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Heavy Quark Physics

* Precisely testing standard model * Indirect search for new physics

I

The
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Beyond the Standard Model

B quarks
B leptons

H bosons
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Heavy Quark Physics

Observation of CPV in baryon decays

Observation of doubly-heavy baryon

Observation of heavy pentaquark

Observation of heavy tetraquark l

Mixing of neutral B-meson

Observation of direct CPV

CPV 1n B-meson
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Heavy Quark Physics

Decades of progress and many important achievements...

* Test on Unitarity Triangle
(2003 - 2024)
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Heavy Quark Physics

... but fundamental puzzles still persist.

|V,p| and |V ., | Puzzle

discrepancy between inclusive and exclusive
processes extracxtions

- From inclusive B decays
|vinel | — (4.19+0.17) x 1073
|vipel | = (42.1940.78) x 1073

- From exclusive B, B, and A, decays

'Vl = (3.5140.12) x 10~3
|Vsx<l| = (39.10 4 0.50) x 10~3
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Heavy Quark Physics

... but fundamental puzzles still persist.

* R(D)and R(D")

R( D(*)) —

Precisely determined both experimentally

and theoretically.
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Heavy Quark Physics

... but fundamental puzzles still persist.
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Factorization Methods

EW theory

short-distance
physics

perturbation theory + RGE

long-distance
physics

non-perturbative techniques

Perturbative

<< 0.l fm

Nonperturbative

> | fm

High energy Asymptotic

Small distance

Low energy
Large distance

4934 ysm

freedom

Confinement



Factorization Methods

Naive factorization and Generalized factorization
[BSW (1985)] [Cheng etc., Ali, Kramer, Lii (1998)]

(M1M,|0;|B) = CFP>Mafy, 4+ C,FBMz

QCD factorization and SCET

[Bauer et.al, (2001)] [Beneke, Buchalla, Neubert, Sachrajda (1999)]

(MiM,|0;|B) = FB"MiT! @ ¢y + T Q@ dpp ® P, ® g,

Perturbative QCD approach (PQCD)

[L1, Lii, Xiao etc.]

<M1M2|01|§> =H ® ¢B ® (le ® ¢M2 ® e—ZSi

0



Factorization of Heavy Meson Decays

Nonleptonic decays, such as B°/B° - ntm~, are important to explore the CP violation
(r 71 Qil BY) = ffnlm?) / da T (@, Wpn(@, 1)

+ [ dwdadyTie, o, v, 0o, Wdn@, Wosty, 0 |

wdzdyT; (&, z,y, Peiw, woz(x, wox(y, p L[I@[h’ft=@©[fﬂ@

FCNC processes, such as B —» K*¢¢, are sensitive to new physics: distribution @M[@ﬂﬁﬁ@@]@@

(KL~ | Heogrl B) = TI(qz)éa(q2)+Z /oo——soi(w,u)/ dupr(u, p) T (W, u, g?)

Semileptonic B —» M+£v decays, M = m, D, ..., contribute to the determination of |[V.EX°!|, R(D™):

. Ood 1 .
FPM@) = COula)+ [ 2 [ dvTine, v, ¢ B, wémv, v
0

Inclusive decays, such as B — X,y or B — X, £¥, will contribute to |V }2¢!]:

Shape function
drB— Xy M
e = I‘(b — s*‘y)—/ db.. S(£_|_) J (P_|_ — £+) H(P—), P-|- == ﬁ(l — CU)

i



Nonperturbative Structures of Mesons

Light-cone distribution amplitudes (LCDAs) of light meson, contribute to the exclusive processes and
describe the partonic structures of final-state light meson:

d@,w) = ;5 [ G e =P (HP) |26, s Wi, 00)]0)

LCDAs of heavy meson with QCD fields (QCD LCDAs), contribute to the heavy meson final state of
exclusive processes, such as ete™ - BB, B — D¥v:

B = 5 / X et P (Ho(Puy) | a(€ -, v Wel&—, 01Q00)| 0)

LCDAs of heavy meson with HQET fields (HQET LCDAs), contribute to the heavy meson initial state of
exclusive processes, suchas B » Dfv, B > K* ¢ :

1 dt —twtn v — |
etw, m) = — / e "I+ (0 | gltnn s Weltn., 0o (0)| Ho(v))
7 fHQmHQn+"U 27 N,

Shape functions (SFs) of heavy meson with HQET fields, contribute to the’heavy meson initial state of
inclusive processes, such as B - Xy, B > X, £V :

d —twtn v N .
Sw,p) = zanQ / e T (Ho@) Byt OWeltny, 04,(0)] Ho))

e



Tomography of Partonic Structures of Heavy Meson

A heavy flavor meson consists of a pair of heavy and light quarks.

