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Background 3

» Feynman proposed a parton model more than 50 years ago, and
hadron structure information has been obtained by fitting a large

number of high-energy experimental data.

» The hadron light-cone distribution amplitude (LCDA) is a physical

quantity that describes the momentum distribution of all parts of

> P o0

hadrons and reflects the internal structure of hadrons.

» The calculation of the hardron LCDA by the basic theory of the strong

interaction has been slow for a long time.

Especially the baryon LCDA!
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Background

Describinﬁ.lnt.ernal Structure: LCDAs provide detailed information
about the distribution of quark and gluons inside hadrons, especially
in high-energy collisions.

Calculating Hadronic Decay Processes: They help theoretical
physicists predict experimental outcomes and compare them with
actual observations, thereby validating or refining existing theories.

Non-Perturbative QCD Studies: Through lattice QCD and other
non-perturbative methods, LCDAs can be calculated from first
principles, providing deep insights into strong interactions.

ExploringMNew Physics: In the search for new physics beyond the
Standard Model, LCDASs offer a crucial theoretical framework.

LCDAs is very very important !
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&) Baryon LCDA
Challenging:

1. Nonperturbative: cannot be calculated directly from first principles; must be extracted from

experimental data or nonperturbative QCD approaches, such as lattice QCD simulations or
phenomenological models.

2. Large number of degrees of freedom: The determination of LCDAs involves accounting for the
contributions from all possible quark and gluon configurations within the baryon, leading to a
large number of degrees of freedom and complicating the analysis.

3.Complexity of the operator product expansion (OPE): the OPE involves three-quark operators
and gluonic operators, leading to a more complex and computationally challenging analysis
compared to mesons.

4.Limited experimental data: limited experimental data for baryon structure observables, makes
it challenging to constrain baryon light-cone distribution functions directly fr%;eh\%%glmém
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Progress on baryon LCDA

Lattice QCD

1.
present a calculation of the first few moments of the leading-twist nucleon DA

calculate moments
3.

Model

1. parameterization
2.

amalgamates features of the Chernyak-Ogloblin-Zhitnitsky model with those of the Cari-Stefanis model
3. Nucleon WF and Form Factors in QCD(1983)

A model for the nucleon wave function is proposed based on a knowledge of these few first moments.

The Baryon LCDA from Lattice QCD, See Jun Hua’s slides!

4, Chiral quark-soliton model
5. Estimates of the isospin-violating Ab = 20¢;20J= decays and the Z -A mixing(2023) COZmod
. £ + v Yy 8 ) /ﬁ%\*%gq T
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Progress on baryon LCDA

QCD sum rule
1.
2.

present the first systematic study of higher-twist LCDAs of the nucleon in QCD.
Nonperturbative input parameters are estimated from QCD sum rules.

3.

Ligh-cone Sum Rule
1.
extracted from the comparison with the experimental data on form factors
2.
The model wave functions are proposed which fulfill the sum rules requirements.
3.

VARN == uml ﬁ
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The 'others baryon present in JHEP 07 (2024) 019 . See Chao Han’s slides!

octet baryon

decuplet baryon
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1. Introduction

At leading twist, the LCDAs of an octet baryon can be decomposed into three terms as

(0[fa (21n) gp (221) hy (230)| B (P, A))
1

=1 [(FBC)aﬁ (v5uB), V7 (zin - Pp) + (P575C) ap (up)yA” (zin PB)W_

1 : v
+ ZfT (ZO',LLVPBC)aﬂ (7“’75’&3)7 T® (2in- Pp),

where C' = i7?7° is the charge conjugation matrix, up stands for the spinor for the baryon and 0., = % [v,,7.].

Jv/a/r is the corresponding decay constant for each LCDA. For proton and neutron, fr = fy due to the isospin
symmetry.

(0]f" (z1n) (Cit)g (22n) h (z3n)| B) = —fy V" (zin - Pg)PgvsusB,
(0 I (z1n) (Cysit)g (zom) B (zgn)‘ B) = fv AP (zin - Pg)PLusg,
(O|f" (z1n) (iCopn”)g (zan) ¥ (zgn){ B) = 2f7T" (zin - P)PrysuB,
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1. Introduction

» LCDAs are defined as the correlation functions of light-cone operators inside a
hadron, these gquantities can not be directly evaluated on the lattice.

» It is highly indispensable to develop a method to calculate the full shape of baryon
LCDAs from the first principle of QCD.

