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QCD SR Approach

Determination of spectrum parameters from requirement of agreement between two
ways for correlator II(Q?) of currents:

® 1th way — Dispersion relation: decay constants f;,, masses m;, and others,

o o)
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| ) (Q ) _/ s+ 02 -+ subtractions.
0
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Theoretical part of QCD SR

® 2th way — Operator product expansion:

1_IOPE (Qz) — 1_Ipert (Qz) + ZC’n <0| :g;'n: |O> .

# Condensates (0| : Oy : |0) = (On) =7 (next slides).

~ as(de)?/Q*
~ (FGG)/Q°
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QCD SR Approach

Determination of spectrum parameters from requirement of agreement between two
ways for correlator:

® 1th way — Dispersion relation: decay constants f;, and masses my,,

2\ Phad(s) ds .
| ) (Q ) _/ s+ 02 -+ subtractions.
0

» model spectral density: phag(s) = £ 6 (s — m}.) + pperi(s) 0 (s — s0) -

» 2th way — Operator product expansion:

Iope (Q2> = Ilpert ( ) + ch an: 10) :

# Condensates (0| : Opn : |0) = (On) =7 (next slides).

QCD SR reads:

IThad (Qzamha fh) = Ilope (Qz) -
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Borel Transform

N A e
I1(Q?) C = const Q*" 1/Q*" 1/ (s + Qz)
&(M?2) 0 0 1/ (r(n) MZ") e~ S/M” /pp2

® Elimination of subtractions in dispersion relation
® Exponential suppression of higher states contribution

® Factorial suppression of condensate terms

e @)
2 2 . 2
fRemn/MT oy /ppert(S)e /Mg

(e @)

_ v Cqg _
/ppert(s)e S/M ( G/aivGa“ >‘|‘ - as<qq)2.
0
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Borel Transform

(=QH)"

S(M?) = Bga_, p2 [H(Q )} nius T'(n) [dQZ"H(Qz)]sz e
I1(Q?) C = const Q*" 1/Q*" 1/ (s + Qz)
&(M?2) 0 0 1/ (r(n) MZ") e~ S/M” /pp2

® Elimination of subtractions in dispersion relation
® Exponential suppression of higher states contribution

® Factorial suppression of condensate terms

So

_mz 2 _ v Ca _
f”zl,e /M /Ppert(s)e S/M < quGa“ >‘|‘ 97 as(‘]‘]>2
0
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Introducing condensates in QCD calculations

(0|T (4B (0)ga(x)) |0) =| (0] : gB(0)ga(x) : |0)

—iSap(x)

QCD PT QCD SR NLC QCD SR
(qq) E 0 (Ga(0)ga(z)) = (gq) (G(0)q(x)) =
CONST#O FS(w2)+§3FV(w2)
® X X °® ° /\‘.O, °
[SVZ'79] V&R 86
Condensate

|~

Decay constants,
masses of hadrons

Nonlocal clndensate

Distribution Amplitudes,

Form Factors

0AB x? (gD?q)

(@2(0) aa(@)) = 242 | (qa)+ b

4 2 4
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Diagrams for (T (J,(z)J,(0)))

SVZ
2 (a(2)q(0))

® Quarks run through vacuum with nonzero momentum k # 0:

(gD%*q)

2(k?) =

G A2 = 0.40(5) GeV?
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Parameterization for scalar condensate was suggested in works of Bakulev, Mikhailov
and Radyushkin:

o o)

(: qa(0)ga(z):) = (f?fﬁ/ fs(a)|e®® /% da, where 22 < 0.
0

® First approximation which takes into account finite width of quark distribution in
vacuum: fg(a) =6 (a — )\3/2) , )\3 = (gD?%q)/{dq) .

® Such representation corresponds to Gaussian form ~ exp (A3m2/8) of NLC In
coordinate representation.

® The heavy-quark effective theory (Radyushkin 91) tells us that the scalar
condensate decreases exponentially at large distances.

® The smooth model fg(a) ~ a™ 'exp (—A?/a — o) has a sensible

asymptotic form (g(0)q(x))| . ~ exp (—Ax) in xz-representation.

—> 00
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Lattice data of Pisa group
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Nonlocality of quark condensates A2 = 0.42(8) GeV? from lattice data of Pisa group
iIn comparison with local limit .

