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 |Introduction



The physical picture of hadron structure

D. P. Anderle, V. Bertone, X. Cao et al., Front.Phys.(Beijing) 16 (2021) 6, 64701
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Prediction of hadron structure
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® Our goal: to understand and predict the hadron structure from first-principles functional QCD

Momentum Transfer Q® (GeV?)
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* First principle functional QCD
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Observables and Parameters

First principle functional QCD

Observables Value Parameters Value
m,/f, 137.0/93.0 m 2.1 MeV
mg/f, 494.0/93.0 mg 55.9 MeV
M| 487.3 MeV

m, 515.2 MeV

fr 114.1 MeV

Fu, CH, Pawlowski, Tan, Zhou, PRD 112 (2025), 054047
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QCD flows with fou
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-quark scattering
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. B S WooBT Lo YTOET E o P 37 ~
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Py G - . - . . n. e - . = . _ > Py <

Glue sector Matter sector

Symmetry point truncation

A (D1, Py - py) & AM(P) P = \/ l/n ), p}

* ) o terms I:I s,t,u-channel truncation
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QCD correlation functions
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Quark propagators

(i’ Ml, lattice (p)7 Chang et al.

M 1astice (P), Bowman et al.

10-1 100 102

Lattice: Boucaud et al., PRD 98 (2018) 114515, Chang et al., PRD
104 (2021) 9, 094509, Bowman et al., PRD 71 (2005) 054507

fRG: Fu, CH, Pawlowski, Tan, Zhou, PRD 112 (2025), 054047

Quark-gluon vertex




Meson emergence from four-quark interaction

Pion Four-quark coupling
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Pion Bethe-Salpeter amplitude

0 > ) ) Pion Bethe-Salpeter amplitude
B ) P ~ — mmeson p+ P/2 p —p— P/2

p— P/2 —p+ P/2

p— P/2 —p+ P/2

The 4-quark vertex near the on-shell momentum

h,%(p, cos 0) 3

A (P2, p,cos@) ~
AP, p ) P2 m2

with the BS amplitude

h
oL N WPHULO

h,(p,cos ) = 2lim 2 [ (P2, p,cos ) (P + mi)] 1/2

P ——m;

Fu, CH, Pawlowski, Tan, Zhou, Phys. Rev. D 112 (2025), 054047
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* Pilon distribution amplitudes



Large momentum effective theory meeting functional method

From quasi light-cone to light-cone (LC) Quasi parton distribution amplitude
At 1 [ d% _ _ '
X ¢, (x,P,) =—Trcp o(fi - k. —xn - P)ysy - iy (k; P)
I ) 2m)? _

7’
7
7’
7’
» P, — o0
7’
7’

QOQQ;/’/ Quasi Bethe-Salpeter amplitude (unamputated):
&
\f%/ Xk P) = G (k)T (k; P)G (k_)
Direct. with
computation

I'(k; P) = iysh (k; P)

’ Moment
P —0 A mentum

P=1m_0,0,0) wessd» P =C(E_,P.,0,0)
pr(T) = ¢n(x, P, — 00) )
LC quasi-LC

Zhang, CH, Fu, Phys.Rev.D 112 (2025) 7, 074001
Chang, Fu, CH, Pawlowski, Tan, arXiv: 2607.04871;

DA quasi-DA

Ji et al., Rev.Mod.Phys. 93 (2021) 3, 035005
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Contour integration

5 T no=e St . 2 aoe e 5 St SaaEe o R = . an v 7 2. aoea 5 S

Pole structure of pion gqPDA qguasi-DA (example) with/without shift

'_~~~. Po,pole1 ~ rorerererers Do, pole 3

2 - .\.N === Do, pole2 e e Do, pole4 —
N

V. (x, P,=1GeV,0)[GeV 2]

3||||| —r 1 T

with shift

= == == without shift

xr
P P o'e oo+1C
QbW(ZIZ‘, PZ) X /hﬂ(p; P)Gq(p -+ —)Gq(p — —) / dpo — / dpo _ Imp(),poleQ + ImpO,poleS
p 2 2 — 00 —oo+i1C 2
Zhang, CH, Fu, Phys.Rev.D 112 (2025) 7, 074001 Integral shift

14




results in quasi light-cone
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Pion quasi-wave function
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Pion DA and its moments

et S S . 2 aoe g SR NG SR = . Qo e g Bre—afaa 2 AL

~ 1

Pion DA Moments of pion DA (&") = | dx(2x — 1)"¢_(x)
J0

Method (%) x (€M n (&%)
functional LaMET (This Work) 0.267 0.139 0.088
Lattice LaMET (LPC)[8] 0.300(41) - -
Lattice OPE (RQCD)[10] 0.23478(4)(4)(2) - -
Lattice OPE (RBC and UKQCD)|9] 0.28(1)(2) - -
Sum Rule[11, 12] 0.271(13) 0.138(10)  0.087(6)
DSE/BSE [RL, DB][22] 0.280, 0.247  0.149, 0.121 0.097, 0.073

Lattice LaMET: J. Hua et al. (LPC), PRL 129 (2022) 132001.

DSE: C. Roberts et al., PPNP 120 (2021) 103883; Chang et al. (LPC),
PRL 110 (2013) 132001.

Lattice OPE: G. Bali ef al. (RQCD), JHEP 08 (2019) 065; 11 (2020) 37.
Lattice OPE: R. Arthur ef al. (RBC and UKQCD),

PRD 83 (2011) 074505.

