New vistas of the meson structure in QCD from
low to high energies

N. G. Stefanis

Institut fiir Theoretische Physik Il
Ruhr-Universitat Bochum,
D-44780 Bochum, Germany

International Workshop on eTe™ collisions from Phi to Psi,
Frascati, Italy, 7-10 April 2008

N. G. Stefanis



ﬁ%

=

Introduction

Nonlocal QCD sum rules

Light-cone sum-rule analysis of F? 77
Lattice results

Pion form factor in QCD

Diffractive dijet production

Drell-Yan 7* N scattering

Conclusions

N. G. Stefanis



e Pion’s dilemma: To B or to D?

Figure: Camels and the 7 distribution amplitude.

» Left: asymptotic «+— perturbative QCD
» Right: «—— QCD sum rules
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e CLEO veto (CLEO Collaboration, 1998)

» CLEO data on Fry,(Q?,0) exclude CZ DA

(1996)
> CLEO-data analysis (2000) definitely
excludes CZ DA and likely excludes asymptotic DA
> CLEO-data analysis (2003-2006)

excludes CZ DA (at 40 level) and Asy DA (at 30 level)
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» Other nonperturbative approaches, e.g., instanton models,
( , 1999; , 2000;
, 2001)
» QCD sum rules with nonlocal condensates (NLC) (Mikhailov,
Radyushkin, 1986). NLC of higher dimensionality unknown.
Resort to simple in Euclidean space:

(@(0)q(2)) = (§(0)q(0))e =1/
which decays with correlation length

A~ 1/Ag~0.35 —0.28 fm

)\f’ = <k§>: finite vacuum quark virtuality
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Estimates for /\2:

> (g0 )V24q(0)) 2
Y= ey K
< ( )(’go'/u/le) (0)> ‘0 chiral Limi
= 2g(0)q(0)) (i chiral limit)

0.4+0.1 GeV? [QCD SRs, 1987]
0.540.05 GeV2 [QCD SRs, 1991]

0.4 — 0.5 GeV? [Lattice, 1999 — 2002]

0.4 4 0.05 GeV? [CLEO data analysis, 2004]
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Features of pion DAs

» Convexity vs. of 7 distribution amplitude

1. Asymptotic 7 DA: Dromedary-like - everywhere convex
2. Chernyak-Zhitnitsky 7 DA [PR112 (1984) 173]: Bactrian
camel-like convex at x =0, 1; atx=1/2

» Vacuum nonlocality provides endpoint suppression:
» Bakulev-Mikhailov-Stefanis DA [PLB508 (2001) 279]:
“Camelino” at x =0,1; at x =1/2
Important consequence:

» BMS DA approaches through evolution asymptotic DA

2—>
©BMS Qe Pasy = 6x(1 — x) from T
> DA approaches asymptotic DA from [}
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The object of desire: 7 DA in QCD
e  Matrix element of nonlocal axial current on light cone:

1
(0]d(2)7"75C(2,0)u(0)|7(P))|2—0 = ifwP“/O dxe™ P or(x, 15)
e Path-ordered exponential (connector)

C(z,0) = Pexp [—ig/o dy“t"A;(y)]

ensures gauge invariance
e Normalization

1
[[ oty

N. G. Stefanis



ﬂ%

=

e QCD Sum Rule based on correlator of two axial currents:

m> s
fPon(x) + fioa(x)exp <_ /\/7‘21> :/o PRio(xis)e=s/M ds
(s GG) a0
T g P M)

8ras(gq)’ 2.
+ W Z (D,- (X, M2,)\(27) .
i=S,V,T1,2,3

M?2: , 0 in axial channel
i runs over S: scalar, V: vector, T: tensor condensates
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e Endpoint contributions x — 0,1 strongly suppressed due to \2 >0
e By virtue of finiteness of A2, one can extract values of moments

1
M= [ ax@x-DVerl),  g=2x-1
0
that decrease with increasing polynomial order to 0:
(€N)x — B/(N+1)(N +3)]

As a result, one can reconstruct pion DA
, because higher ones are close to 0:

VS0 pd) = o () [1 +  ax(ud) G (2x — 1)
+ au(ud) G2 (2x —1)]
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moments Gegenbauer coefficients
e First N=10 moments at u3 ~ 1 GeV?, determined with nonlocal
QCD sum rules. Uncertainties are shown as grey bars.

o (LT =Q1/3)(x -1
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QCD sum rules with nonlocal condensates yield

3.8
3.6
3.4

3. 2F

2.8
2.6

of m-DAs

M? [GeV?