» A very inspiring approach was proposed to circumvent this problem and is now

formulated as the large-momentum effective theory (LaMET).
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» The LaM!
LCDA from lattice QCD from first principles.

AT provides a method to calculate the hadron

» The LCDA can be extracted by matching the quasi-DA

~

to light cone direction by perturbation.

A

X
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, /\ equal time

orentz boost
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dtg’n - P

gtz et (O[UT (t1n)T Dy (tn) e (0)|A)

21
where T'=C~°r/
dt ng - 1T1N - 1T1MN r-
Gt P P ¢ (OUT (1. ) DD (f2m) Sk(0) A)
Qi(x) = Wi (00, x)qir () I' = Cyoh, (A=t or 2)

[
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2. Baryon LCDA and quasi-DA: Matching

~

1 1 1
@ ) ) — d d C b) ) ) ? b) ) ( p) ) )
(21,22, 1) / yl ygl (21,22, Y1, Y u)l‘b(m Y2, #) + O r1p? xop? (1 — x1 — T2)p?

Matching kernel is insensitive to the hadrons, in the calculation
of LCDAs one can replace the hadron by the partonic state.

A) — “eelug(ky)dp(k2)sc(k3))

the quark state is chosen to have the same J¢with the A.

/\T\ﬁ%‘i@ﬂﬁ B
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2. Baryon and quasi-DA: partonic LCDA -

dt dt ijk€abe
[z, s = [ — &= 2D gy vtiony tz SORCOE (0T (1)U D, (13m) 5 (0) (ks ) (k) sc ()

dt dt €ijk€abc -
s,z )3 = [ T [ B it ts SRSt 01 )T 0,3, )P (3m.) 1 (0) s o )

Normalization factor:

S = 6’L’j’“()f‘l’”(oy( )T (0)TD; (0)Sk (0)|ua (k1) dp(k2)se(k3))

§ = Eijkgab%m( )T (0)TD;(0)Sk(0)|ua (k1) dy(k2)sc(k3))
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2. LCDA and

; k1 ; k1 ; k1 o 1
f < f < f < - - gL
17’1/I g U 1n| u 17 : g u <I)(I1. IQ) = ()(Il i 11‘1’0)()((1‘2 — 112’0) — 2 E -
: | | ST_€p
0 < S 0 < S 0 < S . . . .
: : : 0(xy — @1,0)0(21)0(71)0(22)0(72)
1 ]{32 I I{JQ 1 kQ X —
tom = d ton ¢ < d ton < d Ty (19 — 290)
(a) (0) (c) o
xr3 (ro — 12,0+ 271)
f($1,$2,$170,332’0) = X |: ( %30 )H (112 — ‘1‘2’0)
k1 k1 k1 T
tin, < tin, < tin, < ry (T2 — T2,0 — 271
' LQQQJ u 1 : C 1 LQQO u + ( ro O )(9 (IQ,O - «112):|
0 ‘k s 0 z $ 0= 2 S (s = 23,0)2010(20)8(T1 )8 2) (T
tgn: = 2 d ton :kQQQ. - 2 d ton : :2 d ‘ 1,0
(d) (6) (f) « |:9 (IQ = 1’2,0) B (9 (Il,O = Il):|
Ty + T9 Ty —T10
k1 k1 k1
tin, <% u tin, 999) = u i = U -{—{(1‘1 < T9,T1,0 € (1‘2,0}
| 1 &
0 ngp/ < s 0 5 < s 0 ?Q" < S
: | k : k I . - I
bl k2 g’ ! ks . . k2 : Diagram of DA. Self-energies of
(9) (h) (4) :
external lines are }lﬁ}x&h%\q T m
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@) 2.evolution of LCDA

d®(xq,x2, 1t asC
(@1, 22, 4) _ F/dylfdqu)yl Y2, [L).
dln p

At the one-loop, the evolution kernel V is

V = f('rlaanaylva)'

Efremov-Radyushkin-Brodsky-Lepage (ERBL) evolution kernel.