Sum rules: P. Ball et al., JHEP 08 (2007) 090; T. Zhong

T et al., PRD 104 (2021) 016021
_ CH(X) 1 .
¢, (x, P,) = @, (x) + 2 + O o7 Smaller than the lattice-LaMET,
¢ < agree with other methods

Chang, Fu, CH, Pawlowski, Tan, arXiv: 2607.04871;
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e Summary and outlook



0.4

0.2

The first-principle functional QCD framework 1s built.

Summary and Outlook

The LaMET tframework for hadron distribution functions in functional method is established.

The saturation of pion quasi-DA in P, 2 3.5 GeV is investigated.

Explore functional QCD correlation functions in the complex plane.

Extend to more distribution functions (PDF, GPD, TMD, etc.) for more hadrons.
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Thank you very much for your attentions!
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Four-quark vertices

5 S ey - 4 -- . DA < et e =3 { &5 MRS~ - '- " V8 RS ok - = { B5 MRS - A SN Bt ,“"f - '_ " vy S ol z =" 4 e ERY A ’ -_ - an e = . - 2 . Mo aghe ’
c. -z . . Py > L ea_. - , - > L P B A > g . - >y Y 2P . - - . e YN o> - = 5 . R > g o - > Y 2P . - . . R > L ea_. - B > Y P
., -3 2 on ) - pes % - — - on — .- ° - e — on — = 5. 9o - - -

4-quark effective action

P1 D3
E (4)
F4q,k — Z/ OvﬁylZnQZ (pl) d; (pQ) q1 (p?)) dm (p4) = —1gaa0m (P1, P2, 3, Pa)
§ D2 P4
4-quark vertex where
i 1
(4) )\Zyl_ (p17p27p37p4) — 5 [)\Ck (p17p27p37p4)+)\a (p3ap27p17p4)]
quqquqm (p17p27p37p4)
0 0 0 0 o\ 1
T'4lq, q] - Ao (P1,P2,P3,P4) = 5 [Aa (P1:P2,P3,P4) — Aa (P3, P2, P1,Pa)

 0qm (pa) 0q1 (p3) 0q; (p2) 0q; (p1) :
E Oé+ s QL 8% (84
— Z ( pl p2ap37p4) Oz(;ll)yn — >\Oé (p37p27p17p4) Ol(;éz)rn) 7;§lm) — (Oz(]l?m l(jzzn) /2 Tglm) (Ogjl?m o l(]z?m,) /2
X (=2)(2m)°0" (pr + p2 + ps + pa) AL (p1,p2,p3, 1) = AL (p3, p2,p1,p4)
()Y ) )

:Z (AZZ (pl,pz,ps,m)ﬁgl@) o (P1,02,P3,04) Tijpm >: = X" (p1,pa, 3, p2) = AL (p3, pa, P1,D2)
o . Symmetry

x (=4)(2m)"6" (p1 + p2 + p3 + pa) A (p1,p2,p3,p1) = — A, (p3,D2,P1,D4)

» = —A, (P1,P4,p3,02) = A, (P3,P4,P1,D2)



DA and Quasi-DA of pion

Bethe-Salpeter amplitude (unamputated):
Xk P) = G (k)U(k; P)G (k)
with
I'(k; P) = iysh,(k; P)
and P = (im_,0,0,0) and k., = k £ P/2

Parton distribution amplitude on light-front

1 d*k '
d(x, P,) = ]TTrCD [ o) o(n -k, —xn-P)ysy-ny (k;P)

with n = (,1,0,0).

Momentum

= (ko ksky ).

(o + im,12, K k).

ke,

K, (kO —im_/2, ks, kl>

21

Quasi Bethe-Salpeter amplitude (unamputated):
Xk P) = G (k) (k; P)G,(k_)
with

I'(k; P) = iysh (k; P)

and P = (iE,, P,,0,0), E, = \/PZ2 +m? and k, = k = P/2

Quasi parton distribution amplitude

1 d*k '
d(x, P,) = jTTrCD [ o) o(fi - k. — xii - P)ysy - iy, (k; P)

T u

with 7 = (0,1,0,0).

Momentum
k'u —_ (ko, k3, kJ_) o
Ky, = (ko +iE, /2, ky + xP./2. kl> ]
k= (ko —iE_/2,ky — xP./2, kl>

Zhang, CH, Fu, Phys.Rev.D 112 (2025) 7, 074001




Integration detail

e We use Taylor expansion to continue /2, M o £, 10 the complex plane of ko

I 4N, |
Pa P = i Ak ko s PP My () + (1 = 9M (k) h,(k?, P2, cos 0) = h (k% P?,cos6) 622 h| k24 -
. k2=}2
X - : : and
Z,()Z,(k2) K3+ M2(K2) K2 + M2(k2) : ) o
My(kp) = Mk +—5M,| (ko +iEL/2)" + -
+ kz=k2
_ 0 |
Poles of two quark propagators M (k2) = M (k*) 4 e M, (k= ik, 2)% + -
— k2=k2
_ /2 2 2,12\ 2, 2
koo =i | VR + P + M2 =[P+ m2i2| Ty
koo =1 \/ ki + (xP)* + Ma(k3) — \/ P? + m§/2] : k% = k% + (x — 1/2)*P?

kos = i _ \/kf + (x — 1*PZ + M7 (k?) + \/PZ2 + m,%/zl ,
: k2 = k% + (ko + iE /2)

T2 12 2p2
ki =ki+x°P;

koq = i \/kf + (x — D?PZ + M7 (k?) + \/PZ2 + m§/2]

k2 = k% + (kg — iE,/2)*

2= k2 + (x— 1)2P?

22




- (x=0.5, Pz)

Numerical check for expansion and extrapolation

Expansion check
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Chang, Fu, CH, Pawlowski, Tan, arXiv: 2607.04871;
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Extrapolation check
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