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Personal Charming Excursion

Gao, Huber, Ji, YMW, Next-to-next-to-leading-order QCD prediction for the photon-pion form
factor, Phys. Rev. Lett. 128 (2022) 062003 [this talk!].
The first two-loop calculation of the yy* — 7° form factor at LP.

Khodjamirian, Meli¢, YMW, Wei, The D*Dx and B*BT couplings from light-cone sum rules, JHEP
2103 (2021) 016 [this talk!].
The complete NLO calculation of the H*H7 couplings at twist-3.

Li, Lii, Wang, YMW, Wei, QCD calculations of radiative heavy meson decays with subleading
power corrections, JHEP 2004 (2020) 023 [this talk!].
The first-ever calculation of the hadronic photon corrections to the H*Hy couplings at NLO.

YMW, Shen, Subleading power corrections to the pion-photon transition form factor in QCD, JHEP
1712 (2017) 037 [this talk!].
Explicit demonstration of the renormalization-scheme dependence.

Li, Shen, YMW, Joint resummation for pion wave function and pion transition form factor, JHEP
1401 (2014) 004.
Resummation improved TMD factorization for the © — 7y form factor.

Khodjamirian,Klein, Mannel, YMW, How much charm can PANDA produce?, Eur. Phys. J. A 48
(2012) 31.

Khodjamirian, Klein, Mannel, YMW, Form Factors and Strong Couplings of Heavy Baryons from
QCD Light-Cone Sum Rules, JHEP 1109 (2011) 106.
New strategy to get rid of the background contributions from negative-parity baryons.
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Personal Charming Excursion

Khodjamirian, Mannel, Pivovarov, YMW, Charm-loop effect in B — K )¢t ¢~ and B — K* ¥, JHEP
1009 (2010) 089.
The first QCD calculation of the non-factorizable charm-loop effect.

YMW, Zou, Wei, Li, Lii, FCNC-induced semileptonic decays of J |y in the Standard Model, J.
Phys. G 36 (2009) 105002.

YMW, Zou, Wei, Li, Lii, Weak decays of J/y: The Non-leptonic case, Eur. Phys. J. C 55 (2008)
607.

YMW, Lii, Weak productions of new charmonium in semi-leptonic decays of B., Phys. Rev. D 77
(2008) 054003.

YMW, Zou, Wei, Li, Lii, The Transition form-factors for semi-leptonic weak decays of J/y in QCD
sum rules, Eur. Phys. J. C 54 (2008) 107.

@ Chang, Li, Li, YMW, Lifetime of doubly charmed baryons, Commun. Theor. Phys. 49 (2008) 993.

@ Li, Zou, YMW, Twist-3 distribution amplitudes of scalar mesons from QCD sum rules, Phys. Rev.

D 75 (2007) 056001.

He, Li, Li, YMW, Calculation ofBR(I_B0 — Acp) in the POCD approach, Phys. Rev. D 75 (2007)
034011.
The first-ever PQCD calculation of the baryonic bottom-meson decays.

Li, Liu, YMW, Calculation of the Branching Ratio of B~ — h.K ™~ in PQCD, Phys. Rev. D 74
(2006) 114029.
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Calculational Tools for Charming Physics

@ Lattice QCD Technique:
> First-principles calculations numerically.

> Very challenging in particular for non-local matrix elements.

@ Light-Cone Sum Rules in QCD/SCET [Khodjamirian, Meli¢, YMW, arXiv: 2311.08700]:
> QCD factorization for the correlation function in the appropriate kinematical region.
> Hadronic dispersion relation for the the correlation function.
> Matching with the aid of the quark-hadron duality ansatz.

> Constructions of the sum rules with different LCDAs possible.

@ QCD/SCET Factorization:
> Less assumptions theoretically, more challenging conceptuallly/technically.

> Parametrically power suppressed corrections numerically dominant.
— Rapidity divergences in the subleading-power factorization formulae.

> Heavy-quark expansion less effectively in comparison with beautiful physics.

@ TMD Factorization:
> Including the Sudakov mechanism, but no definite power counting scheme.

> Definitions of TMD parton densities more complicated.
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Part I: Radiative M™ — My decays

@ Why radiative heavy-hadron decays?

> Explore the emerged symmetries of the QCD Lagrangian in the limit of mg — oo and m, — 0.
Heavy-hadron chiral perturbation theory [Burdman and Donoghue, 1992; Wise, 1992; Yan et
al, 1992].

> Determine the magnetic susceptibility of the quark condensate (i) [loffe, Smilga, 1984].

(017 64v4|0)F = gem X (1) Fuv {017 Gpuvg0) .

