QCD factorization and global analysis
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 Introduction to QCD factorization
[ Parton distribution functions and global analysis
J From inclusive to exclusive processes

] Generalized parton distributions and global analysis
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From DIS to Drell-Yan

e+p—e+ X

» DIS factorization: factorize collinear pinches.



From DIS to Drell-Yan

e+p—e+ X

» DIS factorization: factorize collinear pinches.

Ha+Hp = (Q) [ ptu] + X

> Goal of Drell-Yan factorization:

* Collinear sectors from two hadrons are separated from each other
* They are also factorized from the hard part

e Connected to the PDF in DIS



Drell-Yan factorization

1 1
— Z/ dxa/ dxp fayma(Tas ) forms (@e, 1) Cab(Ta, T3 Q/ 1)
a,b 0 0

» Key: inclusiveness = unitarity cancels soft gluons
> PDFs from Drell-Yan factorization are the same as in DIS

» Hard part involves subtraction for collinear pinches



Global analysis of PDFs

» Parametrize PDFs at a given scale u,

E.g., JAM20-SIDIS  fi(; o) = Ti(x; a3) = M; x®(1 — z)% (1 + v & + 6; x)

1=g,u,d, s, c,u,d,Ss,C JAM, PRD 104, 016015 (2021)

9 independent flavors. Typically, ug is just above m,
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Global analysis of PDFs

» Parametrize PDFs at a given scale u,

E.g., JAM20-SIDIS  fi(; o) = Ti(x; a3) = M; x®(1 — z)% (1 + v & + 6; x)

1=g,u,d, s, c,u,d,Ss,C JAM, PRD 104, 016015 (2021)
9 independent flavors. Typically, ug is just above m,

d d
> Solve DGLAP evolution to obtain PDFs at scale Q gy, /(% #) = Z/x — Py(e/2) fi(z,0)
J

» Use factorization to make prediction for observables at scale Q

2
E.g., DIS structure function Fl'(zgz, Q Z/ _fz/h 2, 1 Fl(x—B, Q_)

x P

» Compare with experimental measurements

* Design loss function, e.g., )(2(&), and minimize it to find the best fit ¢ Quantify uncertainties



DGLAP equation

Recall: DGLAP arises from UV renormalization of bare PDFs
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Z;j collects all UV poles. Scheme dependent. Typically, MS scheme.
UV property of operator. Does not depend on target state or parton mass.

e Perturbatively calculated, order by order.



Symmetry of DGLAP kernel

Replace H by a parton state.

1
dz are . _
fip(@, 1) = Z/ — Zij(@/z1)6p) (1)) ik =a,d.9
j X

®,

*%* Charge conjugation symmetry

b b are are
= LR = V|| sV AR — Zig = Zi — fin = fipe



Symmetry of DGLAP kernel
Replace H by a parton state.
1 dZ bare .. _
fiyr(@, p) = Z/ — Zij(z/z e (2 1/e) 45,k =¢,4,9
j X

®,

*%* Charge conjugation symmetry

b b are are
= LR = V|| sV AR — Zig = Zi — fin = fipe

d 1 g
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Symmetry of DGLAP kernel

Replace H by a parton state.

1
dz are
fipe (@, p) = Z/ ~ Zij(x/z,1/€ p) ]b/k
j X

®,

*%* Charge conjugation symmetry
bare __ rbare bare | __
ik — Jik T UV{ i/k } —UV[

d

7/

%+ Together with SU(ny) flavor symmetry
Pog = Paig = Pagy Pyq; = Pyg, = Pyq
Pud:P{LJ:PUS:Png:"-
PJ:Pﬂd:Pu§:Pﬂs:---

u

bare

ik

1
d
dln,LL?fi(w”LL):Z/ jzpv:j(fﬂ/Z)fj(z,u) P, = P-
j x

(z,1/e)  i,5,k=q,q9

| — Zij = Zz; — fipn = Fiyn

¥

Pyi =Py, =P,;=P;,=...
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Seven independent DGLAP kernels