Light-cone distribution Amplitudes Shape funetion
(LCDAs)

LCDASs describe the momentum Shape function characterizes the momentum
distribution amplitude of the light quark. distribution function of the heavy quark.

They provide the most essential information about the profile of heavy mesons.

=



LCDAs of Light Mesons Have Been Extensively Studied

Asymptotic form Cr(x) Ok, 1 (X)
Chernyak, Zhitnitsky, 1977; Lepage, Brodsky, 1979; ...... 1307 y "f'\\ =
1.25 P s 428 ==
QCD Sum rules 100} s
Chernyak, Zhitnitsky, 1982; Braun, Filyanov, 1989; ...... 0.751 0:50_
0.50 i - i s .
Dyson-Schwinger Equation 0.25f/ T e - - A N
Chang, Cloet, et.al, 2013; Gao, Chang, et.al, 2014; ...... 000 Zﬁ‘ e ~0251 == Summie
0.0 02 04 06 08 1.0 02 00 02 04 } 06 08 10 12
Global Fits X
(DKI(x) (DK ,T(X)
Cheng, et.al, 2020; Hua, Li, Lu, Wang, Xing, 2021; ...... Lsol i - i
Models N
Arriola, Broniowski, 2002; Zhong, Zhu, et.al, 2021; ...... \\\\ 075 ]
Lattice QCD with OPE ,
-- DSE \“{‘ ______________ Thiswork — ~\
Braun, Bruns, et al., 2016; RQCD collaboration, 2019, 2020; p g'Q'fmf{SZZ ______________ v s
Lattice QCD with LaMET 00 02 04 06 08 Lo G2 0o 02 04 ds s 10 12
X X
LP3,2019; LPC, 2021, 2022; ...... PRL127, 062002 (2021); PRL129, 132001 (2022)



When Extending to Heavy Mesons......

 Heavy Meson LCDAs

Equation of motion

[Kawamura, Kodaira,

Perturbative
constraint for large w

LCDA in QCD and

Solution of

evolution equations
[Bell, Feldmann, Wang

HQET
[Ishaq, Jia, Xiong,
Yang, PRL 125 (2020);

Qiao, Tanaka, PLB 523 2003 [Lee, Neubert, PRD 72 2008 and Yip, 2019 Beneke, Finauri, Vos,
(2001)] ‘ (2005)] * JHEP 11 (2013)] ‘ Wei, JHEP 09 (2023)]
I:T Evolution equations T Subleading T Two loop RG T
2001 [Lange, Neubert, 2005 Evolution equations 2013 equations 2020

PRL 91 (2003)]

[Bell, Feldmann,
JHEP 04 (2008)]

[Braun, Ji, Manashov,
PRD 100 (2019)]

Adapted from Ji Xu /5



When Extending to Heavy Mesons......

« Heavy Meson Shape Functions

Relation between

TMD shape functions

Evolution equations

LCDA and SF

for quarkonia

[Bauer, Manohar, PRD 70 [ Yaouanc, Oliver, Raynal, [Echevarria, JHEP 10
(2004)] 2005 PRD 77 (2008)] 2009 (2019)] PP
Perturbative Two loop in SF region Renormalization of
2004 constraint for large w 2008 [Beneke, Huber, Li, NPB 2019 the subleading SF
[Bosch, Lange, Neubert, 811 (2009)] [Bartocci, Boer, Hurth,
Paz, NPB 699 (2005)] JHEP 04 (2025)]
Adapted from Ji Xu

6



When Extending to Heavy Mesons......

Limited understanding of the nonperturbative heavy meson LCDAs and SFs:

- Only models for heavy meson LCDAs:
Grozin, Neubert, 1997; Braun, Ivanov, Korchemsky, 2004; Beneke, Braun, Ji, Wei, 2018; ....