)\5 = 0.4 GeV?
» dotted line: asymptotic 7m-DA (az = a4 = 0)
> dashed line: CZ m-DA (a2 = 0.56, az = 0)| 21 gev2
m-DA (a = 0.2, as = —0.14)

» solid line inside “bunch”:
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Light-cone sum rules employ dispersion relation to yield FY™ /™

[ , EPJC6 (1999) 477]:
S0
Flotn(@h 0" —~0) =2 /52 p(Q?, s; p2)elmi=s)/M?
T mp
1 Oods
T / p(Q% s p?).
U S

£
> p(Q%s; %) = Im [Fg*cg”(Q% g’ = —s;u2)}
> sp = 1.5 GeV?: Effective threshold in p-channel
» M? ~ 0.7 GeV?: Borel parameter; m,: p-meson mass

» u2: Factorization scale fixed by ,
PRD62 (2000) 116002 to 12y = 5.76 GeV2.
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Bakulev-Mikhailov-Stefanis CLEO-data analysis
[PRD67(2003)074012, PLB578(2004)91, PRD73(2006)056002]

» Accurate NLO evolution of ¢ (x, ngp) and as (ngp),
including quark-mass thresholds

» Estimates of uncertainties from twist-four contributions via
nonlocality scale 52TW74 ~ /\3/2 to get
52TW74 =0.19 4 0.02 for )\3 = 0.4 GeV?

» Determination of error ellipses of CLEO data by employing
to maximally include twist-four

contributions
» Constraints on (x 1) from CLEO data
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NLO Light-cone SRs; 67, _, = 0.19(4) GeV?; A2 = 0.4 GeV?;
u? =5.76 GeV? (left panel); pu? ~ 1 GeV? (right panel)
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» [1: asymptotic DA; v: transverse lattice; o : Ball-Zwicky DA
» [O; O; A: instanton-based DAs; m: CZ DA
» 0: BMS best-fit point; 0: BMS DA; “tamy,

> on RHS denotes independent SR for %(xfl)7r -1
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» Complete NNLO coefficient yet unknown

» Partial results exist in conformal scheme |
, PRD68 (2003) 014013]
» Rough estimate obtained by varying reference scale
p? = pd = p2 = Q? in range [Q?/2,2Q? entails large
uncertainty = larger o ellipses

N. G. Stefanis



0.12

0.1 / /V
0.08 #é’ Q? [GeV?]

¥ {jﬁ’ . }}H

02 Q Py (@) [GeV]_ -7 o

[ 2 4 6

8

10

T
Ep

0.1 §
; % Q* [CeV?]

0.08
0 2 4 6 8 10

» Left: LCSR predictions for Q?Fy«y—(Q?) vs CELLO
(triangles) data, for

(diamonds) and

62,4 = 0.19 GeV?

Right:

62,4 = 0.15 — 0.23 GeV?

» Low-Q2 CELLO data excludes
High-Q? CLEO data excludes CZ DA
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(€2); from lattice

» Martinelli&Sachrajda, NPB306(1988)865
(€2):(2GeV) = 0.34 £0.17

» Del Debbio, Few Body Syst. 36(2005)77
(€2):(2.4GeV) = 0.27(6)

» QCDSF/UKQCD Collaboration, PRD74(2006)074501,
hep-lat/0510089
(€2):(2GeV) = 0.269(39)

» UKQCD/RBC Collaboration, arXiv:0710.0869 [hep-lat]
(€2):(2GeV) = 0.28(3)

N. G. Stefanis



Comparison between CLEO-data analyses and lattice results

(111,""’ o (11,,"“\‘ i
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-0.4 \\\*~>"v -0.4 J-
0.6 b -0.6 : o
as \ as
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
» Left: Strip shows results [hep-lat/0510089]
» Right: Strip shows results