#® Even at |z| ~ 0.5 fm nonlocality is quite important!
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Basis condensates

® Bilocal quark-anti quark condensate (Ag = 2as7(Gq)?/81): @

oo

@ ©as@) = [ {s5ataq) Fs()

4
0

® Quark-gluon condensate in fixed-point gauge «* A, (x) = 0O:

(@B(0)(—gAZ(y) t)ga(x)) = Ao »_ T} (x,y) ABX

oo OO
X ///dal dag dag| fi(a1, az, as)

000

where
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—tAoTBA

fv (o)

e(Ollﬁﬂz-l—azyz-l—@s(913—9)2)/‘l ,

Ih(2,y) = =5 (920 — (@) 3

2 ~ 2
I'y(xz,y) =2 (yyu — MY ) ;

3

3 .
[y (x,y) = Z—&?yo-yw’yg')/a .
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Minimal Gaussian Model

Bakulev, Mikhailov, Radyushkin, and Stefanis use the minimal Gaussian ansatz:

fs(@) =68 (a—=23/2), fv(a)=6"(a—1r}/2),

fi (a1, 02,a3) =6 (a1 — A3/2> o (az — A?,/z) 4 (ag - Ag/z)

e

There is one parameter A2 = 0.4 — 0.5 GeV?>.

e

The transition to local condensate case is A2 — 0.

e

This model provides the DAs and FFs of light mesons in good agreement with
experimental data.

Problems:

» QCD equations of motion are violated

®» Vector current correlator is not transverse
—- gauge invariance is broken

Frontiers in QCD, INT, 2011 p. 12




QCD equation of motion for condensates

From Dirac equation for massless quark (A, (z) = A () t?):
(Bp — igApu(@))yug(z) =0,
one cans obtain QCD equation of motion for splitted vector quark current

(B — igAp(2))@(0)yugq(z) =0

® |f we average it over physical QCD vacuum, then we obtain the equation for
condensates:

8u(@(0)7v"q(z)) = i(q(0)gAu(z)v"q(x)) .

» Minimal Gaussian ansatz does not satisfy this equation.
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Improved Gaussian model

We modify functions f; by introducing new parameters:

fs(@)=68(a—As), fv(a)=68(a—Ay),

f,j;mp (a1, a2,3) = (14 X;0z 4+ Y;0y 4 Y;02)
0 (a1 —xAy) 6 (a2 —yAy)d (az — zAy) .

What does it give?:

» |f these conditions 12 (X24+Y2)—9 (X1 +Y1) =1, z+y=1,
are fulfilled than QCD equations of motion are satisfied;

» We minimize nontransversity of polarization operator by special choice of model
parameters;

® Using improved model causes changing results (pion DA, pion em. FF) but on
values that are smaller than theoretical errors.

Frontiers in QCD, INT, 2011 p. 14



Pion distribution amplitude ¢, (x, u?)

® The pion DA parameterizes this matrix element:

1 .
(01d(y w5l 0w | (P ,_ = ifePo [ do D pn(o,®),

where the path-ordered exponential
1z,0]= Pexp [igftaAfL(y)dy“] ,
0

l.e., the light-like gauge link, ensures the gauge invariance.

® Pion DA describes the transition of a physical pion into two valence guarks,
separated at light cone.

M(P)

light-cone

(1-x)P

Frontiers in QCD, INT, 2011
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Pion distribution amplitude ¢, (x, u?)

® The pion DA parameterizes this matrix element:

1 .
(01d(y w5l 0w | (P ,_ = ifePo [ do D pn(o,®),

Distribution amplitudes are nonperturbative quantities to be derived from

® QCD SR [CZ 1984],
NLC QCD SR [M&Radyushkin 1988-91,B&Mikhailov&S 1998,2001-04]

#® instanton-vacuum approaches, e.g.
[Dorokhov et al. 2000; Polyakov et al. 1998, 2009]

® Lattice QCD, [Braun et al. 2006; Donnellan et al. 2007]
® from experimental data [Schmedding&Yakovlev 2000, BMS 2003-2006]

DA evolves with p% according to ERBL equation in pQCD.
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Pion distribution amplitude ¢, (x, u?)

® The pion DA parameterizes this matrix element:

1 .
(0l d(2)slz, 01u(0) [w(P)| . = ifxPy / o P (@, 14%).

22=0

Approach

15
f Asymptotic

BMS from NLC QCD SR
CZ from QCD SR
AdS/QCD result

10

r Q
’
L Q
’
’
. / 0
L ’

0.07 s L L L L P L P L s
0.0 0.2 0.4 0.6 0.8 1.0

There are numbers of models for pion DA on a market. We could qualitatively collect
them in two groups by their behavior at the end-point region x = 0:

end-point suppressed and end-point enhanced pion DAs.
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QCD SR for pion DA

QCD SR technique for correlator of two axial current leads to SR for 7w-DA ¢ = (x):

