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The quark structure of hadrons Hﬂ’ 3 £ %‘7

Nankai University

@ Hadron structure functions:.

» Form factors: the closest thing we have to a snapshot.
* e.g. F(Q?):
momentum transfer Q.
» The 1D picture of how quarks move within a hadron:
* PDFs and PDAs.
* e.g. q(x):
longitudinal momentum fraction x.
> A multidimensional view of hadron structure:
* LFWFs, GPDs, TMDs etc..
* e.g. ¥(x, ki)
longitudinal x and transverse momentum fraction k .
@ FFs, PDFs, PDAs, LFWFs, GPDs, TMDs et cetera are related.
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The quark structure of hadrons Hﬂ’ 3 £ %‘7
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@ LFWFs=—Leading-twist PDAs

b(x) = / o2 Y1 (x, K2 ). (1)

1673

@ LFWFs=Unpolarised TMDs

f(x,K3) = 6 — > [W(x, k)P

Ag:Ag

:@(WJN’F + [T+ TR+ [t R) 2
@ Unpolarised TMDs=—-PDFs

a0 = [ Ak A(x, k) 3)
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PDAs in theory
@ Leading-twist PDAs
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6(x) = / o2 Y1 (x, K2 ). (4)
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@ PDAs in theory

> QCD sum rules:

V.L. Chernyak and A.R. Zhitnitsky, Nucl. Phys. B 201, 492 (1982).

P.Ball, and V.M. Braun, Phys.Rev. D54 (1996) 2182-2193, Nucl.Phys. B543 (1999) 201-238 .

V.M. Braun, S.E. Derkachov, G.P. Korchemsky, and A.N. Manashov, Nucl.Phys. B553 (1999) 355-426.
A.P. Bakulev, S.V. Mikhailov, and N.G. Stefanis, Phys.Lett. B508 (2001) 279-289, Phys.Lett. B590 (2004)
309-310.

> Light-front QCD:
*  G.P. Lepage and S.J. Brodsky, Phys. Lett. B 87, 359 (1979).
*  S.J. Brodsky, and G.F. de Teramond, Phys.Rev.Lett. 96 (2006) 201601.

> NJL model:
* E.R. Arriola, and W. Broniowski, Phys.Rev. D66 (2002) 094016.

> Instanton model:
* A.E. Dorokhov, JETP Lett. 77 (2003) 63-67, Pisma Zh.Eksp.Teor.Fiz. 77 (2003) 68-72.

> Lattice QCD:
*  G. Martinelli, and C.T. Sachrajda, Phys.Lett. B190 (1987) 151-156, Phys.Lett. B217 (1989) 319-324.
* D. Daniel, R. Gupta, and D.G. Richards, Phys.Rev. D43 (1991) 3715-3724.
* V.M. Braun, M. Gockeler, R. Horsley, H. Perlt, D. Pleiter, P.E.L. Rakow, G. Schierholz, A. Schiller, W.
Schroers, H. Stuben, and J.M. Zanotti, Phys.Rev. D74 (2006) 074501.
* UKQCD Collaboration, Phys.Lett. B641 (2006) 67-74.

» Dyson-Schwinger Equations:
> eftc.
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Partonic Structure of Heavy quarkonia Hﬂ’ il £ ¥
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@ Particles: s-wave and p-wave Heavy quarkonia: c¢c, bb

Ne, Mbs J/W, T, e, B, X0, Xb0s Xct) Xb1s X2, Xb2
> Spectroscopy
> Decay
> Production
* Exclusive production in et e~ collisions
* o(ete~—J/y + H), where H is ne, xc0 OF nc(2S)
*  Model the light-front wave functions of the quarkonia

@ Physical quantities:
> Leading-twist Parton distribution amplitudes (PDAs).

