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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 0*> = —(p—p')*> = 0.

> Golden channel to understand the QCD dynamics.

> ¢te collisions:
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The BaBar puzzle

@ Status of experimental measurements:
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@ Asymptotic limit:
lim Q2Fry,-(Q%) = 21,
— Q25
Brodsky, Lepage
QCD factorization works perfectly.
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Some popular explanations:

@ Non-vanishing pion wave function at the end points (Radyushkin, 2009; Polyakov, 2009).

FQ?) = V2 1 er() lfexp< xQ2>

3 Jo x02 2%0

1)

from kt dependence of pion wave function

@ Large soft corrections at moderate Q2 (Agaev, Braun, Offen, Porkert, 2011).
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@ Threshold resummation generates power-like [x(1 7x)]C(Q2) distribution (Li and Mishima 2009).
¢(0Q?) is around 1 for low Q?, but small for high Q.
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The general picture

@ Schematic structure of the distinct mechanisms (Agaev, Braun, Offen, Porkert, 2011):

A
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A: hard subgraph that includes both photon vertices @ + E +...
1

B: real photon emission at large distances @ +...
1

C: Feynman mechanism: soft quark spectator @ + ...

@ Operator definitions of different terms needed for an unambiguous classification.
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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 (this talk).

> 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/Q%):

@ QCD factorization at tree level (Khodjamirian, 1999):

2 o2 1 2
F)I:*Py_mo(Qz) _ \@(Q,,QZ Q.)fx UO dr ¢n)EX) B % % . 82202GeV?.
>

Asymptotic twist-4 contribution.

> 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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Part I: Leading twist contribution

@ Tree diagrams:

q q
R v s ap

B
o

I E—— I
i
Y Y
Kinematics: , _
, . onp _np n-p _
Py = 2 iy, p#*7nﬂ+7"#'
N~ ~— ~—

o(\/0?) oN@)  O(N/VQ)

@ The four-point partonic matrix element at LO:

M, = ({q@xp)aGEp)liv(p)
_ g (%—0d) o) [(xp) Y Wy vEP)]  [@(xp) o1t o1 v(EP)]
B 2v2n -p X X

+ﬁ(a52).

QCD matrix element free of the y5 ambiguity, however not the IR subtraction.
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Twist-2 factorization at tree level

@ Operator matching automatically:

22 (02 _ 02
©  i8m(Qi—0y) 1 0 1 0
o, = _% e'(p) = (O, v (x,X ) — 7* (08, v (x,2))©
@ Collinear operators in the momentum space:
Opu() = TP [dwe¥ T E(cn) We(1,0) T v (0).
Tapy = YalltW,o, Touv="Yv1 7t Yu,L-

@ Matrix elements of the collinear operators:

(0 (x,2) = {q(xp) a(%p) 0j.uv (x)]0) = & (xp) Tj v £ (3p) 8 (x —x') + O(x) .

@ Operator matching with the collinear operator defining the standard pion DA:

OA,[,LV = _(Ol.uv+02,uv+oE‘uv) ; OB,[lV = (Olﬁuv_OZ,uv_OE,uv) .
1 . Wtswi] o
Dy = guvﬁv Fz,p.v:lsuvﬁ%» FE,uV:ﬁ(f_’guvﬁYS :
S~~~ S~
wrong projeclor evanescent operalor
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Twist-2 factorization at tree level

@ Operator matching with the evanescent operator:

o - {iggm(QﬁfQﬁ)
” 2\/§n~p

&' ()| LTi) # (01 (5,2)).

Expansion |} at tree level

1 1 0
100)=- -2, 1O =1PF)=

=7
/ x/

2=
=

@ Hard-collinear factorization at tree level:

f(Q2 i) /M

i (0% = %) 9, 1) + 6(0t).

Evanescent operator does not mix into the physical operator at LO.

= Trivial IR subtraction here.
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Twist-2 factorization at NLO

@ The four-point partonic matrix element at NLO:

M,
: L D

."',l"

@ Extracting the hard contribution with the method of regions:

igem (04— 03) v

(1)
I, =
2 Zﬂmp

&' () (02, v (6,0 ))© % A () + .

o Crp

1 1 1
Agﬁm(}f’): an {T/ {—(21n)_cl+3)( —&-lnl'L—>-|-1n2 '+7x 0 _9}+(x/<_>)_c/)}.

X

Q2

Only the hard and collinear regions relevant at leading power in 1/ 0%
Independent of the 95 prescription!