So
.f72r P (a:) + .ff&l ‘PAl(m) e Al /M= / Ppert (3 m) e_S/M ds + (I)npert(il3 M ) ’
0
where ®ppert = B4 + &1+ Py + Pg I | | |  (a)
M? - Borel parameter, ' ()
: h |
Ppert — Pert. spec. density. 1.5/ ! ﬁ?ﬂ(w) E: ]
The largest nonperturbative  term: A ! !
. M //’ lI 1
Pag ~ 2O(A —2) T B ~ 5(x) TN ]
| i 1‘} xr H i
Is defined by scalar quark condensate, oS /f,‘.' : =E' !
0 Wit Hi )
where A = \2/M? € [0.01,0.3]. 12 PR T y
0 0.2 0.4 0.6 0.8 1

® Since nonperturbative contribution has singularities (zé’ (A — ), 6(A — x)), we
should study integral characteristics of w-DA in order to take into account all
condensates and reduce model dependence.

® Exception is end-point region where only 4-quark condensate &, contributes
without any singularities.

Frontiers in QCD, INT, 2011 p. 16




Integral characteristics of pion DA

1 1
- (2N = zor(x)(2z — 12N, (™) = z pr(x)e .
Moments: (£ >_/Odso<>(z 12Nz /Odsou

S\ (£9) LO local cond. fr

(074 (€2NY N =0,1 LO local cond. fr, a2

BMS (¢2Ny, N =0,1,...,5 | NLO | nonlocal cond. || fx, a2, as, (™ 1)

Here [D™) o] () NLO | nonlocal cond. o (0)

Pion DA in a form of Gegenbauer expansion:

on(z; p?) = 6T [1 + aQCS/Z(Zw — 1)+ a4Ci’/2(2w —1)+.. }

0. 05E;a\4\
L
We extract the (a2, a4) Gegenbauer coefficients .o.os “~

0.1/

from QCD SRs on the Moments Region for (a2, 15|
a4) of the pion DA for improved model (solid line) *?

-0.25/

in comparison with minimal result: BMS model -°3

-0.35! as

(o) and bunch (dashed |ine)_ 0 005 0.1 015 0.2 0.25 0.3 0.35
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QCD SR for ¢/ (0) in Gaussian model

By differentiating QCD SR for pion DA at = 0. We arrive at SR for ¢’ (0)

144ma g

— \2 x/

3 . 2 a2 2
fﬁ%%(o)zmMz <1—e SO/M)—ffalsofAl(O)e may /My

where only 4-quark condensate contribution survives.
® Nonperturbative term mainly defined by scalar-quark condensate at large and
moderate distances

# = [ aalSG) — (a7 [ a)a)as?

0

® Simplest assumption for scalar condensate model fs(a) = §(ax — Ag/z) leads to
Gaussian behavior ~ exp (A3m2/8) of coordinate dependence and to simple
expression for nonperturbative contribution to SR:

& — PLauss = 4/ N5 .

® Then QCD SR result is % (0) = 5.3(5), where nonlocality parameter
A2 = 0.4GeV? was used.
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QCD SR for ¢/ (0) with smooth NLC

® There is an indication from heavy-quark effective theory [Radyushkin 91] that in
reality quark-virtuality distribution fg should be parameterized in a different way as to

ensure that scalar condensate decreases exponentially at large distances.
(@(0)q(z)) ~ | 2|~ Bt/ 2em Al

® This could be realized by model: 16 ¢! (0)
i \ A = 0.3 GeV

fs(as;A,n,o) ~ an—le—Az/a—aa2 . 14 \ ]

12" AN A = 0.45 GeV |
® Analysis of SR for the heavy-light me- \.\ GeV
son, obtained in heavy quark effective theo- o
ry, leads to values A = 0.45 GeV and n = 8 Tr—
1. For these parameters we get ¢ (0) = 6 - - - - - - - __ _ _ _ n
7.0(7) (black point in Fig.). -1 0 1 2 3

® Slower decay at large distances, causes an increase of the pion DA slope ¢’ (0);

Frontiers in QCD, INT, 2011 p. 19



Comparison of results with pion DA models

Approach [D®)r](0.5) | ©7(0)

Integral LO QCD SR 4.7 + 0.5 5.5+ 1.5
Differential LO QCD SR, Gaussian decay of NLC — 5.3+ 0.5
Differential LO QCD SR, exponential decay of NLC — 7.0+ 0.7

12,

10/
0.8
06 |
0.4

0.2
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D pn)@) = 5 [ dyion () REEL
Model |[D® ,](0.5)| ¢%(0)
BMSDA| 5.7+1.0 | 1.7+5.3
----- Asy DA 5.25 6
e | CZ DA 15.1 26.2
—— | ~ 01 227 > 6
e | [WH10] 14 0
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Definition of pion Form Factor

Pion FF F; is defined by the matrix element

(™t (p2)|Tu(0)|m T (p1)) = (1 + p2) . Fr (Q?),

where J, is the electromagnetic current,
(p2 — p1)? = ¢> = —Q? is the photon virtuality,

and pion FF is normalized to F»(0) = 1. D1 D2

We are interested in space-like region Q2 > 0.