@ The science questions:

» ulU — bb: a picture from Goldstone mode to heavy-heavy systems.
> s wave— p wave: difference between ground state and others.
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Partonic Structure of Heavy quarkonia Hﬂ’ il £ ¥
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@ S-wave: pseudoscalar and vector mesons
> Light: m, K, p, ¢
and their radially-excited states
» Heavy quarkonia:
* pseudoscalar: ' Sy[(n¢, 1715), 0~ 1] (S=0, L=0)
* vector: 3Sy[(J/W, T), 1~71(S=1, L=0)

@ P-wave: scalar, axial-vector and tensor mesons
> Light: o, a4, by, a» etc.
need to go beyond rainbow-ladder
» Heavy quarkonia:

axial-vector: ' Py[(hc, hp), 1171 (S=0, L=1)
scalar: 3Pp[(xc0, xp0), 0711 (S=1, L=1)
axial-vector: 3Pi[(xc1, xp1), 1711 (S=1, L=1)
tensor:3 Po[(x ez, xp2), 2711 (S=1, L=1)

* ot
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Leading twist Aa s
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@ Twist: t =/ — s, I: the scaling
dimension, s: spin projection.

@ 1 1=3/2, py: s=1/2, 1h_: s=-1/2.

1 1
by =Sy, Y- = Zrr-¢

2 2
(5)
@ Operator ¢y, -
twist —2: P yiy
twist —3: P yiY— +P_vyivs
twist —4: P _~y_p_ (6)

@ Matrix elements:

01y (—2)Ov(2)|=(P))

» O: operator of twist t = 2,3, 4.

Twist-2 operator: . Oy, and
O € {7+:7475, 04 1,04 175}
> s-wave:
* pseudoscalar: v4vs
* vector: v4, o4
> p-wave:
* scalar: v+

* axial-vector: y1vs5, 01175
* tensor: vy, 04

1\/. Braun, G. Korchemsky and D. Mueller. The uses of conformal symmetry in QCD. Prog. Part. Nucl. Phys. 2003.
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Leading twist PDAs of s-wave heavy quarkonia Hﬁ il £ ¥
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@ Matrix elements:
1 )
({2757 PDIn(P) = farP [ dhe~ =P x),
0

A ) )
= ifcuzz/d e 2972 (@=P)ygy ny(q; P). (8)
q

@ Projecting Bethe-Salpeter wave function onto the light front:

A
() = tepZs [ 5(nai —xnPlisynx(a: P). ©)
q
I "
fyn-Pgy, (x) = mvffcozz/d o(n-q+ — xn-P)y-nnxxx(q; P), (10)
lq
A
fFm2oi (x) = n~PtrCDZT/ 5(n-qy — xn-P)o,\Puxa(q; P), (11)
agq

> n, light-like four-vector, 2 = 0.
> fr,fy, and f;-, decay constants.
> x(q; P), Bethe-Salpeter wave function, the solution of Bethe-Salpeter equation.
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Methods computing PDAs with DSEs Aa s
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@ Moments:(x™) f dxxMp(x)
» Perturbation theory integral representations (PTIRs)':
* Infinite number of Mellin moments.
* Combine denominators =- the integral over Feynman parameters.
* Represent the Bethe-Sapeter wave function with parameters.
» "Brute-force" approach?:
* Limited number of Mellin moments.

o ral function: +(q. P) dy A
Spectral function: (g, P) = /1, dz [° Y @izg Pr LR

» Maximum entropy method (MEM)3:

*  Well-known method to solve the ill-posed inversion problem.
* Extract the weight function of Bethe-Salpeter wave function.

1L. Chang, I.C. Cloet, J.J. Cobos-Martinez, C.D. Roberts, S.M. Schmidt, and P.C. Tandy, Phys. Rev. Lett. 110, 132001
(2013),1301.0324.

M. Ding, F. Gao, L. Chang, Y.X. Liu, and C.D. Roberts, Leading-twist parton distribution amplitudes of S-wave
heavy-quarkonia, Phys.Lett. B753 (2016) 330-335.