- Only models for heavy meson

Korchemsky, Sterman, 1994; Bauer, Luke, Mannel, 2001; Neubert, 2005; Lee, Ligeti,
Stewart, Tackmann, 2006;

- Relations between LCDAs and SFs:
Yaouanc, Oliver, Raynal, 2008

Uncertainties from heavy meson LCDAs dominate the errors in

theoretical calculation.
+0.010‘ +0.016 +0.153‘
—0.004 2—0.017 —0.079 9
p M Y o+ (w
) =0.122 % [1+0.07 +o011] +0.02 +0~05‘ i0.05‘
fB-x(0) X [ 57 A, A2 /a2, ~0-06] o 22422

Cui, et al., JHEP 03 (2023) 140

2.5 1

2.04

- Model I

—:= Model IV
Model V

Model II
Model III

0.5

0.5



Recipes for Heavy Meson Distributions
from Lattice QCD

5



Lattice QCD

Discretizing the 4D spacetime;

Wick rotation to Euclidean space to avoid sign problem:
Quark fields on the lattice sites;

Gauge links connecting lattice sites;

Quark masses are benchmarked by the ground-state

meson masses, e.qg. m,, mg, mp, ......

Able to calculate the nonperturbative observables:

(0) =% le/) DY DAeSEQ

e

plaquette

19



Challenges for Heavy Meson Distributions from Lattice QCD

4 % LQCD have achieved great successes in calculating
m time-independent quantities: hadron masses, decay

constants, o, form factors and so on.

f(&)t) \.\
[\/ However, LQCD cannot deal with real-time dependent

quantities directly!

>
=1

v" Trans to time-independent variables:

Lattice OPE

v Connecting the f(%,t) and f(%, 1) :

Large-Momentum Effective Theory (LaMET)

T go



Challenges for Heavy Meson Distributions from Lattice QCD

Scheme I: Operator Product Expansion (OPE) for QCD quark bilinears:

oo k_l

_ 252
q(zen)hysWe(zam, z1n) q'(z1n) = ’3!“1 nPnht. . .nk"'lMgZ?. NP SRR
k,l=0
. (e 0) = — - — ,
Wlth MPI-ZI- s HEk41 — q(O)D(#l' * 'DI-"IcDI-'IIc-{-l' * 'Duk+t7p)'75q (O)

4
D)}; , o "(t,p) = z n(ity) O°*°(H)+... — log0! =  No Local Limit

Cusp Divergence!

Braun, Ivanov, Korchemsky, PRD69, 034014 (2004)

el



Challenges for Heavy Meson Distributions from Lattice QCD

Scheme lI: Large-momentum Effective Theory (LaMET): connecting the Euclidean and

Minkowski correlators in the large momentum limit:

Quasi distributions: : , e
JL,PRL110 (2013), 262002 Light-cone distributions

Directly calculable on the lattice Ji, et al., Rev.Mod.Phys. 93 (2021) 3, 035005

Effective field theory: one can perform an expansion for large but finite P*:

) Yde (v ou g ) Agep  Agep
,PZ, 7 = _C T s > +@ ?
Fo. P ) L pr <x b ) IO\ G (@ Py

ez



Challenges for Heavy Meson Distributions from Lattice QCD

Many Progress has been made on PDFs, LCDAs, TMDs, GPDs, et al.:

Nucleon unpolarized PDF Nucleon transversity PDF Deuteron PDF Light meson LCDA

du(z, p) —dd(z, pn) _
° ' dibaryon 1 1.50f et
LPC 2.8 8 proton+neutron | a s
s pr—
4P Faeds Gy CT14 ] 24 c32p29 1.25¢ st T Ry
= NNPDF3.1 % 7 :
L H=2GeV oot ] 2. g 1.00¢ ,
- Ur=3.2 GeV 16 & g = 4
o 7 12 34 0751 £/
< pZ=0 ’ S o /
1t j 0.8 %2 0.50-',A4 E
04 ; !
/A DSE
° 0 0.25 '- This Letter
’ o 4P —-= Asymptoti
o ) 0.00 iy A T
EY) o5 0.0 05 10 15 ' . . ‘ —OPE
v ’ ' ' : ) -075  -05 025 0. 025 05 075 1. 20 -15 -10 -05 00 05 10 15 20 0.0 0.2 0.2 E 056 08 10
X . . . . ! . k
LPC, 2020 LPC, 2024 LPC, 2025 LPC, 2022

Nucleon unpolarized TMDPDF Nucleon&pion Boer-Mulders function ~ Nucleon GPD Light baryon LCDA

¢(z1, 29, P* = limit)