Py.g = Pgg = Pyg, Pyqi = Py = Pyq

%

Pud:Pﬂg:PUS:PﬂE:--- Puu:Pﬂﬂ:Pdd:PJg:
PuJ:Pad:Pugzpas:--- Puﬂ:Pﬂu:PdJ:PJd:---
(
Pl + P ifi=
P = _‘_':PU(S__+PS:< qq qq
qi4; qi4; qq ~v) qq \P;q lf’l,#]
p
P4+ P ifi=j
P.—.: - .:PU—(S"+PS—:< qq qq
qi9; qi4; qq ~v] qq \P;q lf’[,%.j

Pqig :P@g :quv
qui :Pg@ :qu
P

g9
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Flavor decomposition of DGLAP equation

Py.q; = Pgiq, = P,,0:5 + P,

dz 9i9; qq
Notation: Momentum convolution AR B)(x E/ — A(x/z
Mo B)w) = [ TA@BE)  p o _p  _posps
Flavor index E‘ZZKL_L’ C{’ f’ & ¢ Poig = Faig = Fag s
1,1 =u,d,Ss,... Pyg. = Pyq, = Pyq
d f;
o = TR 5+ SR04 Fas
J
d f;
dinge ~ L POl L PG O S+ Py 0y
d f,




Flavor decomposition of DGLAP equation

1
d
Notation: Momentum convolution (A ® B)(z) = / i A(x/z) B(z)
s 2
Flavor index E’Z - fL_L’ C{’ f’ & ¢
1, ] =u,d,s,...

d f;
dinp2 Y Pi®fi+Y Pi®fi+Py® f
J J

:P;q®fi+P;§®f5+P;q®ZfJ+P;§®Zf5+qu®fgv
J J

d f;
dln u2 :2 :Hj@fj—FE :1%3®f3+Pig®fg
J J

:quq®f7+quci®fi+P;q®Zf3+P;q‘®zfj"’qu@fga
j j

d f Z Z
J J

= gg®f9+qu®Z(fj+f3)°

J

PQin :P@ifij :P;q5ij+P;q

PC]iqj :Péiz'qg' :P;qdij+P;§

Plig = Paig = Fyg

P
99
qui :quz- :qu

How to disentangle flavors?
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Flavor decomposition of DGLAP equation

1 42 Pyiq; = Cfi(?j:P;q5ij+P8

aq
Notation: Momentum convolution (A ® B)(x E/ — A(z/z) B(z - -
AeBw= | TA@ABE)  p o _p _psipe
7: = u d S.... — — o
Flavor index _.’Z P & ¢ Poig = Faig = Fag s
Z,]:U,d,S,... PQQi:PQQi:PQq
d fi
j j How to disentangle flavors?
:P;q®fi+P;q®fi+P;q®ij+Pq86®zf5+qu®fgv ‘
J j
d f; . and f; mix with f, in the same way
dlnuz:Z]lij@)fj_*'z_:]%}@fj—i_%g@fg Ji ' g
J j ‘
=Py, @ i+ P ® fi+ P, ® Z J;+ Pz ® Z fi + Py ® fyg, Charge conjugation symmetry!
j j
/s =) P ®fi+ ) Pi®fj+ Py f n
dIn p? - A 99 =79 Define f;" = fit f;
J

:ng®fg+qu®Z(fj+f3)° 15
J



Flavor decomposition of DGLAP equation

N | (A® B)(x) /1 L A(w/2) B(2) Poig; = Paig; = Fyq 0ij + Py
otation: Momentum convolution ® x) = — A(x/z z o c
x 2 Prg; = Paiqy = Pyq 0ij + Pig
Flavor index E’z — W C{’ AR & ¢ Prig = Paig = Pyg P,
7;7j:?7’7d7§7"' PQQi:PQQi:qu

Task (3mins): Work out the evolution equation of fl-J—r
How to disentangle flavors?

d f; .
— P @ f,+ P’ ® f +P° 4 PS 4+ P ,
d1n p? a0 © it g ® Ji 1 ® ; JitFg® Z J5 7+ Fag © I fi and f; mix with f; in the same way
j
af, ¥
— =P 0 f+P.®fi+P ® -+ P ® + Py ® fyg,
d1n p? 1 @ [ i ®J a Z /; € zj: J; 19 ® Jo Charge conjugation symmetry!
j

d
dlanQ = Pyg ® fg + Pyq ®Z(fj +f3)°

j Define f==/f,+f:

1
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Flavor decomposition of DGLAP equation

df; ) ) 5
dlnfMQ Pu®fi+Pg®fi+ P ®ij‘|‘P ®Zf + Py @ fyg,
d f3 v y . )
Tz = L ® fit Pyg ® fi+ Py ®ij+P ®ij—|—qu®fg,
e Y0 )
dlngz 999 9™ Faa i T5)-
J

df{i_ — v v + s s .
n dlnMQ_(qu_i_PqQ)@fi (P ""P‘ ®Zf + 2P, ® fq,
fz =fitf;

dfz'_ v —

> dlanZ(qu wg) ® fi (P ®Zf]7
d f,

dln u2 :ng®f9+qu®Zf;r-
J
* f;7and f;” don’t mix
* f;7 mixes with their flavor sum, and gluon
* f; only mixes with their flavor sum



Flavor singlet and non-singlet

d’i v v S
dlnfMQ P ® f;+PL® f;+ P ®Zf]+P ®Zf + Py @ £y,
dfg v v S S
T2 = Fia @ fit Pg @ fi+ Py, ®ZfJ+P ®ij+Pg®fg,
dfg _ P ) a
dln,uQ_ gg@fg"‘ gq@Z(fJ+fj)'
J
4/ = (P, + P) @ fi" +(P;, + P2,) ®Zf++2p ® f
L dln,uQ_ a9 qq i d ' 19 g7 n
fi=fixh =) f
df~ " B :
> dln,uQZ(qu ) ® fi +(P ®Zf], ‘ J
af ) fas= D 15
dlnu2:P99®f9+PQQ®ij- J

J
Task (2mins): Work out the evolution equation of f; and f,

assuming there are ny active quark flavors. 18



Flavor singlet and non-singlet

d f"
L — PU PU_ + PS PS_ i 2P 7
dIn p? ( ag * qq)®fZ +( qq T qq)®f + 2P ® fg fsEZf;_
ddlfz2 :(P;q _P;CY) ®fz— +(P;q _P;Q) ®fnsa B ! B
if, fs=2_4,
danQZPQQ®f9+qu®fs- J
Afus oo o . |
dIn 12 - [qu — gty (qu - qu)] ® fus —> Evolves by itself

‘ d fs ., . . .
d1n ;2 - [qu T qu + nf(qu + qu")] ® fs + 2ny Py ® [y
3 equations df, Coupled together

dIn 2 =Py ® fg+ Py ® Js
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Flavor singlet and non-singlet

d f"
o =(Pgq + Pog) ® fi" +(Pgq + Pgg) ® fs + 2Py ® o

d1In p? (Paa + Pg) (Pea + Pig) a9 ¥ Jg fsEZf;_
ddlr{Z;u2 :(P;q o P;CY) ®fz— +(quq - P;@) & fnsa B ! B
dJ fns:zfj
danQZng®f9+qu®fs- J

dfns v v s s

dIn 12 - [qu — gty (qu - qu)] ® fus —> Evolves by itself

3 equations df,

‘ d fs ., . . .
dIn p? - [qu + Fyq + nf(qu T qu")] R fs +2npPeg ® fy
Coupled together

dIn 12 — gg®f9+qu®fs

Remaining 2(n; — 1) equations are for relative differences among fiandf;

+

+ _ £ + d f;; v v
Eg., fi;; =f; —J; evolve by themselves dlIlZZL2 = (P, £ P ® fi;

20



Flavor singlet and non-singlet

d f"
L — PU PU_ + PS PS_ i 2P 7
dIn p? ( ag * qq>®f7f +( qq T qq)®f + 2P ® fg fsEZf;_
ddlr{Z;u2 :(P;q _P;CY) ®fz— +(quq _P;Q) ®fnsa B ! B
dJ fns:zfj
danQZng®f9+qu®fs- J
dfus oo o o |
dIn 12 - [qu — gty (qu - qu)] ® fus —> Evolves by itself

3 equations df,

‘ d fs ., . . .
dIn p? - [qu + Fyq + nf(qu T qu")] R fs +2npPeg ® fy
Coupled together

d1n ;2 = Pgg ® fg + Pyq ® fs

Remaining 2(n; — 1) equations are for relative differences among fiandf;