At asymptotically large Q? > 20 GeV?, the pQCD factorization gives the pion FF

: :
‘PW) a ( P

8mas(Q?) fa

Fﬂ'(Qz) — 9Q2

1
2
/QOW(:B?Q )dCU

xr

0

in terms of the pion DA ¢ (xz, Q?) of the leading twist.
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Pion form factor from AAV correlator

For intermediate momentum transfer 1 GeV? < Q2 < 20 GeV? one cans use QCD
SR technique via Axial-Axial-Vector correlator:

[ [atedty @ oir 1 )7 @) Jsa (0)] 0

~
JH

Tso I
T (p1) 7T (p2)
where EM current J# (x) = ey u(z)y*u(x) + eq d(x)y*d(x) and axial-vector
current: Jso () = d(z)v57au(x).

Frontiers in QCD, INT, 2011

.22



Diagramms for AAV-correlator

Perturbative LO term

Nesterenko&Radyushkin
dloffe&Smilga 1982

Perturbative NLO terms
+ + ...
Braguta&Onishchenko 2004

Nonperturbative terms

+ ...
Nesterenko&Radyushkin
dloffe&Smilga 1982

local condensates
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Diagramms for AAV-correlator

Perturbative LO term

Nesterenko&Radyushkin
dloffe&Smilga 1982

Perturbative NLO terms

+ + ...
Braguta&Onishchenko 2004

Nonperturbative terms

+ + + ...
Bakulev&Radyushkin 1991

nonlocal condensates
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The Borel SR for the pion FF based on three-point AAV correlator:

S0
f"% FW(Qz) ://dsl dSz p(sla S2, Qz) e_(81+82)/M2 ‘I‘ (I)nonpert(Qza Mz) .
0

_ {(asGG) N 208 as7{(Gq)? <1+ 2 Q? ) |

2 2
Pronpent (@, M™) = 12 7w M2 81 M4 13 M2

® \Wrong scale behavior of nonperturbative terms at large Q2.

® SR becomes unstable for Q2 > 3 GeV?.

Frontiers in QCD, INT, 2011
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QCD SR with nonlocal condensates

The difference between local ()\3 — 0) and nonlocal case could be shown on an

example of the vector quark condensate contribution to three-point AAV correlator:

81M4 M?Z — X2 2 M2 (M? — A2)

2 )\2 4
NL<2 Q )——q Q +... for A2 —=o0.

M4 M?2 2 M10
40— @ The taking into account the nonlocality A2
3'5A i expands the admissible region in QCD SR
30"
S5l | up to Q? ~ 7.

10} Q%
0.5:\‘“\“‘\“‘\“‘\‘\“\:

Frontiers in QCD, INT, 2011
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QCD SR with nonlocal condensates

The Borel SR for the pion FF based on three-point AAV correlator:

fr Fr(Q°) ://dsl dsz p(s1,s2,Q%) e~ (s1Fs2)/M" + ®ope(Q?, M?).
0

Approach Acc Condensates Q?-behavior of ®pg
Standard SR LO local c1 + Q?/M? where ¢; # f (Q?)
SR with NLC LO | local + nonlocal (cz + ]8_,22) (e—C3Q2>‘3/M4 + (:4)
LD SR (M? — oo) || NLO NO 0

Here NLO nonlocal (e5 + Q% /M?) e—CeQAg/M*

® Using nonlocal condensates improves Q* behavior of OPE and as a result
widens region of applicability up to Q% ~ 10 GeV?.

® We use model-independent expression for ®ope-term obtained by
Bakulev&Radyushkin, but significantly different model of condensate’s

nonlocality.
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NLC QCD SR Result

curve approach

~ ==== Minimal
" — |mproved
0.6 Lattice [Brommel08]
* [Cornell 78]
0.4 , [JLab 08]
| | QCD SR [NR,IS 82]
mE ! LD SR [BLMO7]
: : Q* [GeV?] AdS/QCD [GROS8]

? * ° | 10 AdS/QCD [BTO7]

® Pion FF in QCD SR with nonlocal condensates in minimal and improved models in
comparison with lattice simulations, experimental results and other approaches.
® \We wait for the data up to 6 GeV? from JLab 12 GeV? Upgrade!
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0.

0.

0.