VARN == uml ﬁ
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and Quasi-DA

o C
(a1, xo, 1) 0(x1 — x1,0)0(x2 — x2,0) + S—WF
X 4 [925(332 — T20) + g36(T3 — 3,0)

+{z2 <> T1, 220 < T1,0}] ¢

where the @ denote

9 (21, T2, 1,0, T2,0)lg = g(T1,%2,%1,0,T2,0)

\

—0 (1 — 21,0) 0 (x2 — x20)

x/dy1dy2g (yl,y2,$1,o,ﬂf2,0)

ky

n————<———

() ——————————

1 2
tone— «———

(k)




2. LCDA and Quasi DA

( — . | .
(1,0 + 1) (23,0 + 3) In (— IS“;S wg) x1 (2x1,0 + 23,0 + x3)In (—f—;) _
— .1 <0
I1.0X3,0 (;1‘3’0 — ;1‘3) 1.0 (;1‘3:0 — ;1‘3) (Il,O -1 I3$0)
5. 4z (z3—23,0)(p%)* . dzix3(p®)?
71 (=10 4 2720 + 21 — 2) 2x1 In ( m: ) x1In (—Mg )
| ; , . n
(Il — l‘l,O) (1‘1,0 (IQ‘O — 1) €IR (1‘1’0 (13 — 11‘3,0) Il,O (;1’1,0 —I— (1‘3,0)
71 (=321.0 — 2730 + 1) ((13 — x30)° — 2x3a 130) In ( 3 :v33 o)
+ : : — L 0< 2y <29
B (r3 — x3,0) (71,0 +23,0) 71,0 (3 — 13,0) 73,0 |
92 o zZ\2 zZ\2
5., dxs(z1—21,0)(p") . 4z 23(p°)
23 (=210 — 2200 + 21 + 2) 23 In ( 2 ) . r3ln (H—g)
(Il — 11‘1'0) (;1’2_.0 — 1) 11?3’0611:{ (Il — 1‘1,0) ;1‘3?0 ‘1?3,0 (11‘1’0 —+ (1‘3’0)
. . 2 S JR r1—x1,0
T3 (_21,1.0 _ 3(1,3 0+ 13) ((l 1 — X 1,0) — 22 11 3_‘0) In (T)
: > — 1o <x1 < T+ T30
(1‘1 N 1‘1,0) 3.0 (41’1,0 + 1‘3,0) (‘1‘1 - 1‘1,0) £1,03,0
(r10+ 1) (230 + 23) In (——IS‘ZB_IS) 1 (2210 + 230 + 23)In (—i—;)
— ., 1 > T10 1+ 3.0
{ L'1,043,0 (,41‘3,0 - 41‘3) L1.0 (41’3,0 - ‘1’3) (l‘l,o + 1‘3,0) " '
N =>c 1 ]
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2. LCDA and Quasi DA

)
(11019o+1112)ln(2T‘:2C’) 1(110—|—19)1n( 2) 4
;1‘110 (‘IQ — (1‘2:0) ;1‘2,0 Il,O (;1‘2 — ;1‘2_.0) (;1‘110 -+ IQ:O) .‘
- dzi (22 —x2,0)(P%)* . dziz9(p*)?
221 (21.0 + 72) . 1 In ( 2 ) . rq1ln <—M2 )
(;1‘1 -+ IQ) (;1‘1 — 1'1,0) I'1,0€IR I1.0 (IQ — ;1‘2,0_) I1.,0 (~1'1,0 -+ ‘1‘2,0)
1 201 + Tg (;171’0 (;1‘2,0 + ;1‘1) ) In (%)
+ + . + .0 < r < 1.0
o — ry—r10 T1,0(T1,0+ T20) r1,0 (12 — 22,0) T2,0 |
3 = ,
- dzo(xz1—x1,0)(p%)* . 4z xo(p*)?
225 (290 + 1) . roln ( 2 ) . ro In (u—g
(1 4+ x2) (9 — x9,0) T2 0€IR (1 —210) 2,0 xo0 (1,0 + 220)
1 1 + 224 ((;1‘1_,0 + x9) w90 — Ig) In (—11;'10)
-+ -+ _ - , _ . 10 <1 < X101+ T2,0
Ty —Too9 20 (T10+ T20) (1 — T1,0) T1,072,0
(110190+1112)ln( 1;“:10) (120‘*—11)111(—%) N N
— . 1 > x1,0 + T20.
g (Il — ;171’0) 1171?01‘2__‘0 (‘Il — IL()) ;1'210 (I‘l,O -+ ;1‘2:0) i ‘
AR —tnlll
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acting kernel
.