Af = fo —nef’ dAft
Or, ¢ ° 1 evolve by themselves, too, by the same kernels Ji

Af = fos—nzf; dIn p2

= (Piy £ Ppg) © AfF

21



Flavor decomposed DGLAP equations

d fus
dIn ;2
d f
d1n 12

d f,
d1n p?

dAf

dIn 2

»

~ [Py, Py s Py = Pip)] @ fo =Yg
=Py, + P+ ny (P, + Pop)| ® fs +2ns Py ® fy 3 equations foo= zj: f;

= Py ® fy + Py ® fo » . :

= (P, £ P ® AfE 2(ng — 1) independent equations Afi=fs = nff;r

Afi_ — fns — nffz'_

= (- AT

ny

_ 1 _
fq; — n_f(fns _Afz )

Proper matching at quark thresholds is needed as u goes up.

22



DGLAP kernels: Are they all nonzero and independent?

Question (1min): Which kernels are nonzero at LO? O(asy)

PQ'L'Qj :P@Lﬁj :P;q5ij+P;q
Pqiq_j :Péiz'qg' :qu(jdij_l_P;@
PQig:P(jig:qu

P
99
qui :quz- :qu
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DGLAP kernels: Are they all nonzero and independent?

Question (1min): Which kernels are nonzero at LO? O(asy)

k:\lfp ( \/k k\

[
D —1

p

/k
% 1—p : '
~or
l k
p—1
—k
p p

But P;q = P;q = P;q — 0 atlLO

k

p

)

/ /k}

/
J
épk
/

PQiCIj — Pq—zﬁj :P;q 5ij +
qu;(ij — Lq:q; — 5’ij +
Pr.g = Pgig = Pyy

ng
qui :Pgdi :qu
/

kf \

< qu

/

&/ 1K
£ |
/ Pk \-qu
p
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DGLAP kernels: Are they all nonzero and independent?

Question (3mins): Any new kernels occur at NLO? O(ag)

PQin — P@i@j :P;q 5’ij +
qu;cij — P(iz'qg' — 5’ij +
Pr.g = Pgig = Pyy

P
99
qui :chii :qu
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DGLAP kernels: Are they all nonzero and independent?

Question (3mins): Any new kernels occur at NLO? O(ai)

A

—_—— 0 _Q Q

Y

Q Q Q

Y

A

Y

P(h'qg' :Pcfz'(?j :P;qéij+P;q
quﬁj :P(inj :P;q‘éij+P;§
Pqig:Pciig:qu

P
99
PQQi :qu'i :qu

- 7

- -,

* All the seven kernels are nonzero.

* Butthereis a degeneracy.
26



DGLAP kernels: Are they all nonzero and independent?

Question (3mins): Does the degeneracy retain at NNLO? O(a?)

PQ'L'Qj :P@Lﬁj :P;q5ij+P;q
quzq_j :Péiz'qg' :qu(j(s’ij_l_P;@
PQig:P(jig:qu

P
99
qui :chii :qu
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DGLAP kernels: Are they all nonzero and independent?

Question (3mins): Does the degeneracy retain at NNLO? O(ai)

-
>

A

Q Q Q

m)

—_—— 0 _Q Q

Y

|

A

Q Q Q

Y

i

A

Y

|

P(h'qg' :Pcfz'(?j :P;q5ij+P;q
quﬁj — Pquj :P(;cj 5’ij +P;q_
Pqig:Pciig:qu

P
99
PQQi :chﬁ :qu
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DGLAP kernels: They ARE all nonzero and independent!

Question (3mins): Does the degeneracy retain at NNLO? O(ai)

A Y Y A
a/G I: < C CO{ b > qa
] : ) i -
a+ h +C e C b1 ?CL "
A
1 y 1 N
N tr{t* %t} tr{tt"t*} N, tr{t "¢} tr{r¢"c}
— — 1 ——
— 16N (d(21bc + fc%bc) — 16N (d?LbC - 021?0)

PQ'L'Qj :Pcfz'(?j :P;qdij+P;q
qu'qj — P@;qg‘ :P(;cj 5’ij +P;q_
Pqig:Pciig:qu

P
99
PQQi :qu'i :qu

d2

abc

8N,

‘ P, # P, starting at NNLO, due to Abelian quantum interference effect!