F. Gao, L. Chang, and Y.X. Liu, A novel algorithm for extracting the parton distribution amplitude from the Euclidean
Bethe-Salpeter wave function. arXiv:1611.03560.
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Leading twist PDAs of s-wave heavy quarkonia

@ Moments of PDAs:

1 1 m
o) = [ M0 = ——troos [ IV e, @ P), 12)
Ne/Mp ( )
m m
X H —/ dxx™ OJ/#’ X) = TVVU'CDZ [[ ,;J]ﬂ+2'y nn)\XA(q; P), (13)
x| = / DA (X) = s tropZy / nad”  pa@P).  (14)
0 J/P,T f\J/-mf/ dq [n-P]m pAT

> "Brute-force" approach.

Calculate directly, limited number of moments.

> Afactor 1/(1 + q2r2) % is introduced for (x™), and each moment is a function of r,
with reliable results extrapolated to r2 = 0.

» Reconstruct the PDAs from their moments.

@ S: dressed-quark propagator; I': Bethe-Salpter amplitude.

v

x(k, P) = S(ky)l'(k, P)S(k-), (15)
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Bethe-Salpeter wavefucntion - \a Hﬂ’ il £ ¥
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@ S: dressed-quark propagator.

S(k) = Z(K?,¢)/liv-k + M(K*, Q)] (16)

A a\a
S0 = Zivk+ M + 2 [ PDulk— @ S@E@R. (7

q
1 1 5§'E%X
* © o e
@ I: Bethe-Salpter amplitude.
A
[k Pl = 28 [ 18(0)1 (0, P)S(a- ki3 a: k. P). (19)
q
Tiw(q. P)
- K(k,q,P)
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Leading-twist PDAs of s-wave heavy-quarkonia Hﬂ’ il £ ¥
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@ Quarkonia properties
@ Current-quark masses were chosen in order to fit m,,, My,

Mye | Myp | Myjw | M
AL 1298939 | 326 | 952

DB 1298 [ 9.39 | 3.07 [ 946
expt’ [ 298 | 9.39 | 3.10 | 9.46

fie | fo | fw | Thw | Fr 28

CgL 0.389 | 0.597 | 0.410 | 0.337 | 0.552 | 0.489
ggs 0.262 | 0.543 | 0.255 | 0.213 | 0.471 | 0.421

expt. | 0.238 0.294 0.506
IQcD? | 0.279 | 0.472 | 0.286 0.459
DSE;3 | 0.274 | 0.489 | 0.293 0.482
caoM* | 0.841 | 0.728 | 0.346 0.469

! K. Olive et al. Particle data group collaboration. Chin. Phys. C, 2014.

20. McNeile et al. Heavy meson masses and decay constants from relativistic heavy quarks in full lattice QCD. Physical
Review D, 2012.

3'I'.Nguyen et al. Soft and hard scale QCD dynamics in mesons. AIP Conf.Proc. 1361 (2011) 142-151.

4\J.Segovia etal.JP® = 1=~ hidden charm resonances. Physical Review D, 2008.
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Leading-twist PDAs of s-wave heavy-quarkonia

@ Piecewise convex-concave-convex

@ Deviate noticeably from
dnracp(X) = 6(x —1/2)

@ Differences between pseudoscalar and
vector meson PDAs,
different vector-meson polarisations.

@ Aaco/mq(¢) = 0, $(x) — 6(x —1/2).

" fqq () DB
eyl
J——T
----- - )
----- ()

@ Ordering of PDAs peak heights and widths: (<) means narrower than) ¢ = 6x(1 — x)

Gl SN Pt <N Oyl <N Pyt <N Py <N <y 7V (X)
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Leading-twist PDAs of s-wave heavy-quarkonia

0 = S
0.0 0.2 0.4 0.6 0.8 1.0

H.-M. Choi, C.-R. Ji, Phys. Rev. D 76 (2007) 094010.