Already discussed in the context of IRRN py [Balitsky, Braun, Kolesnichenko, 1988].

> Fundamental ingredient of describing the soft photon correction to any exclusive
heavy-hadron decay.

QED factorization for heavy-hadron reactions works for the hard/collinear photon exchange.

> Nontrivial applications of the double dispersion sum rules in QCD.
Originally discussed in the context of J/y — 1.y [Khodjamirian, 1979].

> Delicate interplay of the LP and NLP effects numerically.
Formally LP contribution can be of minor importance in practice.

@ Major task: Hadronic photon correction to radiative M* — My decays.
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General aspects of radiative M™ — My decays
@ The magnetic coupling M*My in QCD:

(o)

(Y, " )M(q)IM* (p+q)) = —gem Evr My Euvps ™ €¥ PP ¢° .

@ Alternative definition in terms of the vector-to-pseudoscalar transition form factor:

207 (p?)
M(q)|fSm M €)) =gem ——— Euvps €' PP 4° .
< (Q)l]u| (PJrqv )> gemmv+mP uvps € P q
The exact relation in QCD:
2
iy = ——— Y (p? =0).
8m*My my +mp p )

@ The general strategy of constructing the sum rules [Li, Lii, Wang, YMW, Wei, 2020]:

M (p,q) /d4xe D (y(p, ) IT {@(x) %01 Q(x), 0(0)154(0) } [0) -
Power counting scheme:
np~O(mg),  |(p+a)f —mp|~Omg),  |g*—mp| ~ O(mp).
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The M*My coupling @ LP

@ The “point-like" photon contribution:

7(p); 7 (p);

Yl = Yyl Ve
P e P < Yown q

(a) (0)

@ The on-shell photon radiation off the heavy quark computed from the local OPE technique.
@ The on-shell photon radiation off the light quark:

dPr 1
@m)P [(£—p—q)* —m +i0][¢2 +i0][(¢ — p)? +i0]

H;ll(b)(p7(I) = Nceg8em /

{mo T 15" ) —my Telns i (1)}

hard region hard and collinear regions

The photon distribution amplitudes needed to parameterize the collinear contribution.
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The M*My coupling @ LP
@ The OPE result in the dispersion form:

(per)
H(per) Ne / / P (s1,52)
- m /7 4 . AT
P.a) > (471'2) Bem M0 Eupan o1 . a2 [s1 — (p+q)? —i0][s2 — ¢*> — 0]

The QCD spectral density at one loop:

?, i m
p(per)(51752) = —8(s1—52) {EQ |:(1rq) <1> +ln< Q>:| —ey ( Q)}
52 52 2

x 0(s2 —mZQ) +0(ay).
> The resulting sum rule insensitive to the shape of the duality region.

> Both the ep and ¢, terms lead to the LP contributions to ITy (p,q).

@ Hadronic dispersion relation:

2

Zemfpfv my gumy mp
I, (p, = —§
u(p-9) “”"{[mzv—<p+q>2—ionm%—q2—im g +mg

(hdd)("l $2)
ds, | d
/ Sl/ 2 —(p+a)? =0l — —10]}

p"(s1,82) PP (s1,52)

(s1=(P+9)*)(s2—4) (s1=(P+q)*)(s2—¢%)
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The M*My coupling @ LP
@ The yielding LCSR for the “point-like" photon contribution [Li, Lii, Wang, YMW, Wei, 2020]:
2 2

N, 2s—my, —m
fPfV,quVggf;aly = <47;2) mg/ dsexp{ #}

ol ()] )

> Power counting scheme for the sum-rule parameters:

32, 12
my ~mp ~ mg+AqQcp , 50 ~ (mg + ap)?, fp~fV~AQ/CD/ 2,

> Decomposition of the LP effect:

(per) _  (per,D) (per,TI) (per, TIT)
Emmy = ‘QgM*My+€Qr</gM*My teq8umy” -

Asymptotic scaling laws for the separate terms:

g(per,[) - L (2] } g(per LI) g(pir I[l) 1 (2] : )
MMY " mg \Aqep ) T SMTMY EMIMY T Agen \ Agep

> In agreement with the HHYPT predictions [Manohar, Wise, 2000].
> The substantial cancellation for the magnetic couplings DH) DJr VY-
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The resolved photon correction at twist-2

@ The non-perturbative hadronic input.
> The twist-2 photon LCDA in SCET:

(r(p.n"IE We)(Tn) o5 (WL E)(0)]0)
= —igemeq X (1) (@) (1) (PN — Palp)

1 .
X | due™" P gy(u,p).
0

@ The resulting LO factorization formula:

¢Y(ut /“l)

-1
Htw2 , = —gem A £ */ d .
wLo(P,4) = —gemeq X (1) (Gq) (1) Eupgn A uﬁ(erq)QHquzQHO

@ The twist-2 LCSR at tree level:

fva#Pngz(\fzv*vzsz/O) —eqx (1) {ag)(u < >/ dseXp{ M? }

Asymptotic scaling in the heavy quark limit:

g(lw2,LO)N 1 ( [ >
MMy Aqgep \ Agep /)

— Suppressed by a factor of Aqcp /@y compared with the “point-like" photon effect.
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The resolved photon correction at twist-2

@ Hard-collinear factorization at NLO in QCD:

o Ty T e T

> Perturbative QCD matching with the evanescenet operator approach.

> The NLL resummation of the enhanced logarithms with the RG formalism.
> The yielding QCD factorization formula [Li, Lii, Wang, YMW, Wei, 2020]:

TR (P, 9) = —gem g X (1) (@9) (1) Eupgn- /:dsl /Owd” [s1 — (p+ql)2][srqz]

o, C
 [prors2)+ SUIEE o)

The structure of the NLO spectral density:
mypPs152) = {[[pi(r.0)+pulr.0) nr+ pum(r,0) (In?r—7%)| 6&)(r—1)
B
+[pu(r,0)+2pm(r,o) Inr] e In|1 7r\} 0(s 7)71%)) 0(s2 7sz).

@ The NLO twist-2 LCSR depends on the shape of the duality region.
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The two-particle higher twist corrections

@ The two-particle light-cone corrections [Ball, Braun, Kivel, 2002]:
(Y(p,n7)1@(x) We(x,0) op ¢(0)[0)

1 ) 2
= —igem Qg (q9) (1) (Pg Mo — Par né)/o dze'* > |:X(,u)¢y(Z,IJ)+%A(Z,IJ)

i q * * ! izp-x
5 gem Qg ‘<qZ>.‘(x“’) (xp M=) |z (0.
@ The two-particle twist-3 LCDAs:
1 ) '
(r(p,n")|g(x) We(x,0) Y2 9(0)[0) = gem Qqf3y (1) Mg /0 dze Pyl (2 ).
.0 a We(x.0) 125 40/0) = 55 0ufsy () eaper® s P

1 ) !
X / dz e Pyl (z, ).
0
@ The yielding tree-level LCSR [Li, Lii, Wang, YMW, Wei, 2020]:

m3, 4 m}
fPfVﬂPngﬁfE? exp {— < : P)}

M2

-4 [mgfw(u) Yo (;u> + <Mz§+;> @) () A (i“)

— Suppressed by 1 and 2 power(s) of Aqcp /@y compared with the twist-2 effect.
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The three-particle higher twist corrections

@ The three-particle higher-twist correction at LO in QCD:

@ The quark propagator in the background gluon field [Balitsky, Braun, 1989]:

el 4 : uxy Yv m, v
O g 0)}10) S [ 3 e /Oldu{ ube (k2 m) o

G*Y (ux).

(2n)* K—m2  2(k2—m2)?

@ The three-particle photon distribution amplitudes [Ball, Braun, Kivel, 2002]:
(Y(p,1")1@(x) We(x,0) 5 G (vx) % ¥5 4(0)[0)
= —sem Qufiy(1)Pp (pp e —pa ) [ [Fu] 0 Aot ).
(v(p,n")1(x) We(x,0) gs Gap (vx) ivp 9(0)[0)
= —em Qufsy ()P (P e —pap) [1705) O ().
Conformal expansion at the P-wave accuracy in practice.
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The three-particle higher twist corrections
@ The resulting tree-level LCSR [Li, Lii, Wang, YMW, Wei, 2020]:

mE +mb —2m2
frfv ﬂvagﬁl:zTy) = —(qq)(u)exp [(%)]

(o501 (00) 1 (00)5(300) 5 (00
7y (5'0’”> +2§(%,1.p) 27 (5’1"“) 127y (5,1,;1)]
+eg [§y (%,O,p) -7 (%,o,u) +277 (%1,4)] }

Only depends on the midpoint values of the photon LCDAs.

@ The scaling behaviour in the heavy quark limit:
(3PHT) (3PHT) 1
8y laga ~ 8huy lagy ™~ € <”TQ> '

Doubly suppressed by a factor of A(Z)CD/(’"Q ) compared with the twist-2 effect.

