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filectromagnetic and transition form factors

of the Pion 13 PQCD
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Pion FFs in PQCD

y\'
Pion e.-m. form factor  {(m(p + q)|J*(0)|7(p)) = er(qQ)(Zp + q)*
J¥ = e uiy*u + eqdyPd + . .. rr [A— 3 l "
1 / =
Pion distribution amPlitude / A%t ey —mEaasl 224N e,
0
[P s r
5 01y (2, QuO) | (P)) = iP* [ dze* Py (z)
V2 0
Asgmptotic =P expectation for Q2=~q2>>
1 Chernyak, Zhitnitsky, JETP Lett."77
F%(Q%) = 16ma,(Q?) / dxdy On (x)gbg(y) Lepage, Brodsky, PLB’79
0 9ryQ Efremov, Radyushkin, PLB’80; Th.Math.Ph.’80

lntegral should converge - requirement on the torm ot DA

1 as

“Asgmptotic” DA ¢7°(2) = 6fr2(1 — 2) / dxM e ]
0 1

Cherngak, Z_I’xitnitskg’c‘i‘t gbgz(z) — (=20 /1 e 72 (z) S
0 G5

}59 measuring Pion FF - measure Pion DA
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Pion FFs in PQCD

Much theoretical work is dedicated to unclerstancling Pion form factors

Bakulev, Radyushkin, PLB'91;
QCD Sum Rules Radyushkin, Acta Phys.Pol.’95;
Bakulev, Pimikov, Stefanis, PRD’09

A.V. Radyushkin, PRD’09;

Flat DA + regularization of quark Propagator
W Y Polyakov, JEEEREetisE9

Flat DA arise in NJL and chiral quark models Arriola, Broniowsky, PRD’02, '03

s lE aPProach: flat Pion DA ruled out ELLE.L: Roberts'et al’ PREC’10

Common feature of models that describe BaBar data:

account for “soft” mechanisms (begoncl leading twist) - corrections turn out to be very largel

Arriola, Broniowsky, PRD’10;

Hadronic models (VDM, DR etc.) Belicka et al, PRC'11
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Reggeization InEEE
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Reggeization of gluons and quarks in QCD

Scat‘tcring amplitucles n Regge kinematics = 60>t ~ const.
w, N7 {
o,w,,... é R Regge trajectorg
T, N,... } an(t) ~ ap(0) +a't
3‘] OzM(Mg) =k
fars(o,8) ~ =g = fls,8) = (/50

QCD scattering amplitucles: Multi~Re%e kinematics pa . Par L
Forward scatteri ng (total cross sections) ) g0 | WE
pPB pPB = (LD

e -

i (I

5umming up radiative corrections - BFKL Pomeron

| &

Y

&+ | =

farpiap  ~ WP aau(pa)i(pp)lspu(ps)
Fadin, Kuraev, Lipatov, PLB’75;
S/SO)O‘P (t) Lipatov, Yad. Fiz. '76;
Kuraev, Lipatov, Fadin, JETP’'76, '77;
Balitsky, Lipatov, Yad. Fiz.'78;

~—~
e G

—  a(p)T aa (t)u(pa)u(@p)'e (t)u(ps)
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Reggeization of gluons and quarks in QCD

k 4

A ——————

ATAYTATATAY] ].'n
L ,l'L_,' '.‘_,l 'u ’ '-__)-\_,l

[ueue0)

-t

facroa(sit=—q1) ~ 9(pg

Fomeron ~ coml:)ound state of two reggeized gluons;

*

Reggeons ~ colorless states O]C reggeizecl quark ancl antiquark

i e

==

o aTaTATATAY
4 00000

F

Fadin, Sherman, JETP Lett. '76;
Fadin, Sherman, JETP '77;
Lipatov, Vyazovsky, NPB "01;
Fadin, Fiore, PRD ’01;

Kotsky et al, NPB "03;

Bogdan et al, JHEP "02;
Bogdan, Fadin, Yad. Fiz. '05;
Bogdan, Fadin, NPB "06
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Pl’xenomenologg O{: FngCiZCCI quark exchanges:

Meson Reggc trajectories
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Phenomenologg O{: reggeizecl quark exchanges

Postulate: similar asymptotic behavior for qg -> hadrons, gamma’s etc.
oAl 7. 99 5

q - B S O‘q(QQ)_%
e AR gaq(qQ)—% /

S0

— = = =
_____

— — > — — - > — —

() —¥.))

chj—nrw(sa t) = ﬂng (pQ)FqQﬂ'(p27pﬂ'2)k +_ 2 )quw (plapﬁl)u(pl)

BT ngw(t) ,l_}(pQ)quﬂ'(p27p7T2) ;?R(Sﬂf) qqﬂ'(plapﬂ'l)u(pl)

The main object of interest: quark trajectory Al = v OPERt

—ima(t) /
The standard Regge Pre~1cactor g SE (5 b lxe e,
«t) = Tgin(re(t)) T(a(t) + 1)

CaFC‘FUl: CO!T]PICX PhaSC WOU!CI FCCiUiFC “COIOFCCJ resonances” in tl"lC CY’OSSCCI channel c]'IT->q'IT At UﬂPthiCBl

To avoid any redundant Parameters: simple ansatz
S O‘q(ﬂ_%
Pr(s,t) = ma! | —
als.t) =7 ()
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Phenomenologg O{: reggeizecl quark €XCh8ﬂg€S