Error ellipses correspond to NLO Light-Cone SRs with
0%y_q = 0.194£0.04 GeV2, A2 = 0.4 GeV?
Bakulev-Mikhailov-Stefanis, PLB578(2004)91
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Twist-four estimates with renormalon model

ay bt N ay
0 : - 0
§ RS
S0.2 L i -0.2 .
0.4 \’\\\: -0.4 \\_‘
0.6 : a 0.6 . @
0 0.1 0.2 0.3 0.4 0.5 0 0.5
» Left: Strip shows results [hep-lat/0510089]
» Right: Strip shows results

e Error ellipses correspond to NLO Light-Cone SRs with
/\(27 = 0.4 GeV? and twist-four contributions modelled by
[Bakulev-Mikhailov-Stefanis,

PRD73(2006)056002]
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> All results evaluated at u3y = 5.76 GeV? after NLO evolution

» Only 1 o ellipse of CLEO data shown. solid contour: twist-4
via 62 ,. broken contour: twist-4 via renormalon model

; [: Braun-Filyanov; m: CZ DA

» Dashed rhombus contains

_—_—T

» Latest lattice results superimposed in form of vertical strip
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[Introduction]

Pion form factor in QCD

Definition of pion’s electromagnetic form factor in QCD:
(T (P[4 (0)[7*(P)) = (P + P) ,Fx(Q%)

Total form factor:

Fﬂ- — FEact(Q2) + F;;lon—Fact(Q2)

> Fct(Q?) describes hard gluon exchanges in terms of
convolutions with m DAs
(P - P)?=¢q>=-Q%

» Fpon—Fact(Q2) originates from soft nonperturbative effects

o, (2, 2) D (y, )
+ 3 terms + + 61 terms
LO +NLO Lo NLO LO + NLO
U, u; puf, 1g) T (u,v, Q% p, 4z) Uy, v; up, 113)
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[Introduction]

[Ruifractive diet production
[Drell-Yan 7— N scattering]
[Conclusiond]
Pl (@) = FRO(Q% i) + FYHO(Q% )
> FO(Q% R) = as(uR) F0(Q%);

i
Q2.7:LO(Q2)—87Tf2 1+a DNLO(Q2)+a DNLO(Q2) 2

> FO(Q% uR) =
aZ 2
osln) [ EDNLO(Q2; 2y 4 FRDNLO(Q2; Ny, = OO)}

T

» a,DNLO _, 5 DLO. 5

nonperturbative coefficients

ND,NLO _,

® Npfax marks maximal number of Gegenbauer polynomials included
Full details provided in
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[Introduction]

Pion form factor in QCD

Theoretical treatment of FWF‘““(QQ; M%{) at NLO

FEoet(Q?; ) expreisible in form of convolution at leading-twist two:
1

FEY(@% pr) = 7 [ax][dy]es(x, ui) Ta(x, ¥, Q% pis A Q@) (y, 1)
0

» ur factorizes long from short-distance dynamics
> . (x, u%) encodes nonperturbative pion bound state

> Tu(x,y, Q% u%, uk) describes hard subprocesses in pQCD:

Tu(x,y, Q% pd k) = as(ud) TV (x, v, @%)

20,2
+ Oés(NR) T(1)(

iy y’Q MF?MR)
o N LS L Ng,]_
o TPy @)=k =g o= oy
2
CA—NC—3,b0:131CA—3TRNf, TR:%, Ian_| 2_| Alj\é‘l?
Iz
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[Introduction]

Pion form factor in QCD

[Conclusiond]
Fact
Fr

in Fractional Analytic Perturbation Theory

e Analytic means no ghost singularities in strong running coupling by virtue of
a dispersion relation with a spectral density based on perturbative QCD

[Shirkov & Solovtsov, PRL79(1997)1209]:

> . > (1) 2
dua(/)(Q ) = du A (Q7),
2 0
W power W index
e a= byas/4m :

“normalized” coupling = A; < 1,

pneR
Z s ()
v 1 17
@) = e )= 2 imlai (o)
(1) 2 1 1
A@) = In(@2/A2)  Q2/A2—1
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[Introduction]

