [chermm ) (sivong firal shate iidesockions )
B - K*T(“

L ete”

Modern  Canguage
. Soft- iflnear effpctive theary
QCDF = heavy quark physics ‘QN

[ exknds HOET by Chovd-) Rlinear
modes |
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Wide applications of QCD factorization

HQE/OPE, lattice, (QCD

sum rules) QCD factorization, SCET,
flavour symmetries
None — pure quan- (0|O|B)
tum interference (B|O|B) (M|O|B) (M M;|O|B)
< Easier Increasingly difficult ~

v from B — DK B — v B — Drvr B — py Direct CP asym

[and related methods] By —ptu™ Vil B— K"t By — TK,KK,...

23, 23, AMp, 5, B — Kvp By — mm

S AFB\. By — ¢¢7 K*ok*o
All hadronic
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Part III: QCD factorization for the pion form factor
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The pion-photon transition form factor

@ Theoretically simplest hadronic matrix element:

(m(p) l]flm|')/(p/)> = ggm Euvap qapﬁ €’ (p,)Fy*yano(Qz) o

> Related to the axial anomaly at 0*> = —(p—p')*> = 0.
> Golden channel to understand the QCD dynamics.

> ¢te collisions:

+

e

Yu-Ming Wang (NKU) EFT SDU, August-4-2023 42/65



The BaBar puzzle

@ Status of experimental measurements:

035
>
[0

@ 03
&

ug_ 0.25

& Scaling violation?
02
0.15 Shape of pion wave function?
0.1 EaEfar
) 4* . aeo The onset of QCD factorization?
4+ CELLO
0.05 o Belle
— fit(A)
— fit(B)
0
0 10 20 30 40
Q2 (GeV?)
@ Asymptotic limit:
. lim Q2Fryy-(Q%) = 21,
Q2—c0

Brodsky, Lepage

QCD factorization works perfectly (against by [Manohar, 1990] and resolved by [Grossman, Koénig,
Neubert, 2015]).
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Some popular explanations:
@ Non-vanishing pion wave function at the end points [Radyushkin, 2009; Polyakov, 2009].

Fob - Y2 [ ey lfexp< “g)

3 Jo xQ2 " 2%0

f

from kt dependence of pion wave function

@ Large soft corrections at moderate Q2 [Agaev, Braun, Offen, Porkert, 2011].
035 T T T

omb @ Froy(Q7) i

softdhard 1 The “ha%d” and “soft” contributions

1 to the ”y*y form factor for model

. I (solid curves) and model IIT (dash-

hard dotted curves). The experimental
E data are from BaBar (full circles) and
oost 7T T — - soft ] CLEO (open triangles).
0.00 . . L
0 10 20 30 40

@ Threshold resummation generates power-like [x(1 —x)]"(Qz) distribution [Li and Mishima 2009].
c(QZ) is around 1 for low @, but small for high Q°.
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The general picture

@ Schematic structure of the distinct mechanisms [Agaev, Braun, Offen, Porkert, 2011]:

A
M 00000

1 1

A: hard subgraph that includes both photon vertices @ + E +...
1

B: real photon emission at large distances @ +...
1

C: Feynman mechanism: soft quark spectator @ + ...

@ Operator definitions of different terms needed for an unambiguous classification.
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Region A: Leading Twist Contribution

@ QCD factorization formula:

2 2 _ 2 > 1
V2(Qi—0i)fs [ 0% 02050,

LP 2\ _
4 (%) = 0

Y y—n0

> Renormalization-scheme dependence due to the IR subtraction.

= Verify scheme independence of F’ yoy—no at NLO (this lecture).

> NLO hard function in the NDR scheme [Braaten, 1983 + many others]:
_ O CF

2 =
M = T 2ms B2z ()T ;
T o {X [ (21nx-i—3)an2 +In"x+(—1) T 9|+ (xex) .

> Twist-2 pion DA (collinear matrix element):

(R(PIEO)Wely.0) 75 E0)0) = ~ifpy | due™ gua ) + 017,

The ERBL evolution implies Gegenbauer expansion.
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Region A: Twist-4 Contribution

@ Subleading power correction at &(1/Q%):

@ QCD factorization at tree level [Khodjamirian, 1999]:

F)]}P},_,ﬂo (QZ) =

V2(02-00fx [ 1, ¢x(x) 80 &2 2 2
- Uo DTS 702GV,

> Asymptotic twist-4 contribution at LO in QCD.
> Two-particle and three-particle twist-4 corrections related by the EOM.
> Four-particle twist-4 correction not included and assumed to be tiny.