@ However the IR subtraction is not trivial any longer due to the operator mixing.
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Twist-2 factorization at NLO

@ Expanding the matching equation at NLO:

c 2 2 2
[7%;%". Ga) o) T AV ) (0 )

igem (02— 0F) v ©) 1 /
(Een (G 00) o0 1)| - 10001l )O + T 01 )]

@ One-loop renormalized matrix elements of collinear operators:
1
(O1uv) ™V :Z [Mz(/ e +Z( )] #(05,u0) .
i

Vanishing bare matrix element MR

. bare in dimensional regularization =

1 1 1 0 1 0 1
Tz() - 2 ZT[ *Zi(Z):Ag)_Té)*Z§2)_Tl{j>*zf(;‘2) :
i S——— ~—~
A(zlk)md operator mixing

@ The IR finite matrix element of the evanescent operator vanishes (Dugan and Grinstein, 1991).

1 1)off
="

IR singularities regularized by any parameter other than the dimensions of spacetime.
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Twist-2 factorization at NLO

@ Master formula for the hard function:

(1) _ 4(1) (0) , (1) (0) (I)Off (1) (0) (1)off
T, =Ay =T, *Zy) +Tp #Mpy  =Ay g +Tp *Mp, .
@ The IR subtraction:
¥s-scheme dependent subtraction term:
(0) 1)off o Cp In¥  Inx
Ty *M lnor = o (=4) v T )
(0) (1)off
Ty «My* |y = 0.

M(Elz) proportional to the spin-dependent term of the Brodsky-Lepage evolution kernel.

D-2, [NDR scheme]
A simple example : YaBis V" =Y
6—D. [HV scheme]
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Twist-2 factorization at NLO

@ The NLO hard matching coefficient:

1 2 7 In¥’
() = ai? {? [— (2In¥ +3) ln% FIn?¥ +§ xI,lx —9] +( o¥) } :
6 = —1in NDR scheme and 6 = +7 in HV scheme.

@ The NLO factorization formula:

2 2_ N2 - 1
B ()= % | 100+ 1" )] o) +0(@2).

@ Scheme dependence of the pion DA (Melic, Nizic and Passek, 2002):

N 0g0) = [ o Zad 5.0 6501,

Zid s = 36—+ 54 [ 2000+ L0 + 0(ad).
I
1 5 C, 1 1 In
[ a7 [0 ) 3 )] = 5 9) [y (4 1) %0+ 002),

= Scheme independence of F ..., 7o at NLO.
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Twist-2 factorization at NLL

@ RG evolution of the pion LCDA:

P ot = [ aveneom. Ve =X ()" W,

Vo(x,y) = 2Cr “:; (1+$) e(x—y)+§ EHl) e(y—x)] .

Multiplicative renormalization at LO:

)'}’vn /(2Bo)

) an(po) G (22— 1), ap(w)=1.

b () = 6% i ( o (1)
n=0

@ NLL resummation needs two-loop evolution kernel (Mikhailov and Radyushkin, 1985; etc):
Vl (xvy) = 2Nf CF VN(xvy) +2CF CA VG(X,y) + C%' VF()C,y) .

Triangular evolution matrix (Miiller, 1994/1995 + many others):

an(i) = Ey50 (1, o) an (o O (s o)y, (1, o) ax (o) -

Construction from the forward anomalous dimensions and the special conformal anomaly matrix.
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Twist-2 factorization at NLL

@ NLL resummation improved factorization formula:

3v2(Q2-0%)

Ff (0= 0

fr ianm)cn(gau)m(af)-

NNLO hard kernel in the large By limit (Melic, Miiller and Passek-Kumericki, 2003).

@ Generating function of the Gegenbauer polynomials:

- - C“
(172xt+t2 Z "

The NLO hard coefficients:

2\, %(u)Cr _3n(n+3)+8] pu 2 Hyp1 +1
Gl ) =1+ = {{“{"“ (n+1)(n+2)]lQ2+4H"“ YT n2)

- [(n+11>2 * (n+12>2] 3 [(nin - (nim] ’9}'
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Part II: Hadronic photon effect

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

@ Correlation function:

Gu(p'sq) = [ a'ze 1= O {5 @x(0) } 1)) = —GEmEuvap 4° PP 0 (0') G, ).

1 _
= (aysu—dysd), PP=0'+q)*

Explicit dependence on 5 = scheme dependence of the QCD amplitude.

