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Emergent phenomena of QCD

QCD is believed to confine, that is, its physical states are color singlets with

internal quark and gluon degrees of freedom

leptons

photon
Higgs boson

hadron formation

weak bosons

Parts

Observed entity
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Emergent phenomena of QCD

e QCD allow us to study hadron structures in terms of partons

e Exclusive QCD processes: separate the hard partonic physics out of the
hadronic physics (soft, nonperturbative objects), Factorization

e Define hadron structures by quantum field theories

e |dentify theoretical observables in factorizable formulism

do _ [P, pX
= Fnond

e The hard amplitudes can be calculated perturbatively, order by order

e The universal nonperturbative objects can be studied by QCD-based
analytical (QCDSRs, xPT, instanton) and numerical approaches (LQCD)

e Also can be studied by performing global QCD analysis and fit
CETQ, CT, MMHT, NNPDF, ABM, JAM, et.al.



PDF, TMD,GPD

Definitions of pion distribution _@q:x
- Drell-Yan
% /
oo 5 R0 - R > . =< 2.2/

Extracted from fixed target 7A data

One dimension PDF

e

N = [ %eﬂ'cpﬁ—f (m|$i(0, 27, 07)y T 4p;(0)| ) . Leading neutrons

-
e ()
_ Kkt - ;
A ¢ = == the parton momentum fraction ¥ .é .
n
A (Q) ~ T [ dKE(mlb] o b (CPT kT, @) m) .
number operator e, w
A transversal momentum distributions (TMD) (¢, k1) Yoo
A Generalized parton distributions (GPD) f(¢, br) "

Deeply virtuality meson production

A TDIS at 12GeV JLab, leading proton observable, fixed target instead of collider (HERA);
/N EIC, ElcC, great integrated luminosity to reduce the systematics uncertainties;
A COMPASS-++/AMBER give 7-induced DY data.



LCDAs

Exclusive QCD processes with larger momentum transfers

Light-cone distribution amplitudes (LCDAs)

e The use of conformal symmetry inQCD  [Braun, Korchemsky, Miiller 2003]

e the underlying idea of conformal expansion of LCDAs is similar to
partial-wave expansion of wave function in quantum mechanism

e invariance of massless QCD under conformal trans. VS rotation symmetry

e Jongitudinal ® transversal dofs VS angular @ radial dofs for spherically symmetry

potential

e the transversal-momentum dependence (scale dependence of the relevant operators) IS
governed by the RGE

e the longitudinal-momentum dependence (orthogonal polynomials) is described in
terms of irreducible representations of the corresponding symmetry group
collinear subgroup of conformal group SL(2, R) = SU(1,1) = SO(2,1) = collinear twist



LCDAs

e Define the LCDAs with the Lorentz and gauge invariant ME

; 2
Ola(X)vuvsd(—=x) |7 (p)) = fx /01 du f(2u—1)p-x [,'p“ <¢(u, w) + Z(ﬁ%(u’ u)) + .- ]

HOSI

T
OlaG)vprsd(=x)1p (p)) = f,,mp/o du /(20— 1P [Pu (¢H (u,p) — &7 (u, M)) + - ]

p-x

1 .
(013G w5 a(=2)1fo () =pu/0 du U IPX (g, ) -]

I Yu¥5,0uv, - operators define other LCDAs at different twists

e LCDAs are dimensionless functions of u and renormalization scale 1

A the probability amplitudes to find the light meson in a state with minimal
number of constitutes and have small transversal separation of order 1/u

/\ nonlocal operators on the lhs are renormalized at scale

|k |<p
ba(u ) = Za(w) [ ki dps (u ko)

A decay constant (0|@(0)yzv5d(0) |7~ (P)) = ifrppu /\ normalizations such as fol dug(u) =1



BT ERABR

o Pion (ZEIRE) NF LCDA AKX ERBIRZHPIGTE XM

A HEREEMT QCD BF KA RMBILRIER  Fr(Q°) WEDERTFUSE

Ji duig(ur, Qu) Tu(us, Q)(uz, Q) [1980s [Lepage & Brodsky 1980, Efremov & Radyushkin 1980]
f:d!-h f:/::/ﬁ] ¢(ul,k”)T1(u,, Q)¢(uz, ko) | 1990s [Huang, Shen & Kroll 1991, Huang, Shen & Ma 1994]
D(u1, pry ) Tr(ui, biy Q) Se(u) € 50D o (uz, ) | 2000s [Botts & Sterman 1989, Li & Sterman 1992, Li 1999]
4

St (i ) TN (s, by, Q)Se() €559 4 (u, ) [2010s] | [Li, Shen, Wang & Zou 2011, SC, Fan & Xiao 2014]