Pion form factor in QCD

’ Various Analytization Procedures ‘

> Analytization [ , EPJC18(2000)137]
h i
QZTH(X7y7 Qz;u%v)\RQ2) Naive_ A :Ag2)()\RQ2) tI(_?)(Xay)
h o i,
A7 (A Q%) 2
(1) . HE
LA — (%, ¥ AR, @)
» Maximal Analytization [ , PRD 70
(2004) 033014]
h i
Q*Tulx,y, @ uk AnQ) =A@ 1) (x,y)
A® Ar Q2 : ,u2
+AEND) by, L

> Karanikas-Stefanis analytization [PLB 504 (2001) 225]. Includes all logs
that can contribute to spectral density
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[Introduction]

Pion form factor in QCD

Predictions for Q*F, using analytization and BMS 7 DA

0.6 2 ; 0.6 " ;
ool QR @ |, @R@) ®)
@Q? [GeV?] Q? [GeV?]
> Left: Analytization [ , PLB449(1999)299;
EPJC18(2000)137]
> Right: Maximal Analytization [ ,
PRD70(2004)033014]

> Solid line in right panel shows Q?F2°"~F2c(Q?) based on local duality
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[Introduction]

Pion form factor in QCD

Predictions for Q*F; using Maximal Analytization and

0.6

0.35 \\\QH’%(QZ) s Q*F-(Q?)

0.3

0.2

0.1

2 3 6 7 8 1 2 7

52 [G:\/z] ;22 [G"evzf
» Left: Dashed line denotes prediction in standard pQCD in MS scheme;
dash-dotted line shows result with Analytization;
solid line represents result in Maximal and KS Analytization [
, PRD72(2005)074015]

» Right: Green strip shows predictions with Maximal Analytization for
from QCD SRs with nonlocal condensates in comparison
with existing experimental data

» Shaded area shows area corresponding to asymptotic m DA
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> First theoretical estimates by , PLB304(1993)1

» Convolution approach to account for hard-gluon exchanges proposed by

, NPB638(2002)111
» Alternative approaches by , PLB517(2001)119;
., PRD63(2001)014020
> , used convolution approach with results

displayed below [PLB578(2004)91]

60
50 DA X’
[%2]
40
E Asy 12.56
L30
.|>J BMS bunch 10.96
40 | /4 e N T T cz 14.15
10
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» Drell-Yan process 7~ N — p = X dominant mechanism for production

of lepton pairs with large invariant mass Q2

d(Tap — qr) 7—N plane

9((xa —y)p +qr)

w(ap + qr)

> s = (pr + Pn)? = 500 GeV?,
QRP=¢"=16—-70GeV? p=Qr/Q=0-05, Q* = —¢*

> As x; — 1, p? large and far spacelike = u-quark nearly free and
on-shell, i.e., x, = xy (no transverse momenta)
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Drell-Yan 7 N scattering]

Angular distribution of ' in pair rest frame of DY reaction with unpolarized
target can be written in terms of kinematic variables \, i, v [
, PRL73(1994)939]:

d°o(r™ N — pTu=X)
dQ2dQ%dx, d cos d¢

o N(%,p) 1+ Acos” 6 + pusin26 cos ¢ + %sin26cos2¢)

o N

[ ., PRD76(2007)074032; Data from ]
» Green strip corresponds to
» Solid line shows result for asymptotic DA
» Dashed line denotes result for CZ © DA
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> Left: Asy. w DA; Center: : Right: CZ DA at s = 100 GeV?

» Upper row: Angular parameter fi(x, p) for
Lower row: Azimuthal asymmetry A(¢p,xi,p = 0.3) at ¢° = 16 GeV?
and s = 100 GeV?
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yields best overall agreement with several sets of
experimental data on various reactions from low to high momenta

stable against both NNLO uncertainties
and influence of twist-four contributions

within 1o error ellipse of CLEO data and in full
compliance with most recent high-precision lattice results on first moment
(€%) = (or Gegenbauer coefficient a,)

Asymptotic and CZ 7w DAs off CLEO data at 40 and 30 level, respectively

Use of Maximal Analytization for electromagnetic pion form factor
significantly reduces dependence on renormalization-setting procedure
and renormalization scale

Adopting Karanikas-Stefanis analytization provides insensitivity also to
factorization scale in electromagnetic pion form factor, further reducing
theoretical bias

Drell-Yan process provides in terms of further
possibilities to discriminate among various ™ DAs
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