@ Task: QCD factorization for the transition form factor G (pz, QZ) at NLL.
Power counting rule:

In-pl~ii-p~n-p ~ (/0.
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Hadronic photon effect at tree level

@ Tree diagrams:

q p q p

zp Ty

p for the four-momentum of the pion current and g for the transfer momentum.
@ The four-point QCD amplitude at LO:
= [ O @ 0)} lalep ()

_gem nop | 1
2v2 Q% |[xr+Xx  Xr+x

where r = —p? /0%, 1, = Land g = — L.
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Hadronic photon effect at tree level

@ Operator matching automatically:

~©0)  iem Ai-p 1 1 ~ 0
i = T M | gre e * @)

@ (Anti)-collinear operators in the momentum space:

~ n-p . ~
) = B [are” 7 g(0) W0, 0n) o z(em),
Taw = BA%ur-

@ Matrix element of the (anti)-collinear operators:

(O (x,2)) = (010, (g (xp") 4(xP)) = 2 (&P )T 2 (xp) 5 (x — ) + O (at).

@ Operator matching with the effective operator defining the photon DA:

Oap = Oip+Ogy,
a a
s n et n
Ty = —¢&b g0 Tep=yny,——¢eb z0"F.
M va, ’ 21 M, L v
2 “uvop 7 “uvap
evanescent operator
Yu-Ming Wang (NK) vy Beijing, 23. 04. 2018

20/30



Hadronic photon effect at tree level

@ Operator matching with the evanescent operator:

= igem N°p
I, =— z\e/n[i o qzu‘,danqZTt Olll (x,x)).

Expansion |} at tree level

1 1

=(0 =(0
=T = s+ 7w

@ Leading twist photon DA (Ball, Braun and Kivel, 2002):
(017 (0) Wz (0,) 00p X () 17(P"))
1 .
= igen O 2(1) (@0) (1) [P ) ~plyep ()] [ due™r" gy(u.p).

@ Hard-collinear factorization at LO:

2 _
G@Z,QZ):—Q&EQ%’ Jaaw [ T 00 + 0@,

@ The tree-level LCSR:
V2 (0i-03)
S b (1)

Verify the power counting of the hadronic photon correction explicitly.

R (g2 = - 2 @a)(w) | e

‘L du a 0% +um?
M oaxp | 22 T
Juy U

J vt + o).
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Hadronic photon effect at NLO

@ The four-point partonic matrix element at NLO:

@ Extracting the hard contribution with the method of regions:

~1 igem NP A
) = L 100 O i) .

Scheme dependent one-loop QCD amplitude:

Atpard() o = a;gF{ ! = {é(((x’r—x’) In(x'r+¥)—x'rnr)

Xr+x | XX7F

1 u? 1 PN
< +1In @7§ln(xr+x)7§1nr

1
_?(lnr+3) ln(x'r+)_c’)—3] +(x H)’c’)},

20,5 Cr ~(0
Al ara (¥ Vv = Al hara (¥ )xor + ; T]U(x').
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Hadronic photon effect at NLO

@ Repeating the IR subtraction procedure as before:

(l)off

FO A0 —FO W70 1 TO w0 = 70, + T w i

@ The IR subtraction:

1)off

Téo) * M =04+0(a?), Téo) * M(EII)Off|

I

|NDR ay = O(ea).

7{" =A{}q.  for both NDR and HV.

@ Finite renormalization constant Zfy (i) for the HV scheme (Larin, 1993):

205(p) Cr
T

I

Zhy(u)=1- +0(c).

Zw) [P+ T w) = [T+ T @]

A non-trivial check of our results. ~ Also reproduce H — J/y ¥ in the r — oo limit.
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Hadronic photon effect at NLL

@ The NLO factorization formula:

%0

60" =7 o

X)) [ ax [FOW+ T wm)] - oytam) +0(a).

@ RG evolution of the photon LCDA (Lepage and Brodsky, 1979):

o
2 0 [0 a0 ) o)) = [ V() (200 @) )9y
17 O ntl o -~ X 1 X 1
Y=L (E) Vo Vo=2Cr [5;6(x—y)+§yfxe(y—x) +—CF5(x—y).

= Factorization-scale independence of G(pz, QZ) at one loop.

@ NLL resummation needs two-loop evolution kernel (Mikhailove and Vladimirov, 2009 + others):

- N - - -
Vi(x,y) = 7} Cr Vi (x,y) + Cr Ca Vg(x,y) + C3 Vip(x,y) .

n—2
200 00 0) 1) = BRSO 1, o) ) + S5 T B4 0 ) 1) i)
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Hadronic photon effect at NLL

@ Dispersion form of the NLL factorization formula:

G(p?,0%) = -

The NLO spectral function:

o

Q2

%
s) {21n<'” QZ

o

2 2 2
M 3 M I3 T d
+1n (@> + ﬂ —1n? (@) +1n? (T) == +3} 7 Pr(h).