V. V. Braguta, A. K. Likhoded, A. V. Luchinsky, Phys. Lett. B 646 (2007) 80-90.
V. V. Braguta, Phys. Rev. D 75 (2007) 094016.

T. Zhong, X.-G. Wu, T. Huang, Eur. Phys. J. C75 (2015) 45.

AW NN =
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Leading-twist PDAs of s-wave heavy-quarkonia

@ PDA evolution with current-quark mass. Critical quark mass mg(¢), at which
bag(x: ¢) = &2 (x)

op ov ol
msDB(Cg)/GeV 0.15 0.13 0.12. (19)
G

@ Fix point at mg(¢), quarkonium PDA is insensitive to changes under ERBL evolution

@ Rms relative velocity of valence quark (v27) = (2n + 1)(¢2")

e ne | J/wL [ gl Tt T ol
(V%) [ 031 | 021 0.14 012 | 0.07 | 0.04
% | 016 | 007 | 003 002 | 001 | 0.00
(/% | 011 | 003 | 001 001 | 000 | 0.00
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TFF of 1, AEEX
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@ Transition form factor yy* — 7 in BaBar'. @ TFF from DSEs?.
= 1 038 T T
:'\; 'y'y* — Ne 07 e mm s e e -
o 08
= 0.6} ]
s
0.6 (év/ 05F 4
504
04 N§ Go3
o
02 02
0.1
’ 0 10 20 30 40 50 0
Q(Gev?)

@ Asymptotic behaviour can be analyzed by PDAs:

§ TP (X)

1
H 2 2\ 2
Jm 0?6y (0F) = 4n /0 ax 91

1BaBar Collaboration. Measurement of the yv* — n¢ transition form factor. Phys.Rev. D81 (2010) 052010.

2K. Raya, M. Ding, A. Bashir, L. Chang and C.D. Roberts. Partonic structure of neutral pseudoscalars via two photon

transition form factors, Phys.Rev. D95 (2017) 074014.
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Leading-twist PDAs of s-wave heavy-quarkonia UNﬂ Hﬂ’ il £ ¥
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@ Leading-twist PDAs of s-wave heavy-quarkonia: ¢p(x), ‘\‘,(X), &V (X).
» Piecewise convex-concave-convex
» Deviate noticeably from ¢nraco(x) = d(x — 1/2)
> Ordering of PDAs peak heights and widths: (< means narrower than)
% =6x(1 — x)

Gl SN Pt <N Dyl SN Cyppt <N Py <N <y PPV (X)

v

Differences between pseudoscalar and vector meson PDAs,

different vector-meson polarisations.

Nacp/mg(¢) — 0, ¢(x) — 6(x — 1/2).

Critical current quark mass mg(¢ = 2GeV) = 0.15,0.13,0.12GeV, ¢(x) = ¢3¥(x).
(v®), (v*)-corrections, pseudoscalar systems.

Predict vv* — 7. transition form factor G, with large Q2.

vyvyyVvyy

e
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@ Twist-2 matrix element:
> scalar meson [(xco, xb0), 07F]: v+

(0] (=2)7+9(2)1Sp++ (P)) (21)
> axial-vector meson [(xc1, Xp1)s 1771, [(he, hp), 1771 v4v5, 01 5
019 (=2)v+v59(2)|Ar++(P))
Ol(—=2)o; Lv59(2)|A1++(P))

0l (=2)v+759(2)|Ar+— (P))
0l (—2)01 L 59(2)|Ar+— (P)) (22)