1 1 1
(I)($1,$2,,U,) — /dyldyZC(xl’m%y17y2’:u’)¢(y17y2aru’) + O( - pe z)
r1p? xop® (1 —x1 — x2)p

C(x1,$2,y1,y2,u) — 5(561—y1)5(£2—y2) |

X | Co(x1, 2, y1,Yy2)0 (22 — Y2)

‘|‘C3 (wla L2,Y1, y2)5($3 — y3)

+{x1 < T2, Y1 < Y2 )|

~ @/\/\*%“7\@. 171 ﬁ
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3. Macting kernel

C2(x19x2>y1ay2) -
(1 4+ y1) (z3 + y3) In =22

371

a3 (@ 1+ 2y3) In 2

Cs(z1,22,91,Y2) =
(122 + Y192) In $2$_2y2

— r1 <0
Y1 (Y1 — 1) Y3 (1 —x1)ys (1 +y3)
A PO (Gt i i Y o
~ = -+ arF - <r1 <Y
Y1 (3 —y3) (Y1 + y3) y1 (3 — y3) Y3 v1 (23 — y3) y1 (y1 +y3)
[ T _ 2
(z3 — 251 — 3ys) =3 (11 = 31)" = 22195 | In =28 251 Wt—;ylm il %&
L = s 1 <21 <Y1+ Y3
ys (x1 —y1) (y1 + y3) (1 —y1) V1Y3 (x1 —y1) Y3 y3 (Y1 + y3)
(1 4+y1) (z3 +y3) In L322 2y (w3 + 2y1 +y3) In 2L
- , T1 > Y1+ Y3
\ Y1Ys3 (y3 - $3)

Y1 (y3 — x3) (Y1 + y3)

z1 (2 +y1)In =2

T2

y1 (x2 — y2) Yo

oy (z2—y2) (1 +92)

, 1 <0

ay GE)— 2 4 e s 2
1 N 221 + T2 [(z1 + y2) y1 — 1] In 2212 N 2y In 22 Z—zw)pz N 1ln = " .
3 1 Y1
Jri—v wn (y1 + 2) Y1 (T2 — y2) Yo Y1 (z2 — 12) y1 (y1 + y2)
2
1 T1 + 212 [(z2 +y1) y2 — 22°] In =24 251n 21T 10) R W A7) A
+ a y Y1 <1 <Y1+ Y2
xo —Y2 Y2 (y1 +y2) (1 — 1) ylyz (1 — Y1) Y2 Y2 (Y1 + y2)
(@122 + y1y2) In = 2o (21 + y2) In 72
- y L1 > Y1 + Y2.
(1 (2 y1)y2 Y2 (z1 —y1) (y1 + y2)

7 \T—=—2 [T |
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3. Renornalization:R/mom

in the space-like p? = —p(p?)” < 0 kinematics

(a1 + a2ip,oh, + asih o, + a47/ﬂ7/it)‘§

In the on-shell limit, the third and the last term a3, a4 disappear after integrating out the momentum ¢, and the
product 7,76 goes to a unit matrix. Therefore, the summation a; + a2 captures all terms that lead to UV divergences
in the on-shell limit.

~

7 ¢ L1, L2,
¢($1,I27M)RI/MOM — = ( )
d(x1, T2, L)OF

VARN == uml
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3. Renornalization:R/mom

CMSCF
oyl

l

Cb(fUlaiUQaM)OF — 5(5131 — 5131,0)5(5132 — 55‘2,0) |

X{ {géé(azz — :132,0) + 955(373 — 333,0)

+{x2 > 21,290 931,0}] } ;
P

VARN == uml ﬁ
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3. Renornalization:R/mom

OzSCF
ST

CR(z1, 22,1, Y2, 1) = 6(z1 —y1)d(z2 — ya2) +

X Cé($17x27y17y2)5(x2 — y2)

+C§(5171» T2,Y1,Y2)0(x3 — y3)

+{r1 < 22,91 <> y2}| , (46)
lo

|l ; I
where C5 = C2 — g5lz; 0—y1,220—y. and C; = Cs o

/
93|$1,0—>?Jl,$2,0—>y2'
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4. Expansion by regions

v +
¢" =(q",q ,q1)
Expansion by regions:

v' Hard: ¢"~(Q,Q,Q)
v' Collinear:q*~(Q,A%*/Q,A)

v Soft:q"~(A, A A)

(;)a, _ _I'(Qc—l‘)z(g(‘r‘ . ) (14(] (5(1171])3 — (]Z = Lls) 1 (I_ZJ_

d*q 0(z1p*—q¢*—ki*) 1 2ki+q¢"+¢7
2m)t (ki+q)*+ie  ¢*+ie ¢

dg?l/o)|C:'i920sz [5(1'2—1‘2,0)/(

tln: <
i
tgnE (]{2
(a)
tlnw fl
0 : <
tgni "2
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4. Expansion by regions

¢ =(q",q ,q1)

Expansion by regions:
v' Hard: ¢*~(Q,Q, Q)

Aa _ 'I'(ch‘)z(g(’l" — 290) d*q 6(xp® —q* — k%) 1 q
CLEEE AR (2m)4  (q+Fk1)?2+ie @ +ie (ks — q)? +ie

d*q (mp*—q¢*—ki*) 1 2ki+¢°+¢°

7d . 2 z
=ig°CEp® |0(xo—2x / ; :
¢(1/0)|C tg UFp |: ( 2 2,0) (27'(')4 (k1+Q)2+;lE q2+’L€ q

Leading Power!