0.8 Q*Fx(Q%

curve approach

- = Minimal

— |mproved
ol | , | mmsssm Lattice [Brommel08]
- — — [Cornell 78]
A ! e ey [JLab 08]
7 QCD SR [NR,IS 82]

LD SR [BLMO7]

.

- QF[GeV] AdS/QCD [GROS]
’ ) ° | 10 AdS/QCD [BTO7]

I

, |
2 f I I
|

l

® Pion FF in QCD SR with nonlocal condensates in minimal and improved models in
comparison with lattice simulations, experimental results and other approaches.
® \We wait for the data up to 6 GeV? from JLab 12 GeV? Upgrade!
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NLC QCD SR Result

0.8 Q?Fx(Q?)

0.6 ! !
[ } i

| = = = == = = - o

0.4 = - - - = T T T -
| ~ |
0.2 | |

' ]

| Q2 [GeV?]

| ‘

2 4 6 8 10

curve approach
-==== Minimal
— | Mproved
mmmmmm Lattice [Brommel08]
A [Cornell 78]
¢ [JLab 08]

QCD SR [NR,IS 82]
LD SR [BLMO7]
AdS/QCD [GRO8]
AdS/QCD [BTO07]

® Pion FF in QCD SR with nonlocal condensates in minimal and improved models in
comparison with lattice simulations, experimental results and other approaches.
® \We wait for the data up to 6 GeV? from JLab 12 GeV? Upgrade!
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curve approach

Minimal

Improved

Lattice [Brommel08]
[Cornell 78]

[JLab 08]

QCD SR [NR,IS 82]
LD SR [BLMO7]
AdS/QCD [GRO08]
AdS/QCD [BTO7]

® Pion FF in QCD SR with nonlocal condensates in minimal and improved models in
comparison with lattice simulations, experimental results and other approaches.
® \We wait for the data up to 6 GeV? from JLab 12 GeV? Upgrade!
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curve

approach

Q2 [GeV?] |

8 10

Minimal

Improved

Lattice [Brommel08]
[Cornell 78]

[JLab 08]

QCD SR [NR,IS 82]
LD SR [BLMO7]
AdS/QCD [GRO08]
AdS/QCD [BTO7]

® Pion FF in QCD SR with nonlocal condensates in minimal and improved models in
comparison with lattice simulations, experimental results and other approaches.
® \We wait for the data up to 6 GeV? from JLab 12 GeV? Upgrade!
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_Factorization” (a)y*(a2) = «°(P) IN PQCD

/d4a:e_iq1'z(7TO(P)|T{j”(z)ju(0)}|0> = iepapdids - F7 7 T(Q% 47,

Collinear factorization at Q?, g* >> (hadron scale ~ m?)
3k 3k 1
F7 7 7T(Qza q2) — T(Q27 q27 H%‘? m) X ‘Pﬂ'(w; “%‘) + O(@) ’

where 2 — boundary between large scale and hadronic one.

7*(Q1) P
1 m(P)
N y* 2 2 £ 1
s (@%a) = f"/ " Q% + ¢z ) v (q2)” TP
Q*F Q% q* = 0) = ?fﬁ d—w o () = ?fw<w—1>ﬂ

0
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~v*~ — . Why Light-Cone Sum Rules?

® For Q° > m3, q° < m pQCD factorization valid only in leading twist and
higher twists are of importance[Radyushkin—Ruskov, NPB (1996)].

® Reason: if g — 0 one needs to take into account interaction of real photon at long
distances ~ O(1/+/q?)

PQCD is OK

Frontiers in QCD, INT, 2011
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~v*~ — . Why Light-Cone Sum Rules?

® For Q° > m3, q° < m pQCD factorization valid only in leading twist and
higher twists are of importance[Radyushkin—Ruskov, NPB (1996)].

® Reason: if g — 0 one needs to take into account interaction of real photon at long
distances ~ O(1/+/q?)

® To account for long-distance effects in pQCD one needs for light-cone @ of real
photon

Frontiers in QCD, INT, 2011 p. 29



~v*~ — . Light-Cone Sum Rules!

Khodjamirian [EJPC (1999)]: LCSR effectively accounts for long-distances effects of
real photon using quark-hadron duality in vector channel and dispersion relation in ¢°

So

F'y’y*ﬂ'(Qza q2) — /

PT 2 o o oo PT 2
p 2(Q a*;)e(mp—S)/M d8+/ p (Q ;s)ds
0 mp_|_q S0 S+q

where so ~ 1.5 GeV? — effective threshold in vector channel,
M? — Borel parameter (0.5 — 0.9 GeV?).

Real-photon limit g — 0 can be easily done.