@ The final expression of the magnetic M*My coupling:

(per) (tw2,NLL) , (2PHT) , (3PHT)
EM*My = gM*My+gM*My t8umy T8mrmy -
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Theoretical predictions of the M*MYy couplings

@ Numerical patterns of distinct mechanisms [Li, Lii, Wang, YMW, Wei, 2020]:

DDty | DDy | D*Dfy || B**Bty | BBy | BOB0y
g, (Gev) || 0032 | 073 0.024 084 | —056 | —047
gy (Gev ) ~0.50 0.99 —0.41 0.96 —048 | —037
g (Gev) || —045 0.89 ~0.36 0.79 —040 | —031
Shrnny (Gev) 0.18 —037 0.14 —0.18 | 0089 | 0.067
ghrny (Gev) 0.14 0.23 0.1 —0.017 | —0.036 | —0.027
ey (GeV ) ~0.15 148 | —0.079 144 | —091 | —074

> The LP effects of the magnetic couplings D’(*:; D:.:) v highly suppressed.

> The twist-2 hadronic photon effects determined by the electric charge of the light quark.
> The NLO QCD corrections to the hadronic photon contributions around (10 — 20)%.

> The 2- and 3-particle higher-twist corrections of minor importance in the bottom sector.

> Heavy quark expansion indeed less effectively in the charm sector.
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Theoretical predictions of the M*MYy couplings

@ Summary of various theory predictions:

8p*+pty 8p+0p0y 8pitpiy 8prtpty 8p+0p0y 8p:0p0y
(Gev™) (Gev—1) (Gev—1) (Gev—) (Gev—) (Gev—)
: +0.11 +0.29 +0.086 +0.22 +0.12 +0.09
this work —0.15%910 1.481029 —0.07970050 1.441072 —-0.911013 —0.7410%
HHyPT —0.2740.05 | 2.19+0.11 | 0.04140.056 14540.11 | —1.01£0.05 | —0.70+0.06
+0.19 +0.35 +0.19 +0.19 +0.12
HQET+VMD —0.297013 1.607032 —0.19704% 0.9910-33 —0.587013 -
+0.05 +0.11 +0.06
HQET+CQM —0.3870-0° 1.91+0.09 - 1457012 —0.8210-0¢ -
Lattice QCD 0.2+0.3 2.0+0.6 - - - -
LCSR —0.5040.12 | 1.52+0.25 - 1.68+0.17 | —0.85+0.17 -
QCDSR —0.197093 | 0.62+£0.03 | —0.20+0.03 — - -
RQM —0.4440.06 | 2.15+0.11 —0.1940.03 1.66+0.11 | —0.93+0.05 0.65+0.03
experiment —0.47+0.06 1.77+0.03 — — — —

> Our LCSR calculations generally consistent with the HHYPT and Lattice QCD predictions.

e 2 A ¢
gM*My:;QQ <1+§@)+€qﬁ+3u(§).

> The experimental value of gps«+p+, from the CLEO data. By contrast, gp«0 DOy from the
BaBar and BESIII data of % (D*® — D°y) with the estimated [(D*") = 55.4 + 1.4keV.,
> The D;" decay width dominated by the QED interaction instead of the strong interaction.

> NLO QCD correction to the “point-like" photon contribution in high demand.
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Part II: The D*Dn and B*B7 couplings

@ Why strong couplings of the heavy hadrons with a pion?

> Among the most important hadronic parameters of heavy flavour physics.

2 2i .
L = <ﬁ PV Pyay My, +h.c.> - % P PP OV My e pu v

n n

> Phenomenologically relevant to the determination of the CKM matrix element |V,,p|.
> Longstanding puzzle between the LCSR result and the experimental value of gp«pz.

> Nontrivial constraint on the twist-2 pion distribution amplitude.
— Fundamental theory input for the QCD description of the pion physics.

@ Current theory status:

> The first-ever LCSR calculation of the strong couplings H*H7 [Belyaev, Braun,
Khodjamirian, Riickl, 1995]: gp+pz = 12.5£1.0 [gp prexp = 16.8£0.2].

> The NLO QCD correction to the twist-2 LCSR [Khodjamirian, Riickl, Weinzierl, Yakovlev,
1999]: gp+pr = 10.5+3.0.

> The complete NLO LCSR at twist-3 and the rigours LO calculation at twist-4 [Khodjamirian,
Meli¢, YMW, Wei, 2020]: gp+pz = 14.1713.
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Aspects of the strong H* — Hr decays

@ The strong coupling H*H7 in QCD:
e
(H @(p)H(p+4)) = —grump*el”

> The static limit of the strong coupling in the LP approximation:
2my
8H*Hr = T gz +O(A/mg).
Vg

> Nontrivial relation between gg«yx and f; (¢%):

+ 2 o gH*Hﬂ?fH* / Imeﬂ
= + = dr ——=
Jiin(q) 2mpe (1— 2/mH*
m1-1+mn
J
2mpgs
gH'Hr = 3 lim [(1—qz/m%1*>f§n(qz)]-
fH* qzﬁmz*

@ The general strategy of constructing the sum rule:
> Both interpolating currents are renormalization invariant in QCD.