[ 50 w1, ) T2, 1, Q) ) 59 ' un, b, o) 20205 | [Chal & SC 2025]
[Chen?, Feng & Jia 2024], [Ji, Shi, Wang® & Yu 2025]

o BRERENAK, KEB/ARENFH LCDAs #RFF i RILH —E BR 1%

A the probability amplitudes to find the light meson in a state with - - -

A the 7w invariant mass spectra in [0.554,0.996]GeV is selected to identify
candidates for the p resonance, f,(980)

o WMAIAERERA ARSTE TR RO B E R, AR IRE ST AR E g3
Bz, WRAERSH) QCD B 7

o 1L [Vio| SR HB] -



| Vio| REHEFNRRIRTT R

o |V, tension  |Vip| = (3.8240.20) x 1073 [PDG 2024]

1 ~ 2.50 tension between (4.13 £ 0.25) x 10™% and (3.70 £ 0.16) x 1073
measured via the B — X/~ and B — w/~ U processes, respectively.

o ERMHMNEIRAITE, EEEERGNYIEINAE

simultaneous determination in excl. and incl. processes [Belle, PRL131. 211801 (2023)]
[Vup| = (3.78 £ 0.23 + 0.16 £ 0.14) x 1072 and (3.88 £ 0.20 & 0.31 £ 0.09) x 103

L] *ﬁglﬂgﬁ#\]‘ $§H"J QCD %[E high order QCD corrections, more structures
[Khadjamirian, Mannel, Pivovarov & Wang, JHEP 02 (2013) 010, JHEP 09 (2010) 089]

o SHHHYIBEREFRMINE

1 pure leptonic decay |V,,|fg = 0.72 + 0.09 MeV [Belle],
1.01 + 0.14 MeV [BABAR], 0.77 + 0.12 MeV [FLAG2021]

1 baryon decay [LHCb, Nature Physics 11, 743-747 (2015)]

Vasl?  B(A) = pu D) |Vep |

Vel B(AY — Al =)

* consistent with determinations in exclusive B — w /U decay

Rep V| = (3.72 +£0.23) x 103
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| Vio| REHEFNRRIRTT R

‘Vub| in the B — [)ll/ channel the same b — ulv transition as in B — /v channel

simultaneous measurements of the % for B— 7 Myyand B— p°Ity,
[Belle-Il PRD 111. 112009(2025) [HFLAV 2023] [P. Bharucha and et.al., JHEP 08 (2016) 098]

[Viblg—sri = (3.73 £0.10 £ 0.16|LqcpLesrs) X 1072,
[Vibl 5 o1 = (3.19 £ 0.22 + 0.26|,csrs) X 1075,

B — V FFs updated via B-meson LCSRs [Gao, et.al., PRD 101. 074035 (2020)]
‘Vub|B yplv = (3-05J_r}::333|the0 J_rgé?)ldata> X 1073»

— +1.09 +0.18 -3
[Vibla—wi = (2~5471,()5|theo ,0,19|data> x 10

The QCD studies (LCSRs, LQCD) treat p as a stable single particle
While the signal channel in a B — plv-type decay is B — 7l (Bu)

[X.-W. Kang, B. Kubis, C. Hanhart, and U.-G. MeiBner, PRD 89. 053015 (2014)]
[S. Faller, T. Feldmann, A. Khodjamirian, T. Mannel and D. van. Dyk PRD 89. 014015 (2014)]

WAL AR AR RE BT 1 FE R, AR5 iR STk A B T3
7, ARIEHIRTSH QCD HR ?

10/20



27wDAs

e Chiral-even LC expansion with gauge factor [x, 0]

(7 (k)7 (k2)|GAzn) 7,7 (0)]0) = Fab Ky / dxeen) 21 (4, ¢, 1)

eSS

1 .
(01aC) 75 d(=x) 0™ () = fpmp/o duPem 1P [Pu (o)) = 6% (0, )) + }

27DAs is decomposed in terms of c/ ( u—1) and C1/2(2C 1)

)
n+1 . o
=Y (u, ¢, K2, 1) = 6u(1 — u) Z STOBUE, W P 2u - 16y 2¢ — 1)
n=0,even /=1,odd
oo n+1 oy
=0, ¢, Ky =6ut—u) > Y R wC P 2u - 16 P ec - 1)
n=1,0dd I=0,even
e How to describe the evolution from 4m?2 to large invariant mass k* ?