Spectral density is defined by Im-part of FF for two virtual photons:
p- T (Q%,s) = ImFSI,Y*ﬁ(Qz, —s—1e) = Tw-2 4+ Tw-4 4+ Tw-64 ...,

where twists contributions given in a form of convolution with pion DA:

T

Tw-2 ~ (Tio + Tnio + Thntog, +--+) ® pon’ ().

Frontiers in QCD, INT, 2011



Main Ingredients of Spectral Density

LO Spectral Density, Tw-4 term — Khodjamirian[EJPC (1999)]
NLO Spectral Density — in [Mikhailov&Stefanis(2009)]
NNLOg, Spectral Density — in [M&S(2009)]

Tw-6 contribution — in [Agaev et.al.—.PRD83(2011)0540020]

L I B I

Terms of Pion-Photon FF at Q2 = 8 GeV?

® Resultis dominated by Hard Part of
Twist-2 LO contribution.

Tw4 Two

® Twist-6 contribution is taken into account
—6.5% 5.7%

together with NNLOg, one — they has
close absolute values and opposite signs.

NNLO
-5.9%

Blue - negative terms
Red - positive terms
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Parameters of LC SR

From PDG:

® as(mz)

# Masses mp, mo

#» Decay Widths T'p, I'w,

-

o o 0

From QCD SR:

Borel parameter M2
Vector Chan. Threshold sg
Twist-4 62 + 20%

Twist-6 (as{(@q))

i

Light-Cone Sum Rules:
FF = (LO 4+ NLO) ® (7-DA) 4 Tw-4 4+ (NNLOg3, 4 Tw-6)

-DA model

S

Data on FF

—

FF Prediction Fitting w-DA (an)
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Feynman diagram for ete™ — ete w"

One of the most accurate data on exclusive reactions is data on transition FF
FY™7" ™ (42, ¢2) provided by series of experiments eTe™ — ete™ 70 with ¢2 ~ 0.

CELLO (1991) 0.7 — 2.2 GeV? |
CLEO (1998) 1.6 — 8.0 GeV?
BaBar (2009) 4 — 40 GeV? .
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Pion-gamma FF vs Experimental Data

Comparison with all data: CELLO, CLEO and BaBar

Q@) GV +
0.25 F{M

0.20 -

0.15F-

= BaBar v* v — 0

0.10 % . ]
. .

0.05 ACLEO ~*~v — 0 ]
i ¢ CELLO ~*~ — 7° Q2 [Ge\/Q] ]

0.00 - ‘ e ‘ L
1 10

- | curve DA
i Asymp.QCD
] BMS bunch

GR-PRD77-115024

® BMS bunch describes very good all data for Q% < 9 GeV?.
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Pion-gamma FF vs Experimental Data

Comparison with all data: CELLO, CLEO and BaBar

Q@) GV

0.20

0.15F-

0.10 ;I e BaBar v*v — 7

mBaBar eTe™ —

+BaBar v*vy — 7

0

,n’
yn, yn’

0.05 ACLEO ~*~v — 0 ]

i ¢ CELLO ~*~y — =0 Q2 [Gev2] ]

0.00 &, ‘ ‘ L ‘ N B
1 10 100

® BMS bunch describes very good all data for Q2 < 9 GeV?.

curve DA
_____ Asymp.QCD
] BMS bunch

GR-PRD77-115024

® Note presented by BaBar rotation of v*~ — 1,1’ and eTe™ — ~n,~vn’ data
(1101.1142[hep-ex]) to pion FF using n — i’ mixing scheme agrees with BMS strip!
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Pion-gamma FF vs Experimental Data

Comparison with all data: CELLO, CLEO and BaBar

0.35[ 1 ' PN ]
- Q’F(Q?) [GeV7] f
0.305 4};— f curve DA
0.25 F‘% ______ 1l I Asymp.QCD
o . I I BMS bunch
0.15; 7 ABOP-1,3
i s BaBar v*v — 0 ]
0.10% o BaBar v v — 1,1’ 1| Agaev et al PRD83-054020
B mBaBar et e — N, 'yn/ ]
0.05¢ ACLEO ~v*vy — =¥ o1 ]| === GR-PRD77-115024
I ¢ CELLO ~v*vy — =¥ QQ [Gev ] ]
0007 | . . . . . N R R R N N oo | 1
1 10 100

® BMS bunch describes very good all data for Q2 < 9 GeV?.

® Note presented by BaBar rotation of v*~ — 1,1’ and eTe™ — ~n,~vn’ data
(1101.1142[hep-ex]) to pion FF using n — n” mixing scheme agrees with BMS strip!
» ABOP models are in between two sets of BaBar data.
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Fitting pion DA under LCSR

® \We fitted experim. data on =~ TFF by varying Gegenbauer coefficients of Pion DA.
® Two sets of experim. data (1 — 9 GeV? & 1 — 40 GeV?) were analyzed to show the
Influence of BaBar Data on Pion DA.

