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Infrared safe effective couplings

o Different effective couplings in Euclidean, A,, and Minkowskian, 2/, regions

as" = {An, UAn} (1)
@ Based on
RG + Causality (2)
UV asymptotics Dispersive represent.

@ Euclidean: —¢® = Q*, L =1In(Q°/A%), al[L] = {An[L]},cx
@ Minkowskian: ¢* = s, Ls = In(s/A%), aZ[L] — {2[Ls]}

neN

= DY) = @ [ 2 do

0+02
(N _ (N —stie AV
2n 7R['A" ] = J—s—ie o do

@ On the set of the pars {A,, A} : DR=RD =1
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Infrared safe effective couplings

New non-power perturbation theory [ MS-scheme | — Analytic PT
° PT|Y, dnal(Q?) = ¥, dnAm(Q?)
° : Ap - Am # Antm : No algebra

° ‘ FAPT: concept generalization for Vv - real‘

as” = {A,, A} (3)

New functions f(as) : (as)”, (as)” In(as), (as)"L™, e, ...

FAPT: Karanikas A.& Stefanis N., PLB504 (2001), 225; 636 (2006) 330;
Bakulev A. & M.S. & Stefanis N.,PRD72 (2005) 074014; PRD75 (2007)

056005; JHEPO6 (2010) 085
G. Cvetic & A. Kotikov, J.Phys.G39 (2012) 065005
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Dispersive “Kallen—Lehmann” representation

By analytization we mean “Kallen—Lehmann” representation

[F(Q%)],, = /OOO %da, pi(o) = I?m [ai(—0)] Bo  (4)

For 1 loop run (here pole remover ):

u 1
pr(o) = L2 + 72
* plo) ul 1
L = = — — —GF
Al[ ] /0 J_'_deo- L eL_l (5)
A5 [Ls] = / Mda iy L arccos L
s g ™ 7T2 aF L2

L—o00

Inequality: al[L] > (A,[L], A,[L]) —— aZ[L]
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APT graphics: Distorting mirror
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Figure: APT distorting mirror from [Shirkov&Solovtsov1997-2007]. Coupling
images of A;(s)and A1 (Q?) in left pannel; Ay(s)and A2(Q?) in the right pannel
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FAPT(Eucl): Properties of A, [L]

First, Euclidean coupling ( pole remover ):

1 F(G_L,].—V)

AL = B ) (6)

Here, F(z,v) is reduced Lerch transcendental function. It is analytic
function in v. Properties: The charge A, is bounded for v > 1,

o Ao[L] =1;
o A L] =L for meN,;
o Apn[L] = (-1)"Ap[-L] for m>2, meN;
o A [too] =0 for v >1;
Ay[—00] = (c0)7¥ forv < 1, ie., A, (Q* — 0) becomes Unbounded

César Ayala (Universidad de Tarapaca, Chile) DR & RG summation Nov. 04, 2024 7/26



FAPT(Eucl): Properties of A, [L]

First, Euclidean coupling ( pole remover \

1 F(G_L,].—V)

AL = B ) (6)

Here, F(z,v) is reduced Lerch transcendental function. It is analytic
function in v. Properties: The charge A, is bounded for v > 1,

o Ao[L] =1;
o A L] =L for meN,;
o Apn[L] = (-1)"Ap[-L] for m>2, meN;
o A [too] =0 for v >1;
Ay[—00] = (c0)7¥ forv < 1, ie., A, (Q* — 0) becomes Unbounded

César Ayala (Universidad de Tarapaca, Chile) DR & RG summation Nov. 04, 2024 7/26



FAPT (Eucl): A,[L] versus L

F(e"-,l—u)

Euclidean Coupling: A, [L] = L—l,, e )

51'+V[L] > A1+V[L] > A2+V[L] at L~ 1
To hold the correspondence with PT asymptotics we put “calibrated
FAPT" condition: A,(0) =2,(0) =0for0 <v <1
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Exclusive hard process

Y(q? = 0)v* (@) — «°

Light Cone Sum Rules within FAPT,
New prediction for the pion TFF

[Mikhailov S. Pimikov A. Stefanis N., PRD93 (2016)
114018; A.C. Mikhailov S. Stefanis N., 1806.07790]
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Pion Transition Form Factor (TFF)

Y(Q)

Y=< Q)
LO NLO NNLO

Why it is interesting for QCD?
@ The measurements of TFF experiments have
among others exclusive hard reactions

o Significant theoretical advances in QCD here:
O(a2pp) to the hard part;
for hadron part; contributions from twist-4 and corrections