Fu(g.p) = l/d“xem P)IT{a1 (x) 1 Q(x), (mg +mg,)2(0) i542(0)}|0) .
> Power counting scheme for the OPE calculation:

méfq2 Nmé) - (p+t])2 ~ 0 (mpT), 7> Agcep -
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LCSR of the strong coupling H*H®

@ Hard-collinear factorization formula in the dispersion form:

=) oo

ds ds
et = | G [T P )

> Double expansion of the correlation function in QCD calculation.

> A nontrivial task to extract the double spectral density beyond the LO accuracy:

(OPE)( (OPE) (

1
51,5) = ?lm.\llm.\zFL 51,5) .

p

@ Hadronic dispersion relation:

mEmyfu o u- iz
(mf; — (p+9)?) (m3. — q?)

F(q*,(p+4q))

" (s1,52)
+ dsyds . +
£ o= p+a)) s —a)
@ Parton-hadron duality ansatz:
ph(sl,SQ) (OPE)(SI 52)
dsy ds = || dsyds .
£ e a6 -4 £ et -4

Introduce the additional uncertainty due to the dependence on the duality region.
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LCSR of the strong coupling H*H®

@ The resulting LCSR for the coupling H*Hm [Khodjamirian, Meli¢, YMW, Wei, 2020]:

* 8H* = ———exp| —+
foH 8H*Hr 2 - p(M% M%

Ly
52 S1 (OPE)
X ffdszdsl exp (—M—%—W)D (s1,82)-

Can be further improved by including the excited heavy-light states.
But introduce an almost uncontrollable model dependence in the hadronic part.

@ Theory summary of the OPE calculation:
> LO QCD calculations of B — P form factors [Belyaev, Khodjamirian, Riickl, 1993].

> NLO QCD calculations of B — P form factors at twist-2 accuracy [Khodjamirian, Riickl,
Weinzierl, Yakovlev, 1997; Bagan, Ball, Braun, 1997].

> NLO QCD calculations of B — P form factors at twist-3 accuracy [Ball, Zwicky, 2005;
Duplancic, Khodjamirian, Mannel, Meli¢, Offen, 2008].

> Improved NLO QCD calculations of B — P form factors at twist-3 accuracy [Khodjamirian,
Mannel, Offen, YMW, 2011].

> (Partial) NNLO QCD calculations of B — P form factors at twist-2 accuracy [Bharucha,
2012].

> Twist-5 and -6 corrections of B — P form factors in the factorization limit [Rusov, 2017].
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LCSR of the strong coupling H*H®

@ Structure of the QCD spectral density [Khodjamirian, Meli¢, YMW, Wei, 2020]:

o C
PO (s1,s2) = P(LO)(ShSzHT;P(NLO)(SI,Sz),
p(LO) (SI ,32) _ [p(tw2,LO) +p(tw3p.L0) +p(twﬁio',LO)
+ p(lW3~qG‘I) +p(lW4-V) +p(lW41¢) +p(lW4quQ)} (51752) ,
p(NLO) (51752) _ p(tWZ,NLO) (Sl 752) +p(1w3/7.NLO) (‘\'1 7“,2> + p(tw30"NLO) (-“1 .Sz) )

> Implement the continuum subtraction for all twist-3 and twist-4 terms at LO.
> The first derivation of the NLO twist-3 spectral densities:

2

NLO) d &
p! (S1732):(ﬂ)75(r1*r2)+(ﬁﬁ)ﬁlﬂ|r|*r2|~
i

dry

Dependent on the duality region due to the 2nd term.
@ Choices of the duality region [Balitsky, Braun, Kolesnichenko, 1988]:

s\ 5\
(71> +<£> <1, sl,SQZmZQ.
Sk S

Adjust s to provide equal diagonal intervals at o = 1, 1/2, 2.
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Twist-2 pion distribution amplitude
@ The key nonperturbative input ¢ (1/2, i) for the tree-level LCSR:

@z(1/2,1GeV) 1.5-2.25a,+2.8125a4 —3.28125a6 4+ 3.69141ag + ... ,
02(1/2,3GeV) =~ 1.5-1471ax+1.515a4 —1.553a6+1.585as+....