The parameters of the Regge quark exchange: g (t) = g (0) 4+ at Byarn (t) ~ Bygn x bt

Emplog Phenomenologg: identhcg meson Regge exchanges with reggeizecl quark~antiquark exchanges

im 28 s
‘e )
: 3N, (imal’ 2ou(0)=1 i
T —rnr(s + i€, t) = b _d ( i ) g3 bnnt = 2 [
1024f204, \ 0 D ane
2 22 12 aqy (0)+as(0)—1 et
ImT?T?T—>KI_{(S —|_ 7:67 t) — SNCﬂﬂ-/BKﬂ;aq ( i ) Q%B”Kt er el Oé; IH(S/S())
10242254 . \ s
L\ #
Compare to the well-known trajectories DE oo @u(o) = aq(0) ~ 0.75 b
2,(0) —1 =~ a,(0) = ay,(0) = 0.5 as(0) =~ 0.55
0u(0) + 0s(0) =1 =~ oag«(0)~0.3 N a4, & a/2~045 GeV‘Z
2005(0) — /1 = a¢(0) /% 0.1 % u,cl quarks reggeize strong19
a, ~ (1/2)a’,~0.45GeV s quark reggeizes very milc”g
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Applica‘cion to triangle cliagrams:
Pion form factors with unitarity'ancl

Regge asgml:)totics
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Pion transition FF with unitaritg and Reggc

' ImF,_. (s
Dispersion representation: D o (e / ds’ T Hry (5]
s s’ —s
Unitarity in the timelike region:  ImFry =5, 1o pP2rEr + 15, 10 P30 F3n + Z tx rPx Fx
> = X 7= 2T, ST
5 L | "y ’_,ll 1 | - _.j::—'i
Hadronic contributions: pure VDM (W=3TT) and VDM + rescattering (p=21TT) Truong, PRD "02
Holstein, PRD 96
Quarl«hadron dualitg: Z t},wyPXFX ~ / quth,wququ(S £ ,LLZ)
Xie=2r Bar
4 N (2 2 2 4 aqa(0)—2 .0 R
cles —es )b mea S -
Imquv*WO'Y(S +ie) = — (€, d>6 d ( ) / dtgeb”tztg
280 S0 _
ap(0)
A f)?2 1 0.25GeV? R
— S(ﬁﬂ\];) VIMT (s + i€, t = 0) (i> ~ ﬁe ( i )
Energy dependence is fixed ]:)9 the asgmptotics of T scattering
S o) & 0.25
SF’Y*WO'y(S == OO) 2 ( 1GeV2 ) ~ ( 1GeV/2 ) compares well to BaBar
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Pion e-m FF with unitarity and Regge

; : , S ds' ImF. (s
Dispersion representation: ReF,(s) =1+ — / n(5)
VI A e S
Unitaritg in the timelike region: i B .
ImFﬂ- = t;W’Qﬂ-p2ﬂ'F’7‘( St t;{K72ﬂp2KFK = Z tj%)zﬂ-pXFX Sad v, KK er.
X#2m, KK Sa .
Hadronic contributions: N/D aPProach F.(s) = N(s)/D(s)
R Ry / ")Re [t% 27:'( )PXES')lf'X(S’)}
Xton — 5, o (8")p2r(8)](s' — s)
/ Ret27r 2w P27
SRSt tan ¢ = :
D(S) —=AYeX] (_; /Sth ds (8 I 8)8 ) ¢ (1 — Imtzﬂ,gﬂ—pzﬂ—)
Sk S ap s e e i Fx =~ G F,0(s — pu?)
Quark-hadron duality: X arPXLTX qq, 7 Pq H
X#£21n, KK
a 2 ag(0)—2 .0 )
. Ne(ew — ed)ﬁwﬂ()‘; S ! 2 borto 2
4 - 0.63 e
S . S 2
— I Tﬂ-ﬂ- —|— t — 0 = —
g VTS0brn g VImTen (s + i ) (s()) 1+ 0.1251n(s/sp) <so> )
Jeiih beh F : IR
We predict the asymptotic behavior S S — 00) ~ ( )
P L 2 ) In(s/sg) \1GeV?
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Result for the l:)ion form factors
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Combined description of Pion e

e.-m. and transition FFs on toP of each other (bo’th normalized to unitg at s=0)

Asgmptotic Part: Parameters from the transition FF fit

100 — | . | . | . .
O e.m.
|| O transition |
= | — W =1GeV’
B 2 2 ]
- u =10GeV
S 1= N
—
o)
) ——
=
@\ E 3
= E
0.01

Overa”: goo& agreement between the e~-m and transition FE &ata (wherc theg overlal:))
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Summarg

Dispersion analgsis of Pion form factors:

J f‘u”y unitarized cJescriPtion of hadronic channels
o Emploged Regge asgmptotics due to colored (quark) Regge exchanges
®* Parameters o{: quark~Regge trajectories: cleducecl From meson Regge trajectories

e Hadronic contribution (VDM + rescattering): at least as imPortant as

’thé asgmptotic Par’t even at largest S
J Asgmptotic Par’c: compa’cible with BaBar results
* Predict Pion e.-m. FF to follow similar asngtotics as the Pion transition FF

* More WOF‘( underwag
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