3 steps to TFF: Perturbative & twist expansion;
Dispersive representation; LCSR with duality interval sy for g% — 0.
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Pion TFF in pQCD

Hard process at —Q?, —¢® > m,2, =

F,%N,;_Tz)(02, q*) = Nt (Tuo+asTaro + @ Tanto +--.) ® o2
where N7 = /2f, /3, and hard the hard coefficient functions given by
TLo = a2 To(x)=1/(¢%y + Q%)

asInp,o = ai To(y) ® [T(l) +L Vo} (y,X) )
L2
ag TNNLO = ag To(y) & [T(z) — L 7-(1)50 4F L T(l) X Vo — ? 50 VO

L2
+? V0®V0+L V1:| (y7X)7

L=L(y) =In[(¢%7 + Q3y)/u2] Plain terms T, T(2) _ corrections to
parton subprocess; Underlined terms due to 35(y) and ERBL, Vy, V4 -
kernels; underlined term - two loops ERBL.
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Pion-photon TFF in vs exp. data

The evolution of the Distribution Amplitude (DA) is taken into account in
terms of the conformal expansion

Bz, 1%) = to(x) + Z bn(17)¢n(x) , (7)

n=2,4,.

where 7 = 1hp(x) = 6x(1 — x) = 6xX is the asymptotic pion DA.

César Ayala (Universidad de Tarapaca, Chile) DR & RG summation Nov. 04, 2024



Pion-photon TFF in vs exp. data

[O*Fyn(Q°)

19
\
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= Res.Model

0
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Total rad. correctios

Source

-18 % at 3 GeV?
Uncertainty (%)

Unknown NNLO term 7}(2)
Range of Tw-2 BMS DAs

Tw-4 coupling 62 = [0.152 — 0.228] GeV?

Tw-6 parameter variation
Total

F5
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—24-+-3.0
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Pion TFF in pQCD with RG improvement

Collecting all the "underlined” term of RG-evolution into
as(1?) = 3s(y) = 3 (¢°y + Q3y) and ERBL-factor.

FR=2(Q.¢7) = NrTo(y) ®

=

[1 + 50Ty, x) + 2Ty, x) + ...

a:(v) V(a; x, 2)
Rexp | — do ———2 ® $r2) z, 12,
9 exp / o) 2 ¢r (2, 17)
= i+ Y ba(?)Fi(@, ¢
n=24,...

where v, = v,/280
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Dispersive form of TFF leads to fractional APT

> pr(Q?0)
[F(ll n(Q q )]an— Lz ﬁ

do, pr(o) = [Fann( @ —0)
v(0) = 0; Fi)yo (% ¢%im*) = NrTo(Q% 0% )2
{1+ a1, TO(y, ) ferio(x)
Nt
v(n) #0; F(F1A/\)ITI(Q2, q°m?) = MTO(Q2= > y) @yZ)
{80 (M 9)1 + A, (2, Y TO v, %) fen(x)

The same expression as for RG-case, A, (m?,y) < 3(y)

Ay(m?,y) = L,(m?, Q(y)) — A(m?); Au(0,y) = A(Q(y))~2,(0)
the certain kinematics enters by means of Q(y) = ¢%y + Q2y
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Generalization of FAPT coupling

I,(Ly,Lx)

Ty, x) € [ 42 p{)(0)
A, (x)=Z,(y — 0,x), A,(Y) =T, (y,x — 0), A1(0) = ;(0)
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Partial TFF csgr

Restricting for simplicity our attention to the NNLOg approximation of the
partial form factors F,, within FAPT, we derive in the limits

q?> — 0, Q(y) — yQ? the following expression

2 (tw-2) [ A2 Nt Aun(m2»><) (A1+un(m27)’)) (1)
Q FFAPT;n(Q ) ~ [as(uz)]un [1+Clas(ﬂz)]w"{ I + y (%T (}/7X)

R

Fwncy {A””"im LI A“”"E(m L) Cl(“’"z_ D (A“”"E/m ’y)> @be(”(y, x)}
Aopy, (mQ, y) @y «
+ (22l o 70y} & 0nta),
Au(myy) = 0(y = ym) [A(Q(y)) — 2.(0)] +

0(y < ym) [Z.(m(y), Q(y)) — A (m(y))]
a1 = B1/Bo; wn = [11(n)Bo — v0(n)B1]/[25of]-
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TFF_csr in comparison with the experimental data