2

> The sign-alternating contributions from the different conformal-spin waves.
> RG evolutions suppress the higher-order terms in the Gegenbauer expansion.

> Sizeable non-asymptotic corrections at the practical energy scale.
— @r(1/2, p) provides nontrivial information on the LCDA shape.

@ Two different phenomenological models.
> Model-I [RQCD Collaboration, Bali et al, 2019]:

I(2+20y)

P P an?

u® (1—uw)® . oz (2GeV) = 0.5851908L .
Inspired from the light-front holographic QCD approach [Brodsky, Téramond, Dosch, 2013].
> Model-II [Cheng, Khodjamirian, Rusov, 2020]:
a, =0.270+£0.047, a4 =0.1794+0.060, ag =0.123+0.086.

Comparing the LCSR calculation of the pion form factor with the experimental data.
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Theoretical predictions of the H*Hm couplings

@ Numerical impacts of the higher-order corrections [Khodjamirian, Meli¢, YMW, Wei, 2020]:

LCSR result tw 2 LO tw2NLO | tw3LO | tw3 NLO tw 4 total
< g 0.188 (Model I 0.684
Iofor g0+ ( "1 o040 | 0333 | o115 | -0001
[GeV?] 0.156 (Model II) 0.652
- 0.416 (Model I 1.037
Joo 85 ( "1 o081 0395 | 0.148 | -0.004
[GeV?] 0.367 (Model II) 0.988

> The non-asymptotic correction to the LO twist-2 term approximately 20% (10%) for the
charmed- (bottom-) couplings [comparing the results of Model-I and Model-II].

> The non-asymptotic corrections to the LO twist-3 term suppressed due to the smallness of
fir(1GeV) = (4.5+1.5) x 1073 Ge V2.

> The non-asymptotic corrections to the NLO LCSR indeed of minor importance numerically.

> The NLO QCD correction to the twist-3 term around 35% for both the charmed- and bottom-

couplings.

> The convergence of the light-cone OPE due to the smallness of the twist-4 terms.

> The heavy-meson decay constants serve as the fundamental hadronic inputs.
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Theoretical predictions of the H*Hm couplings
@ Systematic uncertainty from the duality shape [Khodjamirian, Meli¢, YMW, Wei, 2020]:

LCSR result o tw 2 NLO | tw 3 NLO
12 0.056 0.128
fofo- gpepx [GeV?] || 1 0.049 0.115
2 0.038 0.093
172 0.090 0.158
f3/5+ 855 [GeV?] 1 0.081 0.148
2 0.066 0.131

> Generally (10 —20)% uncertainties for both the charmed- and bottom-couplings.

> Earlier discussion on the choices of the duality region with nonrelativistic QM sum rules
[Blok, Shifman, 1993; Radyushkin, 2001].

@ Final numerical results of the strong couplings:

@z(1/2) || decay constants gp*Dr BB 2 8 [GeV]
Model 1 2-point sum rule || 14.5733 | 24.17%3 | 0.1870:03 | 3.2870:62
Lattice QCD 141713 | 300135 | 0.307092 | 1.17705:

2-point sum rule || 13.8731 | 23.0733 | 0.17750% | 3317530

L 14 430 +0.03 +0.00
Lattice QCD 13,5715 | 28.613% | 0297003 | 1.18%

Model 2

Parametrization of the NLP correction in terms of & /my.
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Theoretical predictions of the H*H7 couplings
@ Fitting the hadronic parameter ¢z (1/2, ty):

T
9B*Br
9D+ Dx
[9D* Drlexp

JH*H=

W Model |
NN Model 2

0.5 1.0 1.5 2.0

2.5 3.0 3.5

> The PDG-2020 avarage:
(D — D7) = (56.5+£1.3)keV.
— [gp*Dr)exp = 16.8 £0.2.

> Our extracted value:
0r(1/2,1.5GeV) € [1.7,2.8].

Broad interval due to the mild

0x(1/2) dependence for the D* D7 coupling.

@ Summary of various theory predictions:

Method 8D*Dr 8B*Bn 4

LQCD, Ny =2 15.9£0.7793 - -

LQCD, Ny =2+1 16.23+1.71 - -

LQCD, Ny — 241 ~ 21.(0.56 +0.03+0.07) -

=453+6.0

LCSR (this work) 141113 30.0135 0.301003
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Part III: The pion-photon transition form factor

@ Theoretically simplest hadronic matrix element:

(m(p) l]flm|')/(p/)> = ggm Euvap qapﬁ €’ (p,)Fy*yano(Qz) o

> Related to the axial anomaly at 9* = —(p —p')? = 0.
> Golden channel to understand the QCD dynamics.