1 Watson theorem of 7-7 scattering amplitudes

L , N=1 ,2m m 2N oo sh(s)
B ,(k*) = B, ,(0) Ex InB_,(0) + — / g ——
ne (K°) ne (0) Exp =1 “ml dk2m nl( ) T 4".3( sN(s — k2 — i0)

/\ 27DAs in a wide range of energies is given by (% and a few subtraction constants
11/20



27wDAs

e The subtraction constants of B,,(k®) at low k* (around the threshold)

Il Il (nl) d Il L L. (nh) d L
(o) | 8, (0) ol £ Bl 0) | B840 c1 2 In B (0)
(01) 1 0 1.46 > 1.80 1 0 0.68 — 0.60
(21) | -0.113 - 0218  -0.340 0.481 0.113 —» 0.185  -0.538 -0.153
(23) | 0.147 — -0.038 0 0.368 0.113 — 0.185 0 0.153
(10) 0556 - 0.413 - - -
(12) 0.556 - 0.413 - - -

A firstly studied in the effective low-energy theory based on instanton vacuum  [Polyakov 1999]

A updated with the kinematical constraints and the new a3 , af_j [SC 2019, 2023]

e 27DAs were introduced in 1990s at leading twist  [Polyakov 1999, Diehl 1998]

(7 (k1)w®(k2)[Gzn) v, qp (0)]0) = rap ks / dx 2 30 (4, ¢, K2)
e twist-three 2wDAs are studied very recently [sc 2502.07333]
(* (k) (k)@ a(910) = | due"“k*[k%u (2.¢. k) + k2 (@.¢. %)

@0 (u, ¢, k) = 6ua[Byy (¥, ¢/ * (2¢ = 1) + — (521(k2,u)C1/2(2C -1

+B;3<k2,mc§/2<2c -1)G%@u- 1)
12 /20



2rDAs  [n7]g

(D, (0. V5]

0 Y,
-2 /
—4 710

Vs

0.5\\\ s

e Leading twist and twist-three 2wrDAs for isospin scalar two-pion system
e asymmetry of the twist-three 2wDAs in the parton momentum fraction u

Re[®,(u.s)]

1.0
Vs (GeV)

0

e symmetric twist-three LCDAs of f; obtained under the narrow-width approximation

o where QCD sum rules dictate that the asymmetric component vanishes

SC-2mwDAs
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B — mm AKEF

o [EZ |V HEFERIE, B— plv MEWESER B— nrlv (Bu)

_ 2 _
it (k)7 (ko) |y (1 — v5)b|B°(p)) = F1 (g%, K, () ———— ieyapny g~ kP K7
(m7 (k)7 (k2)[oy (1 — v5)bIB (p)) = F1(q <) NN By d

2 42 qv 2 2 -2V _k-q
+Ff(q 7k aC) q2 + FO(q 7k ,C) \/E (kl/ q2 qu)
1 o 4q-K(g-k 4K*(q - k)
Fi(q?, K, ¢) — (ky — k
+ H(q 3 7{) \/k—2 v A5 v+ A5 qu)

T X = A(mE, k2, g?) is the Kallén function, q- k= (m% — ¢° — k2)/2,
q-k=VXBr (k) cosbr/2 = VX (2¢ — 1), Br (k%) = /1 — am2 /K2

e QCDF (QCD factorization) in the large dipion mass
+ [P. Béer, T. Feldmann and D. van Dyk, JHEP02, 133(2017)] T; & Fgionr ® ¢,

e SU(3) flavor symmetry/breaking with the intermediate resonance

+ [R.M. Wang, Y.G. Xu, J.H. Sheng, X.D. Cheng and et.al., 2301.00090, PRD 112, 033002 (2025)]

14 /20



B — mm FoIREF

e LQCD (Lattice QCD) in the p resonance region with a simple BW model

[L. Leskovec and et.al, PRL 134.161901 (2025), Editors’ Suggestion]

e HChPT (Heavy-meson Chiral Perturbative Theory) in the large ¢* by
taking dispersive methods in terms of Omnés functions

[X.-W. Kang, B. Kubis, C. Hanhart, and U.-G. MeiBner, PRD 89. 053015 (2014)]
in the full phase-space by a novel parameterization with unitarity

[F. Herren, B. Kubis and R. van Tonder, PRD 112, 014037 (2025), Editors’ Suggestion]

e LCSRs (Light-cone sum rules) in the small and intermediate g°
[SC, A. Khodjamirian and J. Virto, JHEP 05(2017)157] B-meson LCSRs ,  [S. Descotes-Genon, A.
Khodjamirian, J. Virto and K.K. Vos, JHEP 12(2019)083, 06(2023)034] B — K=
[C. Hambrock and A. Khodjamirian, NPB 905(2016)379-390] 27DAs LCSRS of F|| |
[SC, A. Khodjamirian and J. Virto, PRD(R) 96 (2017)051901] timelike-helicity FF F; and Fo
[SC, PRD 99 (2019) 053005] 27DAs updates and B — [r7]g p FFs
[SC and J.M Shen, EPJC(2020)6:554, SC and S.L Zhang, EPJC (2024)84:379] Pheno
[SC, arXiv: 2502.07333] first study of twist-three 27rDAs and |V,,,| extraction
[SC, L.Y. Dai, J.M. Shen and S.L. Zhang, arXiv:2509.15659] Ds — [7r7r]s ev, minor gg contribution
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B — mm Fedk