I,

tlTL. g < U
0 : < S
: k
tomn ! (2 d
(@)
k1
tlnbgpj < U
0 : < S
: k
ton . d
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4. Expansion by regions

v Collinear:q*~(Q,A%/Q,A)

quasi-DA = LCDA

d*q 6(z1p*—q¢*—k*) 1 q

2

5 C
= ’Lg2 7Fp+(5(£l§'2—1’2’0) /

=¢(1/0- Light-cone

¢ /0yl = ig°Crp” l5($2—932,0)/
quasi -

V2

+r

V2 [

= ngCFp+ lé(xQ —T20)

=¢/0 Light-cone

Ta . C z
¢(1/0)|02192—FP 5(5132—-762,0)/(

2t (q+k1)2+ie q2+ie(k‘3—q)2—|—ielc

quaSi . CrpT—p~ d'q \/55((331p+—q+—k’1+)—($1p_—q_—k’l_))
=ig° ——F—=—0(x2—x2,0) 1 5
2 2 (27) (g+k1)2+ie
1 q |
q®+ie (ks—q)?+ie ©

d*q 5($1p+—q+—k1+) 1 q:

p+
:ig2CF— (5(332—33270)/(

:ngC’Fp— (5(.%2—332,0)/(

2m)* (gt+ki)?+ie  g*+ie (ks—q)? +ie

d'q o0(x1p*—q*—ki7) 1
2m)*  (k1+q)?+ie

2kf +¢°+¢*
q%+ie q* ®

V2 v
27)4 (k14q)2+ie

_ +
diq 5($1P+_q+—q v 1 2k;r+q++q+q+q:|
|
@

d'q V20(mipt—qt—kf) 1 2kf+qt+q"
2m)4  (k1t+gq)2+ie  g2+ie q* ®
dq ol(z1—z10)pT—qt] 1 2(kf+q")

(2m)4 (k1+q)%+ie q? +ie q* @

Leading Power!
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4. Expansion by regions

¢ = (¢, ,q1)

Expansion by regions:

v Soft:g"~(A, A A)

O(Aqep/Q)

% = 'i(Q—CF‘)ZO‘("r‘ — 290) / diq o(xp® —¢" —ki®) 1 ‘il
pa/ T R TR0 G T (gt k)2 i qF + e (ks — q)2 + i€
; d'q §(p*—¢"—k®) 1 2k +¢"+¢°
d . 2 z 1 1 1
=1g°CEp® |0(xo—2x / ' .
<Z5(1/0)|C g CUFEp { ( 2 2,0) (2ﬂ)4 (k1+q)2+ze e -

Power suprresed!

I,

tlTL. g < U
0 : < S
: k
tomn ! (2 d
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k1
tlny/ < U
0 : < S
: ko
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4. Expansion by regions

» The one-loop LCDA and quasi-DA for baryon A does not contain the soft
contributions.

» The one-loop quasi-DA contain the collinear and hard mode.

» QCD factorization shows that the hard and collinear modes in the quasi-
DA can be factorized into a convolution of the hard matching coefficient
and the LCDA which only contains collinear modes.

Hard Mode + Collinear Mode Collinear Mode

_
la(xl’x%uj:/dyldyzlc(xl’“’yl’y2al|‘)|‘1’(y1,yz,u)|+ 0( — = :
Hard Mode

VARN == uml
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5.Summary and outlook

» LCDAs of a light baryon can be obtained through a simulation of a
quasi-DA calculable on lattice QCD under the LaMET.

» \We have calculated the one-loop perturbative contributions to LCDA
and quasi-DA and explicitly have demonstrated the factorization of
quasi-DA at the one-loop level.

» Our result provides a first step to obtaining the baryon LCDA from first

principle lattice QCD calculations in the future.

See Jun Hua’s slides!
/7 1 \Tr
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