> ¢te collisions:
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The BaBar puzzle

@ Status of experimental measurements:

o
©
&

1)
@
v

Scaling violation?

Q?|F(Q?)] (GeV)
°
5

o
N

> Shape of pion wave function?

o
o

01 > The onset of QCD factorization?

— fit(A) . . .
— e > Parton-hadron duality violation?

30
Q? (GeV?)

@ Asymptotic limit:

lim Q2%F.--(Q?) = 2f,
N QZ%OQ +v(Q7)

Brodsky, Lepage

QCD factorization works perfectly.

Yu-Ming Wang (NKU) Charming Physics July 20, 2024

27/38



Some popular explanations:
@ Non-vanishing pion wave function at the end points [Radyushkin, 2009; Polyakov, 2009].

2 (1 gp 2
ro) = 5 e ()
N————.
T

from kt dependence of pion wave function

@ Large soft corrections at moderate Q2 [Agaev, Braun, Offen, Porkert, 2011].

0.35 T T T
oaof @ Fr0r5(Q7) 1 The “hard” and “soft” contributions
02sf ; coftihard 1 to the. 7°y*y form factor for Model-
¢ - I (solid curves) and Model-III (dash-
020F g 3
Y . dotted curves).

015 P SRS ':777&;{7{
010t //i,, 1 The experimental data are from
oot 7T T soft ] BaBar (full circles) and CLEO (open
000 s ‘ triangles).

0 10 30 40

W

@ Threshold resummation generates power-like [x(1 7x)]C(Q2) distribution [Li and Mishima 2009].
¢(Q?) is around 1 for low Q2, but small for high Q2.
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The general picture

@ Schematic structure of the distinct mechanisms [Agaev, Braun, Offen, Porkert, 2011]:

e e
T
a) b)

. . . 1 1

A: hard subgraph that includes both photon vertices I + o +
1

B: real photon emission at large distances @ +..
C: Feynman mechanism: soft quark spectator @ + ...

@ Operator definitions of different terms needed for an unambiguous classification.

Yu-Ming Wang (NKU) Charming Physics July 20, 2024

29/38



Region A: Leading Twist Contribution

@ QCD factorization formula:

2 2 _ 2 > 1
V2(Qi—0i)fs [ 0% 02050,

LP 2\ _
4 (%) = 0

Y y—n0

> Renormalization-scheme dependence due to the IR subtraction.

= Verify scheme independence of FY*Y%T[(J at NLO explicitly.

> NLO hard function in the NDR scheme [Braaten 1983 + many others]:
_ O CF

2 =
M = T 2ms B2z ()T ;
T o {X [ (21nx-i—3)an2 +In"x+(—1) T 9|+ (xex) .

> Twist-2 pion DA (collinear matrix element):

(R(PIEO)Wely.0) 75 E0)0) = ~ifpy | due™ gua ) + 017,

The ERBL evolution implies Gegenbauer expansion.
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Region A: Twist-4 Contribution

@ Subleading power correction at &(1/0%):

@ QCD factorization at tree level [Khodjamirian, 1999]:

V2(02—00fx [ [V, ¢z(x) 80 &2
0? Uo By 9 02

LP 2
PP (%) =
> Asymptotic twist-4 contribution at present.
> Two-particle and three-particle twist-4 corrections related by the EOM.
> Four-particle twist-4 correction not included and assumed to be tiny.

> Asymptotic NLO twist-4 at NLO for future.
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Region B: Photon emission at large distances

@ Hadronic photon correction:

@ QCD factorization at tree level:

V2(0h - 00 fx 16mas (1) (ag) ', 950 11 oy(y)
LP 2\ u d " Y
Fv*yanO(Q )= 02 9722 /0 dx X /0 b y2 o

Breakdown of QCD factorization due to rapidity singularities.

@ QCD calculation of the hadronic photon effect beyond the VMD approximation.
= The NLL LCSRs for the long-distance photon effect [this talk!].
= QCD factorization for the correlation function with a pseudoscalar current.

= 75 prescription in dimensional regularization.
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Hard-collinear factorization at twist-2
@ Feynman diagrams at NLO in QCD:

““‘»7_
- - o
@ The NLO factorization formula [YMW, Shen, 2017]:

1&%;@&Au4ﬂkwfm% W] 98 (x ) +6(02).

Fy*yﬁ,,o(QZ) =

@ The NLO hard matching coefficient:

o, Cr
4w

1 2 1
() = {? {7 (21n¥ +3) ln%Jrln #4570 xrllx —9}+(x’e>x’)}.