;Fl

P, F-wave components Flfl’S(qQ, k2)

1F0g NI~

5
F(GeV?)

A G
|
N I

5
F(GeV?)

P, F-wave component? F/tzl’a(q2 NS

2 y
I sl IFEDG NI

P, F-wave components Fl L 3(q k2)

IR NI

10
Vs (GeV)

1.0
Vs (GeV)

5
F(GeV?)

—J7W”w Vol

r wa”Wq )l

5
$(GeV?)

P, F-wave componentls(J ng 1.3 (4%, k%)
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B — mm FoIREF

S, D-wave components Fizo’z (4%, k%)

(o —— P Il
IS

10
s (GeV)

5
(GeV?)

e twist-three contribution vanish in F(l:”l’s"

- 1=0,1,--
e persist in Fgo L)
)

S, D-wave components Fi)zo’z(q2, k)

[
RN - NPV @S

10
s (GeV)

)

, give a significant correction ~ 40% to leading twist result

e p resonance is dominate in F(Jf:Hl)tO(q2, k2), F-wave contributions are negligible

e S-wave component is dominate in the small k%, D-wave component is
comparable in the large k% and small g2
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1Bt By TIEME | Vi

e 2D partial differential decay width

2T 2 5 BrVAg? (5),2 (P),2 2 )2 (P2
dgae ~ CrlVul m[(l% 12+ 1E5P12) + 82 (112 4+ 1K 2)

e | V| extraction in the regions of p and fy resonances [Belle 2021]

‘ IVabl gy (p0 ]t = oy, = (427 £ 0.49Ipasa £ 0.55|Lcsra) X 1072

‘ [V = (3.96 + 0.47|pata £ 0.52|cgRrs) X 1073 | [SC, 2502.07333)

b|B+~>[f0~>]1r+7r*/+u,

e simultaneous measurements of the for B— 7 Ty, and B— polﬂ//
[Belle-ll PRD 111. 112009(2025) [HFLAV 2023] [P Bharucha and et.al., JHEP 1608. 098]

[Vislg—srn = (3.73 £0.10 £ 0.16|,qcp4Lesrs) X 1072,
[Vibl 5 o1 = (3.19 £ 0.22 + 0.26|,csrs) X 1075,

o METEE B— o IEMEBMNB/NER. BERLIRERK, BEEH

S, 1 Bellell REBERKEFGEAS 3ab~ !, TRHEEHRASE: 1 LCSRs F1 LQCD
SRR ETFHBA S, TR RS,
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27DAs Rt T mr FREILR—ARIEIR
T EREBFARDEME— 2 ERARRIESHEER,. | BHSE. BRI ERRSESNRER, &

F I xTFRIERIEMR SPD/GPD,SPA  [Lorcé, Pire & Song PRD 106, 094030 (2022), 109, 074016 (2024)]

2rDAs BENMFHEFRERE (Hu) HRAIKBHEN

T | V| 5E%ERD FONC RETFSRIBHRT B, 1 AERERTFAHRIBOTTRME T TR

HEZHEKERRT 2nDAs, SLIT 7E Bu TFEHEN | Vis| (s, 2502.07333)
BRENTFETHHEMAERENF (31) HEaFEENSFER

[SC, L.Y Dai, J.M Shen and S.L Zhang 2509.15659]

D — nrl T THAENIEMR FCNC TR BERI 1T A wishlists
fEete BER A — mny, Yy — o TR H—FIERE 27DAs

B N F &R TFRETITIE Dalitz Bl IERIRAESX S FIE CP #F

Thank you for your patience.
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Backup slides  Pion LCDAs

e DA is expressed by the MEs of gauge invariant non-local operators
(0[z(ITx, =xld(=x) [ (P))
e The path-ordered gauge factor along the straight line

) = Pex [ig / " dt(x— ) A (b + )

e Introduce light-like vectors pand z  P*=m2, p> =0, 2 =0
e P — pin the limit m2 =0 and x— zfor x> =0

e Expansion in power of large momentum transfer is governed by
contributions from small transversal separations x*> between constituents

P
z, =Xy — —g |:fo \/ (xP)2 — x2m?r] = xu
mp

2
Zp M 2 2 2
PM:PP«_ 2P'7rz = Z.P:z-p:[(xP) — X mﬂ}

4z-p2 2 z-p

1/2
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