3 2.0 7 7 - . . 1.50
- | | 3.0
—_ &5 nucleon _ NLO 125
241 pion 1.5 25
N~ — NLO+LRR 1.00
by . n=2GeV
3: > 1.8f ¢ =4 GeV? — 075 20
3 < , 3 10
'Q. o 12 & & 050 L5
= : X
t B 06 ¥ 05 0.25 1.0
+~ 0.6F
& < / 0.00 0.5
o 00—
! -0.25 0.0
0% 0.2 0.4 0.6 0.8 1 -0.5—- 5 ' R - =050
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LPC, 2024 LPC, 2025 Holligan, Lin, 2024 LPC, 2025 23



Challenges for Heavy Meson Distributions from Lattice QCD

Turns to correlators with HQET fields......

« An intuitive approach: adopt off light-cone Wilson line to avoid cusp divergence

(Ho(Pryg) | §(2)1 5 We(z, 0)h(0)|0)  (Hq()| hy(z, 0)W(z, 0)h,(0)| Ho(v))

Wang, Wang, Xu, Zhao, PRD 102, 011502 (2020); . 4 ny
Xu, Zhang, PRD 106, 114019 (2022); g
Hu, Xu, Zhao, EPJC 84, 502 (2024); ...... - /

A 7
W 4
4
a8
28 RS
’ N
. N
,
.
.
.
.
.
v -
.
.
.
.
,
.

Need to realize the boosted HQET fields on lattice.

4



Challenges for Heavy Meson Distributions from Lattice QCD

> Boosted HQET on Lattice

_ Discretization  _ o=
« HQET: LuqQer = ho(@)iv-Dh,(x) > h(x) (—voDg + 19-D) h,(x)

« The QCD field is recovered by: P(x) = e MU 1%hv(m)

« Evolution equation of HQET propagator:
G+t = Uj@)1+i5-D)G(x)

Significant signal-to-noise (StN) problem

11
10 b
ool [D&wH
08|
07 h
06 |

Mandula, Ogilvie, PRD 45, 2183-2187 o
(1992); NPB 34, 480-482 (1994) 0:4 i

0.3 ),

e.g. Isgur-Wise function:

§(w-v)




Recipes for Heavy Meson Distributions from LQCD

Heavy meson LCDA as an example:

Equal-time correlators

> Start from the equal-time correlators with QCD fields:

» Equal-time correlations ensure that it is directly calculable from lattice QCD;

« Without h,, the issues of cusp divergence and StN problem are both resolved.

26



Recipes for Heavy Meson Distributions from LQCD

Heavy meson LCDA as an example:

t t

S — y D

Q\v LaMET SN

qvl-

- a

Light-like correlators
with QCD fields

Equal-time correlators

» Large-momentum effective theory (LaMET) provides a connection between equal-time

correlators and light-cone observables.

 Integrating out large-momentum scale, one can obtain the heavy meson LCDA in QCD.

74



Recipes for Heavy Meson Distributions from LQCD

Heavy meson LCDA as an example:

Light-like correlators Light-like correlators

Equal-ti lators
qual-time correlator with QCD fields with HQET fields

> In the Isgur-Wise limit (my — ), QCD LCDAs are related to the HQET LCDAs:

 The boosted HQET provides the matching between them.

Ishaq, Jia, Xiong, Yang, PRL125(2020)132001; Beneke, Finauri, Vos, Wei, JHEP 09, 066 (2023)

28



Recipes for Heavy Meson Distributions from LQCD

Light-like correlators Light-like correlators

Equal-ti lators
qual-time correlator with QCD fields with HQET fields

> A sequential effective theory:

- LaMET: Agcp, mq < P# and integrate out P*

- bHQET: Aqcp K mq and integrate out m

= Introduce a hierarchy Agcp K my K P*

29



Recipes for Heavy Meson Distributions from LQCD

> Lattice feasibility at this stage:

Aqcp~ hundreds MeV << Mo << PZ~4GeV

1 GeV 5 GeV mp

v

Window for heavy meson mass

v' Heavy quark flavor symmetry ensures that the HQET measurement is

independent of heavy quark mass;

v’ mgq (m, or my) only contributes to the power corrections.

Agcp m§  Agep
(yP?%)2’ (P%)2" my

Power corrections:




Heavy Meson LCDAs from Lattice QCD

S



The First LQCD Implementation of Heavy Meson LCDAs

v A numerical simulation on the finest CLQCD ensemble
(a = 0.05187 fm);

v" Simulate the D meson with mp = 1.92GeV,
up to PZ ~ 3.98GeV:;

v Predictions for D meson QCD LCDA and heavy meson
HQET LCDA at leading power accuracy.