6 = —1 in NDR scheme and 6 = +7 in HV scheme.

@ Scheme dependence of the pion DA [Meli¢, Nizi¢, Passek, 2002]:
1 1 5
0 o, Cr Iny Iny
[ axtl o [0 (e - 2R (xop)] = % (@/@(—~Ff 2R () +0(a).
0 T 0 y y
yy—a0 at NLO.
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Hadronic photon correction

@ Breakdown of the direct QCD factorization for the long-distance photon effect
= Construct the sum rules for the hadronic photon correction.

@ Correlation function [YMW, Shen, 2017]:

Gu(p'sq) = [ a'ze 1= O {5, 20n(0) } 1)) = ~gEmEuvap 4° P £0(6') G, 7).

) _ . | -
=Y mQyam14; Jn:%(u}'su—dﬁd% = +q9).
q

Explicit dependence on 5 = scheme dependence of the QCD amplitude.
@ The OPE calculation at NLO in QCD:

@ The NLL LCSRs for the hadronic photon effect:

2_ 2 % a2
R @)=~ GG ) ) [ dvenp [~

x [p(o’ (5,0%) +

BCE s Qﬂ L o).
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Model dependence of the pion-photon form factor
@ Models of the pion DA [YMW, Shen, 2017]:

ax(1.0GeV) = 0217997 44(1.0GeV) = — (0.15t8;38) ., [BMS,2004];
a(1.0GeV) = 0174008,  as(1.0GeV)=0.06+0.10,  [KMOW,2011];
2n43 (T[(n+1)/2]\> )
1.0GeV) = ol Sy Holograph
an(1.0GeV) T (F[(n+4)/2] ; [Holographic],
@(1.0GeV) = 05,  a,2(1.0GeV) =0, (7).

Purple squares from CLEO.
Orange circles from BaBar.
039 el @) Brown bins from Belle.
KMOW and Holographic mod-
--=-f-- els appear to describe the data at
0% > 10GeV?.

“Soft" physics more important
at low Q2 .

The nonperturbative modifica-
tion of the spectral function
works better.

0 10 20 30 40

? [GeV*
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Model dependence of the pion-photon form factor

Theory predictions with BMS, KMOW and Holographic models [YMW, Shen, 2017]:

0.30 Q*Fny(Q%)

0.30) Q*+Fry(QF)
0.25|
0.20f

0.15} |

0.10

0.05

0.

0 10 20 30 40
Q* (GeV?)
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NNLO prediction of the pion-photon form factor
@ Models of the pion DA [Gao, Huber, Ji, YMW, 2022]:
TF2+20y)

Model I: 9n(H0) = gy (x®)%,  ag(uo) =0.4227 0%
[Holographic @ Lattice QCD 2020] ;
Model IT : {az,a4} (o) = {0.269(47),0.185(62)},
{a6,as} (1o) = {0.141(96),0.049(116)}, [CKR,2020];
Model 11 : {a2,a4} (o) = {0.20310:087, —0.143100%31 . [BMS, 2020].

@ NNLO QCD predictions [Gao, Huber, Ji, YMW, 2022]:

0.

" cLEo
0.30f e QFI eieeeie QPRI © Babur
0.4 A Bl
rrrrrr QLN —_—
0.25 0-3
0.2 ]
1.
0.20 T
0.1
Model — 1
0-15%5 10 20 30 10 -0 10 20 30 10
@ @

Very sizeable & (ocf) correction and the golden process to distinguish the various models!
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Theoretical wishlist

@ Charming physics apparently fascinating but also highly challenging.
> QCD calculations realistic for certain charmed-hadron decay observables.
> Formally LP contributions can be strongly suppressed in flavour physics.
> Hadronic photon contributions suppressed by Aqcp /@y instead of Agcep/mg-

> Convergence of the light-cone OPE in the absence of the hard-collinear scale.

@ Further applications of QCD techniques in charming physics:
» N3LO QCD corrections to the decay constants fp and f5.
» NNLO QCD corrections to the semileptonic D — (7, K)¢v decay form factors.
> NLO QCD corrections to the radiative charmed-hadron (charmonium) decays at LP.

> Hadronic decays of charmed hadrons cannot be rigorously treated in QCD.

@ The pion-photon form factor as the cornerstone of establishing factorization theorems.
> NLO corrections to the 2-particle and 3-particle twist-four contributions.
> Systematic improvement of the dispersion approach to access the soft physics.

> Rigorous framework of evaluating the NLP contributions in QCD.
@ Very promising future for QCD aspects of charming and BESIII physics!
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