> tensor meson [(xc2, xp2), 2771 v+, 0 L

o~ o~~~

O] (=2)7+3(2)| To++ (P))
Oy (=2)o 4 L% (2)[To++(P)) (23)
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PDAs of P-wave heavy quarkonia Aa s
@ scalar meson: [(XCO! XbO)! O++] Nankai University
A

fsps(x,¢) = ffcozz(Cy/\)/d §(n-q+ — xn-P)y-nxs(q; P), (24a)

q
@ axial-vector meson: [(xc1, xp1), 1771, [(he, hp), 11771

A

f,l\‘,1++99‘/|4_1++(x7 Q)= ”cozz(C,/\)/d 8(n-qy — xn-P)ysy-nn, x,"(q; P), (25a)
’ q
A

fj\:1++¢i1++(xa ¢) = trepZr (¢, /\)/d 8(n-gy — xn-P)ysopwnux), T (q; P), (25b)
q
A

f/‘\‘ e ‘f’!« 1 (X, Q) = tropZ(G, /\)/d 8(n-qy — xn-P)ysy-nn,x.,"(q; P), (25c¢)
: ’ q

A
fare—Paqe (X, Q) = trepZr (G, /\)/d 8(n-qs — xn-P)ysouunux,t~(q;P),  (25d)
q

@ tensor meson: [(xc2, Xxb2), 271]
A
e (x.€) = tropZa(¢, A) /d 8(mq — xn-PYy-nnpnoxpe (G: P) (26a)
q
A
fro7(x,¢) = trepZr (¢, /\)/(; 5(n-q — xn-P)opnpNoxuos(q; P). (26b)
lq

@ the index v of L-polarisation PDAs are only summed with the two _L-polarisation directions.
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PDAs properties ‘ Aa s
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@ Twist-2 matrix element:’
> scalar meson:

(01¢(=2)7u9(2)[So++ (P)) = —(0[4(2) 7. (=2)|So++ (P)) (27)

> axial-vector meson:

(Ol (=2)7ur59(2)|Ar++ (P)) = (019(2)vu 159 (= 2) | A1++ (P)) (28)
Ol (—2)o . 159(2)|Ar++ (P)) = — (019 (2) 0 y59(—2)[A++(P))  (29)
01 (=2)7u 59 (2)| A~ (P)) = —(019(2)vuy59(—2) A+~ (P)) (30)
0l (=2) o 159(2)| At~ (P)) = (014(2) 0159 (—2) | Ags - (P)) (31)
> tensor meson:
Ol (=2)7u1p(2)| Ta++ (P)) = —{019p(2)vup (= 2)| To++ (P)) (32)

O[p(=2)019(2)| To++ (P)) = —(0[4(2) 0109 (=2)[ T2+ (P)) (33)

1 H. Cheng, Y. Koike, and K. Yang, Phys.Rev. D82 (2010) 054019.
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PDAs properties

@ PDAs:
> scalar meson:

ps(X) = —ps(X) (34)
> axial-vector meson:
p g (X) = @10 (%)
¢;LL1++(X) = *¢i1++ (x)

Pare (0 =0y ()

S‘Q/Jq:y—(x):vji\jy—(y) (35)
» tensor meson:
P = —eh(x)
e (X) = —p7 (X) (36)
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Decay constants and normalisation

\
° fA1 ++7 fA.H

: decay constants of axial-vector heavy quarkonia
I A
31 MA 4+ = ffcozz/d 157X (G P)
q

A
8fayy My, =trepZy /dq Y50 Puxa(q: P).

@ Define five quantities of mass dimension "one":
fs, fAiH+, fl“ 14— f‘T‘, and f;+ to make odd PDAs dimensionless.
@ PDAs normalised as:
> even functions

1 1
/de;ﬂ\_1,,(x):/o e (x)=1.

1
|| (= 20— 1)es00 ()

1
:/ de‘P/L\_ﬁJr /dX§¢A1,, Xx)

> odd functions

_/ dfoT 2++ ):‘/0 dXEW%,2A+(X) =1.