29



What shall we expect?

At LO: P, () = g_;TF (2] >0
d(linfLQ Py, ® fi+ Py ® fy, P () = ;_;CF[1+(1 —2)2] .
d(fnf; =Py, ® fi + Py @ [y, Py,(z) = ‘2)‘—% [20,4 ((1 _ZZ)+ b2l —2) 42 — Z) + (%CA = %nfTF> 5(1 — z)]
dclianQ 99 ® fg + Pgq ® fs. P} (z) = ;—;OF[(l _2Z)+ —1—z+g5(1—z)]

Property of the convolution:
(P® f)(x) E/ %P (x/2) f / dz1/ dze 0(x — z122) P(21) f(22),
- Change in f(x) is determined by the product P(z;) f(z,) with z;,z, € [x, 1]
> At large x: evolution is dominated by singular pieces in Pq”q and F,4, which are negative.
» At small x: evolution is dominated by 1/z pieces from gluon evolution, which are positive.

- Evolution generally brings PDFs from large x down to small x. 30



What shall we expect?

At LO:
Ref: CT18 (arXiv:1912.10053)
] — —————— 2.0 S—— —————
CT18 at2 GeV | [ CT18 at 100 GeV
- S S
1.5F —g/5 ] 15L —g/5 ]
o
x10F
—
*
»
05F
. 0.0 Lot
10° 10* 102 107 ) 10! 02 05 09 10° 10* 10° 107 . 10! 02 05 09

- Evolution generally brings PDFs from large x down to small x.



What shall we expect?

At LO:
Ref: CT18 (arXiv:1912.10053)

—
CT18iat 100 GeV

—
CT18 at 2 GeV

T 20

0.0 -
10° 10* 107 - 1. 05 09

This overall property should NOT be altered by high-order corrections.

- Evolution generally brings PDFs from large x down to small x.



What shall we expect?

At NLO: 3 new kernels

A

Y

\ | wmp Py =0

Y

Q Q Q

Y

A

2

; _
* ‘ u has equal probability to splitinto d/d, s/s, c/c, etc.

- tr{tatbtatb} CF _ —CFCA — —5 < 0 negative due to color factor

‘ u — u is suppressed as comparedtou — d, S, etc.

=) Flavor difference between antiquarks.
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What shall we expect?

At NLO: Antiquark flavor asymmetry d
d — vV — v
iz &~ d) =By @(a—d) +{Pa ®(u—d)]

‘ d tends to > U at large x.

Ref: CT18 (arXiv:1912.10053)
2.5 1 | i 1 1 1
d(x,Q)/u(x,Q) at Q =1.4 GeV 90%C.L. .
~JCT18NNLO
' CT14HERA2NNLO

2.5 e

d(x,Q)/u(x,Q) at Q =100.0 GeV 90%C.L.
— 1CTI18NNLO
20F - CT14HERA2NNLO

o~ L =

2.0

=~ CT18ZNNLO ~~ CT18ZNNLO
© ¢ 2 .
5 5 [
5 1.0 E 4;1
oS s ]
)
0.5 4
%}
'
OO - a9 1 1 | 00 Losasmd 1 1 1 1 1 o]
10° 10% 107 1072 10" 02 05 09 10° 10 107 10?2 10 02 05 09
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What shall we expect?

At NNLO: Sea quark-antiquark asymmetry

Y

Q Q Q

Q Q Q

A

Y

Q Q Q

A

—_—— 9 9 0
Y
—_—

|

d
d1n p?

1
W) P, #F;, but /0 dz | Pgy(2) = Pagl2)| =0

‘ Equal splitting between u = s and u — § is broken

<S_§):(P;q_P;ci>®(S_§)+(P;q_P;§)®fnS

m) s(x) # 5(x) generally, although fol dx (s —35)(x) =0

m) Similarly, c(x) # ¢(x) and b(x) # b(x)

S. Catani, et al., PRL 93, 152003 (2004)
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So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.
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» How to separate u from d? [1min]
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So, all “naive flavor symmetries” of PDFs are broken
Since they are broken perturbatively, no reason they are reserved at their initial scale u,.
But in an actual fit, one needs data to constrain and separate different flavors!

» How to separate u from d?