LPC, Phys.Rev.D 111 (2025), L111503; PRD111 (2025), 034503

Quasi DA and QCD LCDA

$(x. P?)
oG, 1)
-0.5 i 15
HQET LCDA
| wr;ak(w’ /4)
. Pi(@; A=0.4GeV)
@@ A=0.6GeV)
3 @k (0; A=0.8GeV)
S 05
0.0

52



Towards More Precise Predictions: What can be Improved?

v" A numerical simulation on the finest CLQCD ensemble wm) O Multi lattice spacings and

(a = 0.05187 fm); continuum limit

v Simulate the D meson quasi DA with mp, =~ 1.92GeV,  wmp - @ NySicalmass

up to P% =~ 3.98GeV; O Infinite momentum limit

O Power corrections?
v Predictions for D meson QCD LCDA and heavy meson

) ‘ A%QCD 042 0
HQET LCDA at leading power accuracy. P2~ (ay)?2 < 1%
mo 2 sy
(P?7)2 42 a 0
A 0.4
B = 20%

mp 2 55



Towards More Precise Predictions

Large statistics calculations on CLQCD ensembles

Ensemble L3xT a (fm) m,, (GeV) P? (GeV) Ngtats
F32P30 323%96 0.07750 303.2(1.3) Up to 2.5 183600
F32P21 323x64 0.07750 210.9(2.2) Up to 2.5 29376
G36P29 363x108 0.06826 295.1(1.2) Up to 2.5 112832
H48P32 483x144 0.05187 317.2(0.9) Up to 3.5 108000

7" & 16 1&
B ——
v" Multi lattice spacings: Continuum extrapolation. b g e-00%8Mm
v' Multi pion masses: Chiral extrapolation. %4 ._ ; a:O'Offm g
v" Multi boost momenta: Infinite momentum extrapolation. 23 : ) E
v Large statistic. A
v' Discretization effects well controlled. o 1 2 3

P* [GeV]



QCD LCDA of D Meson from LaMET

Quasi DAs:
* a-dependence, PZ = 2.5GeV « PZ?-dependence, a = 0.052fm

1 r N 7 a=0.078 fm __ 1.0 , § P=249GeV _:
* = a=0.068 fm | [ S P’=299GeV |
. T 4=0052fm | . s T P=349Gev ]
NDN‘\ *= - ;: % | NQ.:\ 05 = :.:_Q_Il ]
Y - * £ S - % Tt X T
2 0F . - F 2~ 0.0 F - 5 S x T 17
S i " Fpg i) S [ « 2 Ty ¥l =
P Preliminary | 0.5 | = = ]
| ; = i E == ]
_1 ) ) ) ) 1 ) ) ) ) 1 ) ) _10 A A A A 1 A A A A 1 A A A A 1
1t T - 10 &~ .
NQN.\ - = . i NQN 0.5 —-e- IFI 7
= F - = I ¥ E Sﬂ - 3
£ 0 F = - 5_;{ . £ 00 F % = iTT p SENEY &
R - i b = : e
T - -0.5 T 1
-1 ‘ ' -1.0 : : :
5 10 5 10 15
A A

LPC, 2601 .xxxxx



QCD LCDA of D Meson from LaMET

Matching from quasi-DA to QCD LCDA: -

TRy yoou\ 2t . -
— ok LA P? H(x, P* =3.5GeV)
P #) /—oo || C(x’xPz)¢(x’ ) [ $(y.p=mp)
oy i Agen |
(P=)2’ (yP=, (1 —y)P*)? Lt
Liu, Wang, Xu, QAZ, Zhao, PRD 99, 094036 (2019)
Han, QAZ, et.al., PRD111, 034503, (2025)
0
. Preliminary
« Power corrections: Iy 00 05 0
AZ
QD h(19%) - _ . . .
(yPZ%)? 0) : Subordinate, only contribute to end-point region.
2
mp i : :
(P)? ~0(10%) : Dominant, contribute to all region.
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QCD LCDA of D Meson from LaMET

Full distribution of D meson QCD LCDA from LaMET:

25 B a =0.078 fm, P% =2.5 GeV, my =0.3 GeV '
[ a =0078 fm, P% =2.5GeV, my =021 GeV | .
_ 40008 m, P72V my 036V ] Power correction Agcp/(xP?)?:
L a =0.052 fm, P< =25 GeV, m; =0.32 GeV J
20 F a =0052fm, P%=30GeV, my =032GeV o
= ' Pa | « Significant at end-point region
Q15 | ] (x - 0,1) of the QCD LCDA;
[l 1
:: « Can be improved by considering
= 1.0 i
< the renormalon resummation.
0.5 .
Su, Holligan, Ji, Yao, Zhang, Zhang, NPB 991, 116201 (2023)
0.0 L 1 L 1 L L | ! L ! ! | L L 1 !
04 0.6 0.8 1
X
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Recap: LaMET vs. Lattice OPE

« For QCD LCDA:

- LaMET Lattice OPE

1) Full distributions
2) Directly comparison to

Pros Sremermanalie 2) Low moments can be precise —good
3) Detailedpartonicstructure
1) Need large momentum 1) Only provides a finite number of
Cons 2) Sizable-power-corrections moments
m?2

1) No need for large momentum

in LaMET can be benchmarked by the lowest order

. D
The power correction (P2)?

moments calculated from lattice OPE


Qi-An Zhang

Qi-An Zhang

Qi-An Zhang


D Meson Moments from Lattice OPE

1.000 A

0.975 4

0.950 4

0.925 4

0.900 4

0.875 1

0.850 -

Mellin moments from lattice QCD

(010, D(P))
(010,,,| D(P))
(0107, 1 D(P))

(010,,,, 1 D(P))

puv

Zeroth moment

i fmPp (1),
fMPPPN<£>9

_szPpPu,PVCI-)?

_ifMPPPMPV<£2>9

® a=0.078fm
extra_Zerothmoment:0.994(18) ® a=0.069fm
® a=0.052fm
P I . . ® a=0.105fm
r‘e lml nClI"Y ® Physical point
[ ]
L]
[ ]
[ ]
©
150 200 250 300 350

pion mass(MeV)

—-0.24 -

—0.26

—0.28 A

—0.30 A

—-0.32 -

—0.34

0, =
Opp =
Opp =

o =

ppv

First moment

g7 p75C,
= —
q _D(u - D(u]')’p)"/5ca

— — - - —
g| DD, — 2D, D, + D, D,|y,yysc,
e = — - - -
q(DwuDy + 2D, D, + D(MDV]7p)75ca

Second moment

+ extra_Firstmoment:-0.2416(89) - 0.27 1

+ 0.26 -

0.25 -

®
® a=0.078fm -
] extra_Secondmoment:0.256(17) ¢ a=0.078fm
’ = - 0009 :m o2 - ® a=0.069fm
mi : :33'33;2 . ® a=0.052fm
Preliminary § 5o Preliminary | ¢ a-oosm
L = 0.23 & Physical point
150 200 250 300 350

pion mass(MeV)

150 200 250 300 350
pion mass(MeV)
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D Meson Moments

« Gegenbauer moments from LaMET: Vs.  Moments from Lattice OPE
$x,p?) = 6zl —D)|1+ > an(ud Cy?2z - 1),
n=1
n aj a as ay
2 -0.393(19 0.130(14
LaMET o e
(fit up to nth 4 -0.401(22) 0.129(22) -0.012(16) 0.013(12)
order)
6 -0.390(25) 0.109(29) 0.013(28) -0.032(23)
8 -0.369(33) 0.091(52) 0.044(39) -0.055(52)
Lattice OPE -0.403(23) 0.167(61) -
Preliminary

The power correction

to systematic errors.

(P

mp

2)2

can be benchmarked by a; and a, terms, and contribute



Regions of QCD LCDA

2.5 |
Peak region: y ~ 22¢P 15
gion: y - R ]
Q |
 Light quark carries small 191
momentum fraction;
* Related to the HQET
LCDA. 00

Ishaq, Jia, Xiong, Yang, PRL125(2020)132001
Beneke, Finauri, Vos, Wei, JHEP 09, 066 (2023)

2.0 |

0.5 |

||||||||||||||||||||||||

Preliminary |

End-point region:

« LaMET matching kernel suffer
large power corrections.
» Lattice QCD predictions fail

Tail region: y ~1

« Contain only hard-
collinear physics;
» Suppressed in LCDA.