Ak

Nankai University
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Asymptotic and heavy quark limit Aa s
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@ asymptotic distribution:
> even functions
Ppe 00 =2u 0 () =6x(1=x) (40)
> odd functions

P00+ () = 0x 1 () =0 () =@l 5 (0 = eF 000 (%)
=30x(1 — x)(2x — 1) (41)

@ heavy quark limit:

> Meson are equivalent to two constituent quark: Mmeson = 2Mconstituent — 0©-
> even functions

@u () =¢pq-(x)=6x—-1/2], (42)

> odd functions

P50+ () = 0x 100 () = 0h 1o () = 9h 51 () = 97500 (X)
u;—hd[x—(%—kh)}—;—h&[Y—(%—&-h)]. (43)
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@ Current-quark masses were chosen to fit the masses of ground state charmonium and
bottomonium ¢ and np,.

Mxeo | Mxe Mhe Mxee | Mxpo | Mxps My, Mx e
herein | 3.333 3.45 3.443 | 3.575 | 9.82 9.88 9.87 9.937
expt.‘ 3415 | 3511 | 3525 | 3556 | 9.86 | 9.893 | 9.899 | 9.912

@ Heavy quarkonia properties:

\ \
f\ cl f\ b1 fh‘c fh‘b
herein | 0.1779 0.157 | 0.1468 | 0.131
L | M
me fXLm fhC fhb
herein | 0.0414 | 0.0417 | 0.111 0.103

f,

Xc0

i L
Xp2
herein | 0.076 | 0.084 | 0.052 | 0.045 0.0092 0.094

1 K. Olive et al. Particle data group collaboration. Chin. Phys. C, 2014.
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@ odd PDAs: 4] (,OJ‘ 2] ’@H [%2)
S P+ Pl P PT
@ even PDAs: Y“l‘ s \';‘1‘

6 - - - -

-2 X R 4

E— xh

o(x)
o

0.0 02 04 06 08 10

> narrower than the asymptotic

> narrower than the asymptotic distribution sy (x) = 30x(1 — x)(2x — 1),

distribution sy (x) = 6x(1 — x), > broader than the distribution in heavy
> broader than the distribution in heavy quark limit,

quark limit o(x) = 6(x — 1/2), » charmonium: a wide band;
> bbis narrower than cc: bottomonium: a narrower band.

I Il sensitivity of charmonium PDAs to the inner Lorentz
Phy< NPXp1 < NPxer < NSDhLC ) structure is stronger than that of bottomonium
systems.
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Summary and outlook Aa s
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@ Summary:
» Twist-2 PDAs of s-wave heavy-quarkonia: 7, 1y, J/WV, T.

*  Piecewise convex-concave-convex even functions: ¢p(x), qs‘\‘/(x), v (x)
*  Deviate noticeably from ¢npacp(X) = d(x — 1/2)
*  Ordering of PDAs peak heights and widths: (< means narrower than) $2% = 6x(1 — x)

Pl <N Ppt SN Dyl SN @yl <N P <N <n ¢ (%)
* Differences between pseudoscalar and vector meson PDAs,
different vector-meson polarisations.
* Aacp/Mqg(¢) = 0, ¢(x) — 8(x —1/2).
*  Critical current quark mass m(¢ = 2GeV) = 0.15,0.13, 0.12GeV, ¢(x) = ¢®¥ (x).
*  (v2M), (v*)-corrections, pseudoscalar systems.
X Predict v » ¢ transition form factor G, with large Q2.
» Twist-2 PDAs of P-wave quarkonia: xc1, xs1, He, b, Xco, X0, X2, Xb2-
* even PDAs: H o

2 7
*  odd PDAs: ¢1++. ol es ol ot
* narrower than the asymptotic distribution; broader than the distribution in heavy quark limit;

bb is narrower than cc: < NW')LM < Nyl‘cm < N‘phc

* sensitivity of charmonium PDAs to the inner Lorentz structure is stronger than bottomonium.

@ Outlook:
> % = {Xc0> Xot» Xc2» Xb0» Xb1s Xpz2 } transition form factor with high Q2.
> o(ete™ —=J/v + H), where His ng, Xco OF 1c(28).
> higer twist PDAs, and PDFs, GPDs, TMDs, etc.

@ Thanks!
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