® To have an agreement with all data at the level x2, ~ 1 we need to take at least 3
terms of pion DA Gegenbauer expansion with corresponding coefficients as , a4 , ag.

0.25F | [ A | T ]
QUF(Q?) [GeV? %ﬁ |
020 _ 4%%;; _: ==
S S— g

P e I -1 — 9 GeV? Fit

015] | ZTETST 1 - 40 GeV? Fit
f ) = f

W

0.1(); 74> ‘ ]
Q? [GeV?]
1 > 5 10 0
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BMPS [arXiv:1105.2753 [hep-ph]]: 3D 1o-error ellipsoid at pgy = 2.4 GeV scale

without theoretical Ad2,, uncertainties.

04 +—

ae

1 — 9 GeV? Data

03—

02 —— & 2D projection  of
lo-error ellipsoid

vV & Xﬁdsz.él

0 & BMS model with
Xnat ~ 0.5

Best-fit = (0.17, —0.14,0.12 4+ 0.14)
BMS = (0.14,—0.09)

Good agreement with all data at Q2 < 9 GeV?
At 68.3% CL we have good intersection 2DN3DN4D+# @
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BMPS [arXiv:1105.2753 [hep-ph]]: 3D 1o-error ellipsoid at pgy = 2.4 GeV scale

without theoretical Ad2,, uncertainties.

04 +—

ae

1 — 40 GeV? Data

03—

0.2

—— & 2D projection  of
lo-error ellipsoid

0.1

V & xR 1.0

0 & BMS model with
Xnar ~ 3.1

Best-fit = (0.18,—0.17,0.31 £ 0.1)
BMS = (0.14,—0.09)

Good agreement with all data at Q2 < 9 GeV?
At 68.3% CL we have good intersection 2DN3DN4D+# @
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NLC SR Results vs 2D Constraints

NLC-bunch and lattice prediction at ugy = 2.4 GeV scale
with Aé2, error

DAs: Ll & Asymp., A < ABOP-3, [l BMS, m & CZ

Lattice’10 estimate of a are shown by vertical lines.

f I I -
02 Q4 i i ]

: N : ; 1 — 9 GeV? Data
0.1 [ ! ]

i ! ! ]
0.0 @ ! ! =

[ | | 1

3 .....i... i 1
-01F -

i . !

i I I
-02F ; ;

: ! ! |
_0-3f ! ! a2 7

0.0 0.1 0.2 03 0.4

BMS bunch agrees well with the lattice data
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NLC SR Results vs 2D Constraints

2D-Analysis of the data at ugy = 2.4 GeV scale
with Aé2, error

DAs: Ll & Asymp., A < ABOP-3, [l BMS, m & CZ

Lattice’10 estimate of a are shown by vertical lines.

L I‘ I T T
02 Q4 i i ]

: N : ; 1 — 9 GeV? Data
0.1 I ! i

: : : :

; N i i :
00¢ . . | o .

; . ! - —— &2D 1o-error ellipse
~01} ! -

L |

i i i
~0.2|- : :

: ! ! :
_0-3f i i a2 ]

6.0 - 0.1 - 0.2 - 0.3 - O.A;

BMS bunch agrees well with the lattice data
BMS bunch has better agreement with data up 9 GeV? than with CLEO data only.
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NLC SR Results vs 2D Constraints

2D cut of 3D ellipsoid of the data analysis at ugy = 2.4 GeV scale
with Aé2, error

DAs: Ll & Asymp., A < ABOP-3, [l BMS, m & CZ

Lattice’10 estimate of a are shown by vertical lines.

o.2f— Qa4 *

: ; 1 — 9 GeV? Data
0.1 i
00 . .

: ! —— & 2D 1o-error ellipse
. - -~ & 2D-Proj. 3D-ellipsoid
-0.2

: : —— <& ag = 0 cut of 3D-ellipsoid
—03f . az -

E)‘.O - 0‘1 o 0‘2 o 0‘.3 - 0‘4

BMS bunch agrees well with the lattice data
BMS bunch has better agreement with data up 9 GeV? than with CLEO data only.
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NLC SR Results vs 2D Constraints

BMPS [arXiv:1105.2753 [hep-ph]]: 2D 1o-error ellipses at nsy = 2.4 GeV scale
with Aé2, error

DAs: Ll & Asymp., A < ABOP-3, [l BMS, m & CZ

Lattice’10 estimate of a are shown by vertical lines.