V2 (0 - 03) = ds o Cr
vVe®&u —%4) - _ds oy 2y, BCF 1y 2
220w ) [ 5 [P+ S p .02
AN 0? 0* n—u Hz 3@
p(U(.;,QZ):z/O duyT{e <u_ Q2+s> QP+s | u m(us qu) 5;]
#2 uQ2
+ln< ) Q2+x uQZ—us]

IRe=)

@ The NLL LCSRs for the hadronic photon effect:

V2 (0% - 03%)
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Final expression of the pion-photon form factor

@ Adding up different contributions together:

Foyq0 Q%) = yky_mo (Q2)+F;:i];,limo (Q2)+F;Z;ino(Q2)-

@ Breakdown of various contributions:

Input parameters:
0.2 Q*+Fry(Q%) .
_________ Fre a(1.0GeV) = 021750,
o1 a(1.0GeV) = —(01570%0)
, ; 82(1.0GeV) = 0.20+0.04 GeV?,
~~~~~~~ Q@+Fy (@) )
P I — 2(1.0GeV) = (3.1540.3) GeV 2,
""" Q) b(1.0GeV) = 0.07+0.07.
-0.1 Will discuss the model dependence of
the pion DA.
0 10 20 30 40

Q* [GeV]

Large cancellation between the hadronic photon correction and the twist-4 effect.
Smallness of the power corrections at large 0? numerically.
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QCD corrections to the pion-photon form factor

@ NLO QCD corrections to both the twist-2 and the hadronic photon contributions:

0.25
2 LP,LL
0.20 Q*Fpy (@)
------ LP,NLL, 2
0.15} - Q*+Fo N (@)
0.10
0051 . 2 NLPNLL, 2
e Q+Fy "M@
0.00
NLP,| 2.
QFy "M@
-0.05
-0.10
0 10 20 30 40
Q* [GeV?]

> 0 (25 %) QCD correction to the twist-2 contribution (almost Q2 independent).
> (20-30) % QCD correction to the hadronic photon effect, but not relevant at large 0%
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Model dependence of the pion-photon form factor
@ Models of the pion DA:

@(10GeV) = 021000, ay(10GeV) =~ (0.15°042) . [BMS,2004];
@(1.0GeV) = 0174008,  ay(1.0GeV) =0.06+0.10,  [KMOW,2011];
2043 (T[(n+1)/2]\> )
1.0GeV) = e Holograph
an(1.0GeV) T (F[(n+4)/2] ; [Holographic],
@(1.0GeV) = 05,  a,22(1.0GeV) =0, (cz].

Purple squares from CLEO.
030 QuFny (@) Orange circles from BaBar.
Brown bins from Belle.

e KMOW and Holographic mod-
els appear to describe the data at
0> >10GeV?2.

“Soft" physics more important
at low Q° and the nonperturba-
005 tive modification of the spectral
function works better.

0 10 20 30 40
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Model dependence of the pion-photon form factor

Theory predictions with BMS, KMOW and Holographic models:

0.30 Q*Fny(Q%)

o 10 20 30 40 o 10 20 30 40
Q* (GeV?) Q* (GeV?)

0.30) Q*+Fry(QF)

0.25

0.20| £

0.15} |

0.10

0.05

0 10 20 30 40
Q* (GeV?)
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Concluding Remarks

@ Scheme independence of the leading twist contribution at one loop explicitly.

> Operator matching with evanescent operators and the s prescription.
> 0 (25 %) QCD correction to the twist-2 contribution (almost Q2 independent).

@ Hadronic photon effect at NLO.
> Construction of the NLL LCSRs due to the violation of the direct QCD factorization.
QCD factorization for the correlation function at NLO.
Operator matching with both the NDR and HV schemes.
(20-30) % QCD correction, but not relevant at large 0.

vvyy

@ Predictions with different models of the pion DAs confronted with the data.

> “Exotic" end-point behavior not needed.
> More precise data needed (BES III at low Q2 , Belle I1?).

@ Future work:

> A complete NNLO twist-2 calculation.
> The NLO twist-4 calculation (including the 3-particle DA effect).
> Yet higher twist contributions (no correspondence between the twist and power expansion).
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