DIS F; , structure functions ei (u + ’L_L) + 63 (d + cZ) + - -+ (in proton target by default)

With a neutron target (from deuteron) — e (d + CD +e2(u+4a)+--- (isospin symmetry)
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So, all “naive flavor symmetries” of PDFs are broken
Since they are broken perturbatively, no reason they are reserved at their initial scale u,.
But in an actual fit, one needs data to constrain and separate different flavors!

» How to separate u from d?

DIS F; , structure functions ei (u + ’L_L) + 63 (d + cZ) + - -+ (in proton target by default)

With a neutron target (from deuteron) — e (d + CD +e2(u+4a)+--- (isospin symmetry)

» How to separate g from g? [1min]
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So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.

But in an actual fit, one needs data to constrain and separate different flavors!

» How to separate u from d?

DIS F; , structure functions ei (u + ’L_L) + 63 (d + cZ) + - -+ (in proton target by default)

With a neutron target (from deuteron) — e (d + CD +e2(u+4a)+--- (isospin symmetry)

» How to separate q from q?

Drell-Yan production cross section, charge asymmetry, Apg, etc.  q(x1) ¢ (22) &= @' (21) q(x2)

DIS F; structure function & ei (u —u) + efl (d— cZ) + -
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So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.

But in an actual fit, one needs data to constrain and separate different flavors!

» How to separate u from d?

DIS F; , structure functions ei (u + ’L_L) + 63 (d + cZ) + - -+ (in proton target by default)

With a neutron target (from deuteron) — e (d + CD +e2(u+4a)+--- (isospin symmetry)

» How to separate q from q?

Drell-Yan production cross section, charge asymmetry, Apg, etc.  q(x1) ¢ (22) &= @' (21) q(x2)

DIS F; structure function & e,i (u —u) + efl (d— cZ) + -

» How to constrain gluon? [1min]
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So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.

But in an actual fit, one needs data to constrain and separate different flavors!

» How to separate u from d?
DIS F; , structure functions ei (u + ’L_L) + 63 (d + cZ) + - -+ (in proton target by default)

With a neutron target (from deuteron) — e (d + CD +e2(u+4a)+--- (isospin symmetry)

» How to separate q from q?
Drell-Yan production cross section, charge asymmetry, Apg, etc.  q(x1) ¢ (22) &= @' (21) q(x2)
DIS F3 structure function e,i (u —u) + efl (d— CZ) + -

. > —

» How to constrain gluon? w,d, i,

Jet production at hadron colliders ¢ +9 —q¢—+ g, ...
42



So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.
But in an actual fit, one needs data to constrain and separate different flavors!

» How to probe strange quark? (2mins)
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So, all “naive flavor symmetries” of PDFs are broken

Since they are broken perturbatively, no reason they are reserved at their initial scale u,.

But in an actual fit, one needs data to constrain and separate different flavors!

» How to probe strange quark? V\/ﬂ

* |t’s all about precision ... Z

By flavor tagging, e.g., dimuon data from CCFR NuTeV SIDIS

d,s
- + X (UE—\
vy +s—=pu +e(—=p +uv,)+ N

Vy+s—ut+e(=p +0,)+X

e

CCFR, PRD 64 (2001), 112006

W 4+ ¢ production with charm jet tagging at hadron collider
s+g—-W +¢c, 5+g—->WH+e

Simultaneous fit of PDF and fragmentation function, by tagging kaon production JAM, PRD 101, 074020 (2020)

Lattice QCD constraint ...
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Summary

» DGLAP kernels and flavor decomposition

d fns
d1n p?

d fs
dln p?
d f,
dln pu?

dAfE
d1n 2

» This is a great example of

Further high order corrections only give quantitative changes.

» How this plays a role in actual global analysis

= [Pgy = Pyg + 1 (Fgy — Fgg) | © Js

:[P;q+P;G+nf(P;q+P;Q)}®fs+2nqug®fg

:ng®fg+qu®fs

= (Pgy £ Pog) ® Af

PQin — P%ﬁj :P;q 5ij +P;q
Prg; = Paia; = Pyq 05 + Pyg
Pqig:P@g:qu

ng
PQQi :chii :qu

How high-order corrections bring qualitative impacts;

How perturbation theory guides nonperturbative “intuition” or modeling.