02 A4

I

7 i

N

01l A i

I + I
00 &

: N : - —— &2D 1o-error ellipse
01 \ : :

1 — 40 GeV? Data

-02F

1

i

L ! ]
-0.3 B i a2 ]

L I I I I | I I 1 I | I I I I | I | | | N
0.0 01 0.2 0.3 04

® Bad agreement with 2D 1o-error ellipse
® no cross-section with ag = 0 plane.
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NLC SR Results vs 2D Constraints

BMPS [arXiv:1105.2753 [hep-ph]]: 2D 1o-error ellipses at nsy = 2.4 GeV scale
with Aé2, error

DAs: Ll & Asymp., A < ABOP-3, [l BMS, m & CZ

Lattice’10 estimate of a are shown by vertical lines.

L | ‘I 1 T
02 a4 i i ]

: . ! ! : 1 — 40 GeV? Data
01 | I i

; ¥ i i E
0.0 & o~ ! ! m :

5 N TR ! - —— & 2D 1o-error ellipse
-01f AN ! _ _ _

: N : ——— & 2D-Proj. 3D-ellipsoid
02| el

I \\\\ \\\i !
—0-3f 1 \\\\ \i\ a2 N

6.0 - 01 - 0.2 - 0.3 O.A;

® Bad agreement with 2D 1o-error ellipse
® no cross-section with ag = 0 plane.
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Data fit of pion DA vs QCD SR

=, BMS, === _,1_9GeV? === _,1_40GeV?atpugy = 2.4 GeV scale

I T T T T T T T T T T T T T T T I T T T T 7 T T T T T T T T T
* $x(x) B ) LN £ -
L s J L ' \ il

-1~ 3D-[1, 9] GeV?’vs. BMS - -1- 3D-[1,40]Gev’vs.BMS Y . ]

0.0 0.2 04 0.6 0.8 10 0.0 0.2 04 0.6 0.8 10

® BMS bunch agrees well with 1 — 9 GeV?

» New BaBar data does not agree with BMS bunch based on NLC QCD SR.
® Both data sets does not match each other only at the end point region.

® 1 — 9 GeV? based DA and 1 — 40 GeV? based DA separated near origin.
® High BaBar data demands the end-point enhanced behavior from pion DA.
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Comparison of fit with pion DA models

Model/Fit Values of an, X2 ndf X2 ndf
(1 —9GeV?) | (1 —40 GeV?)
asz, ay, ag fit (0.18,—0.17,0.31) 0.4 1.0
NLC QCD SR, BMS (0.141, —0.089) 0.5 3.1
Agaev et al (0.084,0.137,0.088) > 2.8 > 2.4
Modif. fact. fit, Kroll (0.21,0.009) 3.8 4.4
AdS/QCD, Brodsky et al 0.15,0.06,0.03 2.3 2.8
CZ (0.394) 32.3 25.5
Asympt. (0,0) 4.7 7.9

All a,, values given at ugy = 2.4 GeV scale.

® BMS DA gives best description in LC SR of FF for momentum up to 9 GeV 2.
® Result of all data fit in LC SR is far from all considered model of pion DA.

Frontiers in QCD, INT, 2011




[1 — 9] vs [1 — 40] GeV~” data analyses

momentum regions [1 — 9] GeV? | [1 — 40] GeV?
BMS bunch Agreement No!
number of harmonics n 2,3 3,4
best x 2 0.53, 0.44 1.0, 0.77
Slope ¢ (0) 20.24+20.9 | 48.5411.8
Slope D(®) 4 (0.5) 8.3 + 3.2 12.7 £ 1.6
NLC Model gaussian | exponential
o7 (0) 5.34+0.5 | 7.0+0.7
D® . (0.5) | 4.7+0.5
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Conclusions

-

Slope of pion DA at the origin is limited by “speed” of quark condensate decay
at large distances. Slower decay at large distances, causes an increase of the
pion DA slope ¢’ (0).

LO QCD sum rules with natural choices of NLC lead to behavior at the origin
close to asymptotic DA and contradicting flat-type pion DAs.

Taking into account nonlocality of condensates enlarge the region of
applicability of SR towards momenta as high as 10 GeV?. Result on EM pion FF
is in a good agreement with existing experimental data between 1 — 10 GeV?.

The result from CELLO, CLEO, and BaBar data up to 9 GeV? is in good
agreement with previous CLEO based fit and prefers a end-point suppressed
pion DA, like BMS bunch;

Beyond 9 GeV?, the best fit to all data on F,y*,y_m(Qz) including higher BaBar
points requires a sizeable coefficient ag, while the a2 and a4 remain the same.
All data fit prefers a end-point enhanced pion DA.
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