> Asymptotic twist-4 correction at &'( ) in progress.
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Region B: Photon emission at large distances

@ Hadronic photon correction:

@ QCD factorization at tree level:

V2(0h - 00 fx 16mas (1) (ag) ', 950 11 oy(y)
LP 2\ u d " Y
Fv*yanO(Q )= 02 9722 /0 dx X /0 b y2 o

Breakdown of QCD factorization due to rapidity singularities.

@ QCD calculation of the hadronic photon effect beyond the VMD approximation.
= The NLL LCSRs for the long-distance photon effect.
= QCD factorization for the correlation function with a pseudoscalar current.

= 75 prescription in dimensional regularization.
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Part I: Leading twist contribution
@ Tree diagrams [YMW and Shen, 2017]:

q

% 5 zp Ve s 7D
o
N e Tp | e ID
n
p’.m"‘"w I
Kinematics: , _
,  onp _Ap n-p _
Py = 2 iy, puan,H»Tnu.
~—— ~— ~~

o(\/0?) oN@)  O(N/VQ)

@ The four-point partonic matrix element at LO:

Oy, = (qlxp)g@p)lig"lv(")
__igm(Qi-0D) o) [@(xp) Y, 1 7 W, vGEP)] [@(xp) Yo, 1 7 Y, v(ED)]
B 2v2n -p X x
+0(a?).

QCD matrix element free of the y5 ambiguity, however not the IR subtraction.
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Twist-2 factorization at tree level

@ Operator matching automatically:

22 (02 _ 02
0 igem (Qi — 02) 1 1 0
) = —F 2SR ) |5 # O ) = 5 O ()
@ Collinear operators in the momentum space:
Opu() = TP [dwe¥ T E(cn) We(1,0) T v (0).
Tapy = Yullt Wi, Ty =Yoo 7 Yu,L-

@ Matrix elements of the collinear operators:

(0 (x,2) = {q(xp) a(%p) 0j.uv (x)]0) = & (xp) Tj v £ (3p) 8 (x —x') + O(x) .

@ Operator matching with the collinear operator defining the standard pion DA:

OA./,LV = _(Ol.uv+02,uv+0E‘uv) s OB,uv :_(Ol,uv_02.uv_0E,uv) .
L L W Wi] . 1
Fiww = guvﬁv F2.uv:l£pvﬂ757 g v =7 <f_l£uvﬂ75 .
S~~~ N~
wrong projeclor evanescent operator
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Twist-2 factorization at tree level

@ Operator matching with the evanescent operator:

o - {iggm(QﬁfQﬁ)
” 2\/§n~p

&' ()| LTi) # (01 (5,2)).

Expansion |} at tree level

1 1 0
100)=- -2, 1O =1PF)=

=7
/ x/

2=
=

@ Hard-collinear factorization at tree level:

y*y—m'o(Qz) \[(inQd/ de

Evanescent operator does not mix into the physical operator at LO.

= Trivial IR subtraction here.
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Twist-2 factorization at NLO: A sample calculation

@ Virtual-photon vertex correction:
> Partonic amplitude:

2 2 2 D
I-I(la) _ 8em (Qu _Qd) e :| 2c da’l
W= B S0 0 [

[(xp+1)2+i0)[(p' —xp+1)>+i0][2 +i0]
a(xp) Yo (B +A) Yy (F =3P +) ¥
¥ —xp) % v(Ep)-
@ Performing the loop-momentum integration with the method of regions [Beneke, Smirnov, 1997].
> Leading contributions only come from the hard and anti-collinear (i.e., /|| p) regions.

> The anti-collinear contribution corresponds to the scaleless integral, and hence vanishes in
dimensional regularization.

@ The hard contribution to the scalar 1-loop:

dli 1
I =
/(27:)17 [Z+xit-pn-1+i0)[n-(I+p') @i- (I—Xp)+ 2 +i0][2 +i0]

i1 (1 w2y 1o,
—W@[lnx<g+ln@)—ilnx.

Only hard scale 0*=n -p' i+ p can appear in the hard function!
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Strategy of regions

@ For an excellent review, Smirnov, Applied asymptotic expansions in momenta and masses, Springer

Tracts Mod. Phys. 177 (2002) 1.

@ The general procedure:

> Identify all regions of the integration which lead to singularities in the limit under
consideration.

> Expand the integrand in each region and integrate over the full phase space.

> Summing the contribution from the different regions gives the expansion of the original
integral.

@ Problems in the strategy of regions [Smirnov, 1999]:
> Need to identify all regions of the integration which lead to singularities.

4

There are examples where additional regions appear at higher loop order.

> Make sure the expanded integrals are regularized.

4

Sometimes dimensional regularization is not enough.

> More discussions can be found in [Jantzen, 2008; Semenova, Smirnov, Smirnov, 2019].