BESIII preliminary ‘ ]
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Figure: Theoretical predictions for the scaled v*~7° transition form factor
Q?Fio1(Q?) [GeV] using different DAs. The displayed FAPT/FOPT TFF results
employ the best-fit nonperturbative higher-twist parameters 62, , = 0.19 GeV?
and 82,6 = 1.61 x 10~* GeV®.
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Exclusive hard process
v (a7 (pf) — 77 (p3)
Light Cone Sum Rules within FAPT,
New prediction for the pion electromagnetic FF

[A.C. Mikhailov S Pimikov A., Work in progress]
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Status of the Pion electromagnetic FF

@ We invoke the knowledge of transition FF because of their analogy,
i.e., replacing ju5 by ji™ where the light cone dominance leaves to an
expansion on nonlocal operators and then to pion distribution
amplitudes (DAs).
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result FRGLO,

Fﬂl_?G,LO(Q2) _ F7$2)RG,LO(QZ) + F7£4)RG(QZ) + F7£6)(Q2) ) (8)
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Pion electromagnetic FF: FAPT

This F,BG'LO is valuable and can be compared with the experimental data
independently. Here

1
Fgg?G'LO(QQ,Mﬂ = /exp <—Q——>1/)0() ; (n=0);

s(u) 2 g
F(%)RG Lo(@Q2, M2) = ﬁu%) l&(un (S(u))+/0 Pu,(s)wi(s) ds] exp <—%%)

® (0(u = uo)n(u)), (n>0),

The NLO will be incorporate within the FOPT formalism following [Bijnens J.
Khodjamirian A. EPJC26,67(2002)] and we call this as “hybrid"”.
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Pion electromagnetic FF: Higher Twists

In order to keep the same form of the OPE, we arrive at the following
expression to the twist-4 term

FWRG(Q2 M2) = () 1

S0 7 (6(00,0) + g Tl 00+

/OS(U) Put4(5)w2(5)d5] o0 (~5 2 ) © (00 > whel(0),

where the weight wy(s) = % [exp (—3%;) — (1 — 3%;)] contains two
subtractions of the expansion of exponential.
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Pion electromagnetic FF: Higher Twists

In order to keep the same form of the OPE, we arrive at the following
expression to the twist-4 term

™ ( ’ ) _ al/z4(’u%) Vt4(s(u)7 )+ M2u DM(S(U), )+

/OS(U) Put4(5)w2(5)d5] o0 (~5 2 ) © (00 > whel(0),

where the weight wy(s) = % [exp (—3%;) — (1 — 3%;)] contains two
subtractions of the expansnon of exponential. The factorizable twist-6
contribution is given by [PRD61,073004(2000)]

47 Cg
3f2 Q4 5tw 6( )7

(6)(Q2)

where 02, (113 = 1GeV?) = (/a5Gq)? = (1.61 £2-0.26) x 10~* GeV® - “the
best fit" taken from [PRD103,096003(2021)] and
(Vasgq)? = ( 1.84708% ) x 10~* GeV® [PRD102,074022(2020)].
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Pion electromagnetic FF: Higher Twists

0.5

ol Q*Fn(@) QPFORS(Q?)

03f - .~
02f __-- o

otf e QPFO@)

.........

00F  ~2-(4)RG, 2 et
i e Q[GeV?]

) i __0'1 i 05 . 1 2 5 (2)RG,LO
Figure: Different twist contributions of the LO RG summation: the tw-2 ;7" —
upper widening, blue strip; tw-4 Fff)RG — thin, dashed-dotted grey line; numerically

corrected tw-6 Ffrﬁ) — red narrowing strip with dots.

the
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emFF,; csgpincomparisonwithexperimentaldata

0.6

ol Qan(‘Qz) | - j I ﬁ ﬂ 05k

04 = 04f

03[ ~. - 03[

0.2F - o2

RG,LO DA best fit

= RG,LO BMSmod I
(O RGNLO(Hybrid)DA best fit = ©o1F  aeaas RGNLO(Hybrid)BMSmod =

0.0

QGeV?] o

-0.1

Q*[GeV?] -
o 05 1 2 5 05 1 2 5 .
Figure: Our prediction for LO RG, FSG’LO for DA®f, BMSmod, and Asy DA — dotted
red line in both panels, recent lattice results [PRL133(2024)18,181902] are shown as
open boxes. Left. FR®L0 at DA’ — solid black line and in addition to them the standard
NLO LCSR [EPJC26,67(2002)] corrections — short dashed upper blue line. Right. The
same legends for the curves for FR®© and NLO LCSR corrections at BMSmod DA.
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Conclusions

° provides to apply APT approach for
renormalization group improved perturbative amplitudes.
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THANKS!
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