“



Prediction for HQET LCDA

Matching to leading twist HQET LCDA: QCD LCDA, nonperturbative

A CANER

2 2 2 2
ﬁ[1—%(%ln2%+%ln%+%ln%+%+4)+(’)(a§) w ~ AQep

4

N[
=3
T |E
N—
+
w
£,

(2—ln§>]+(9(a§), W~ My
Beneke, Finauri, Vos, Wei, JHEP 09, 066 (2023)
Lee, Neubert, PRD 72, 094028 (2005)

&

Prediction for HQET LCDA from first-principle:

1.0 .
3 |
05| -
From perturbative |
From LQCD \

T

Preliminary

: > 3
w (GeV) 9z



Prediction for HQET LCDA

Matching to leading twist HQET LCDA: o <chn>
m
Q
4 2 2 2 2
ﬁ [1— el (%ln2 ;r‘jTH-}— %ln;% + %lnfr;‘%-l— 7{—24—4) —}—O(a?)] (s 1), w ~ Aqcp
ot (w, 1) = S
i [(3-ng) + 8 (2-1m3)] 40 (e, oy
\
mg is a tunable scale in the lattice simulation!
The my-RGE of heavy meson LCDAs:  Wang, Xu, QAZ, Zhao, arXiv:2411.07101 [hep-ph]
0 0 as5[ T T T
— —u——1—~v(mg, u)] d(u, pymeg) = 0 : $(u,mc,k=8GeV) |
3mQ Ou N N O (u,2m, u=8GeV)
(u,3m;,u=8GeV) -

25F

20F

@(u,mq,H)

The power correction < Aqcp/m( can controlled by

computing at a range of m, and extrapolate to the

mgy — limit.
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Model-independent Parametrization of HQET LCDA

« Rebuild the full distribution of the HQET LCDA from a model-independent parametrization:
Feldmann, Lughausen, Dyk, JHEP10, 162 (2020)

—w/wo
+ _ we ak () LW
ot (w,p) = 2 ’; Tk L (2w/wo),
1.0 | = -
! K=1 |
. )
3
'35 0.5 -
" Preliminar
00 b
1 2 3



Inverse and inverse-logarithmic moments

Predictions of inverse and inverse-logarithmic

moments from the full distribution of HEQT LCDA:

_ *° dw
A = [ e,

o (1) =Ap () /OOO o (ﬁ)w ot (w, ).

w

Ag (GeV) "
Our work 0.414 (16) 1.451 (19)
PRD98 (2018) > 0.24
JHEP (2020) 0.383 (153)
PRD72 (2005) 0.48 (11) 1.6 (2)
PRD69 (2004) 0.46 (11) 1.4 (4)

PRD55 (1997) 0.35 (15)
PRD101 (2020) 0.343*3-0%4
PLB848 (2024) 0.338 (68)

Preliminary, only statistic error
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Heavy Meson Shape Functions from Lattice QCD



Heavy Meson Shape Functions

 Connections between SFs with HQET and QCD fields:

Zpeak(a:7w71u) 2 SHQET(WMU') y LY 1

SP(z, p) = - -
lllustration of the matching based
Ziai (T, 1) z~0 on modelized QCD SF
with NLO matching kernel in peak region: ¥
SQCD(X,//,-)
(1) (1, op* 3 pF w AHQET
Zpeak(:c,w,,u) = (5 In m_g ~3 In m_g + T 2 10 == S ((1-X)mp, 44)
x&(xmpvT — mpvT —wot).
. . 0.5F
and tail region
1 142 fie”
71) = 14 _ 0.0
tall(x’ 'u) mbv+ 1 — [ + = (1 —_ x)zmg] ------------------
OIO . 0..2 - 04
« Lattice QCD calculations are in progress. X

Wang, Xu, QAZ, Zhao, PRD112 (2025), 054044
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Summary and Outlook

v" We propose a practical first-principles strategy to predict heavy meson structure

distributions (LCDAs and shape functions) from lattice QCD.

- Heavy meson LCDAs: « Heavy meson shape function:
v' Factorization has been established; v Factorization has been proposed:
v Systematic lattice QCD calculation is O Expecting further validation in lattice
now complete; QCD calculations.

v' The next step is to properly control the
systematic uncertainties, especially

| Thanks for your attention
from power corrections.

v" A new era of lattice QCD calculations of heavy meson distributions, with the prospect of

providing more precise nonperturbative inputs for both theory and experiment. .
4