4

A rigorous proof only exists for the space-like momentum configuration.
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Twist-2 factorization at NLO

@ The four-point partonic matrix element at NLO:

M,
: L D

."',l"

@ Extracting the hard contribution with the method of regions:

igem (04— 03) v

(1)
I, =
2 Zﬂmp

&' () (02, v (6,0 ))© % A () + .

o Crp

1 1 1
Agﬁm(}f’): an {T/ {—(21n)_cl+3)( —&-lnl'L—>-|-1n2 '+7x 0 _9}+(x/<_>)_c/)}.

X

Q2

Only the hard and collinear regions relevant at leading power in 1/ 0%
Independent of the 95 prescription!

@ However the IR subtraction is not trivial any longer due to the operator mixing.
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Twist-2 factorization at NLO

@ Expanding the matching equation at NLO:

c 2 2 2
[7%;%". Ga) o) T AV ) (0 )

) 2
800 i) ()] 3. 160 Ouana N 4T ) 01 )]

2V2n-p

@ One-loop renormalized matrix elements of collinear operators:
1
(O1uv) ™V :Z [Mz(/ e +Z( )] #(05,u0) .
i

Vanishing bare matrix element MR

. bare in dimensional regularization =

1 1 1 0 1 0 1
Tz() - 2 ZT[ *Zi(Z):Ag)_Té)*Z§2)_Tl{j>*zf(;‘2) :
i S——— ~—~
A(zlk)md operator mixing

@ The IR finite matrix element of the evanescent operator vanishes [Dugan and Grinstein, 1991].

1 1)off
="

IR singularities regularized by any parameter other than the dimensions of spacetime.

Yu-Ming Wang (NKU) EFT SDU, August-4-2023

55/65



Twist-2 factorization at NLO

@ Master formula for the hard function:

(1) _ 4(1) (0) , (1) (0) (I)Off (1) (0) (1)off
T, =Ay =T, *Zy) +Tp #Mpy  =Ay g +Tp *Mp, .
@ The IR subtraction:
¥s-scheme dependent subtraction term:
(0) 1)off o Cp In¥  Inx
Ty *M lnor = o (=4) v T )
(0) (1)off
Ty «My* |y = 0.

M(Elz) proportional to the spin-dependent term of the Brodsky-Lepage evolution kernel.

D-2, [NDR scheme]
A simple example : Yal 5Y* =it s
6-D. [HV scheme]
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Twist-2 factorization at NLO

@ The NLO hard matching coefficient:

1 2 7 In¥’
() = ai? {? [— (2In¥ +3) ln% FIn?¥ +§ xI,lx —9] +( o¥) } :
6 = —1in NDR scheme and 6 = +7 in HV scheme.

@ The NLO factorization formula:

2 2_ N2 - 1
B ()= % | 100+ 1" )] o) +0(@2).

@ Scheme dependence of the pion DA [Melic, Nizic and Passek, 2002]:

N 0g0) = [ o Zad 5.0 6501,

Zid s = 36—+ 54 [ 2000+ L0 + 0(ad).
I
1 5 C, 1 1 In
[ a7 [0 ) 3 )] = 5 9) [y (4 1) %0+ 002),

= Scheme independence of F ..., 7o at NLO.
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Twist-2 factorization at NLL

@ RG evolution of the pion LCDA:

P ot = [ aveneom. Ve =X ()" W,

Vo(x,y) = 2Cr “:; (1+$) e(x—y)+§ EHl) e(y—x)] .

Multiplicative renormalization at LO:

)'}’vn /(2Bo)

) an(po) G (22— 1), ap(w)=1.

b () = 6% i ( o (1)
n=0

@ NLL resummation needs two-loop evolution kernel [Mikhailov and Radyushkin, 1985; etc]:
Vl (xvy) = 2Nf CF VN(xvy) +2CF CA VG(X,y) + C%' VF()C,y) .

Triangular evolution matrix [Miiller, 1994/1995 + many others]:

an(i) = Ey50 (1, o) an (o O (s o)y, (1, o) ax (o) -

Construction from the forward anomalous dimensions and the special conformal anomaly matrix.
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Twist-2 factorization at NLL

@ NLL resummation improved factorization formula:

FP (@)=

3v2(0i - 05
Q2

)

fe ¥ an(p) Ca(Q )+ O(a2).
n=0

> NNLO hard kernel in the large By limit [Melic, Miiller and Passek-Kumericki, 2003].

» Full NNLO hard kernel in the MS scheme [Gao, Huber, Ji, YMW, 2021].

@ Generating function of the Gegenbauer polynomials:

(172xt+t2 Z a
The NLO hard coefficients:
o (1) Cr 3n(n+3)+8], u? Hyp +1
Ci(QP ) =1+ 4H,  ———— " | In 42 —4 T
n(Q° 1) =1+ —— " D) "2 T 1 (n+1)(n+2)
1 1 1 1
42 4 4 3 - —9¢.
[(n+1)2 (n+2)2] [(n+1) (n+2>} }
EFT SDU, August-4-2023
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Part II: Hadronic photon effect

@ Breakdown of the direct QCD factorization for the long-distance photon effect
= Construct the sum rules for the hadronic photon correction.

@ Correlation function [YMW and Shen, 2017]:

Gu(p'sq) = [ a*2e 4= OT {5 2x(0)} 110)) =~ uvep 4P (6') G, 0P).

jn:\%(ﬁ%uf?i)@d), =0 +q).

Explicit dependence on y5 = scheme dependence of the QCD amplitude.

@ Standard strategies:
> QCD factorization for the correlator G (p',q) with the power-counting scheme:
ln-pl~fpr~np' ~0(V0%).
> Write down the hadronic dispersion relation based upon the analyticity and unitarity.

> Constructing the sum rules by matching the QCD and hadronic representations.

> Need the semi-global parton-hadron duality ansatz.
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Hadronic photon effect at tree level

@ Tree diagrams:

q p q p

zp Ty

p for the four-momentum of the pion current and g for the transfer momentum.

@ The four-point QCD amplitude at LO:

M = [ O {5 2).4s(0)} labep) a5p")

igen Ap [ 1
2v2 Q% |xr+Xx  Xr+x

where r = —p?/Q%, 1, = L and g = — L.
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Hadronic photon effect at tree level

@ Operator matching automatically:

~©0)  iem Ai-p 1 1 ~ 0
i = T M | gre e * @)

@ (Anti)-collinear operators in the momentum space:

~ n-p . ~
) = B [are” 7 g(0) W0, 0n) o z(em),
Taw = Bh%ur

@ Matrix element of the (anti)-collinear operators:

(O (x,2)) = (010, (g (xp") 4(xP)) = 2 (&P )T 2 (xp) 5 (x — ) + O (at).

@ Operator matching with the effective operator defining the photon DA:

Oap = Orp+Ogy,
a o
=~ n =~ n
Ly = —¢b z0"P Tep=%hn, — —¢e 50"
M va, s £, 1 SP T, L Vo,
7 “uvap 2 “mvop
evanescent Operator
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Hadronic photon effect at tree level

@ Operator matching with the evanescent operator:

ﬁu: l;:?an anQqZT lllxx»

Expansion | at tree level

” ~0 1 1
W= = gt 5

@ Leading twist photon DA [Ball, Braun and Kivel, 2002]:
(017(0) Wz(0,y) o0 x ) 7(0"))
1 -
= igen O 2(1) (@0) () [P ) ~plyep ()] [ due™r" gy(u.p).

The magnetic susceptibility of the quark condensate x (1) as the key nonperturbative parameter.

@ Hard-collinear factorization at LO:

6(0%,0%) =~ 2= 20 3y (a0 [ axT 0yt ) + ).
) - \/EQZ q X Yx,u'+ s

Yu-Ming Wang (NKU) EFT SDU, August-4-2023 63/65



Hadronic photon effect at tree level

@ The hadronic dispersion relation of G(p?,0?):

2 _ fnﬂn( ) FNLP /
G0 = m% —p? —i0 P @ +. dssfp *lO

@ The tree-level LCSR:

0 __V2(00-05 : d 1Q? + um ~
R @)=~ O ) gy [ ey | o) + 0.

> The power counting scheme for the sum rule parameters:

SONMZN ﬁ(Az)v uONﬁ(Az/Qz)v MOEQZ/(SO+Q2)'

> The scaling behaviour of the hadronic photon correction:
%‘;”o (©%) <A2 >
e e "\ e

@ NLO QCD correction to the hadronic photon effect [YMW and Shen, 2017].
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NNLO prediction of the pion-photon form factor
@ Models of the pion DA [Gao, Huber, Ji, YMW, 2021]:
TF2+20y)

Model I: 9n(H0) = gy (x®)%,  ag(uo) =0.4227 0%
[Holographic @ Lattice QCD 2020] ;
Model IT : {az,a4} (o) = {0.269(47),0.185(62)},
{a6,as} (1o) = {0.141(96),0.049(116)}, [CKR,2020];
Model 11 : {a2,a4} (o) = {0.20310:087, —0.143100%31 . [BMS, 2020].

@ NNLO QCD predictions [Gao, Huber, Ji, YMW, 2021]:

0.

" cLEo
0.30f e QFI eieeeie QPRI © Babur
0.4 A Bl
rrrrrr QLN —_—
0.25 0-3
0.2 ]
1.
0.20 T
0.1
Model — 1
0-15%5 10 20 30 10 -0 10 20 30 10
@ @

Very sizeable & (ocf) correction and the golden process to distinguish the various models!
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