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The nucleon DA

= Definition: Distribution of quarks - virtuality up to x4 - inside nucleon in
longitudinal momentum fraction z;

: : —iPz(> xia;) o
4(0esgpuil, (ar ) (asz)d" (as2)| N (P / Dre 73 (15017 Fa)

. 1 1

with
/D$ = /dxlfdazgfdxgé(l —T1 — To — T3)
0 0 0

0 universal non-perturbative input
k1| <p
[ DA(,M) = f dk | Vpg
= Expansion up to twist-6
U e.g. twist 3;: &3 =V; — A; = 1205131332563fN + ...
0 higher Fock states = higher twist

= Each twist expanded in conformal spin
0 Twist-3 up to NNL conformal spin
0 Twist 4,5,6 up to NL conformal spin
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Sum rule approaches for the form factors

» 0.5GeV? < Q2 < 2GeV?: QCD sum rules — vacuum condensates
T(Pg) = [t [ atyem P VO (0, (@)n(o)HO
[ | Q2 — O

0 B; — Bj: QCD sum rules — vacuum condensates in B.F.
0 B; — By: LCSR — photon DA

T.(P,q) = / Az P (O[T {(0)7(x) } 0)

1GeV? < Q2 < 10GeV?: LCSR — baryon DA

T,(Pg) = [ dtee™ PO (03, @)} N (P)
= very, very large Q?: Perturbation theory — baryon DA

F1 O(/(I)gTH(I)g
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Form factors from Baryon DAs via LCSR

To describe the transition of a baryon B to a baryon N via the current j,

B(P') 2% N(P), P'=P—q

Start with a correlation function

T.(P,q) = / dize= 7" (O[T (1(0), ()} N (P))

= [nterpolating field : creating B from the vacuum”

e.g. nea(z) =% [uWi(2)(CH)w(x)] (157) di(x) = B = Proton

o  7Noffe(x) = 5”’“[ Y )(C”y,,)uj(az)} (v57") d%(z) = B = Proton
= Current j,

e.g. j;"(z) = eyu(x)y,u(r) + eqd(x)y,d(z) = em form factors
e.g. ji(x) = u(x)yu (1 —7s)d(x) = weak decay

Now: Express T), in two different ways
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Example: EM form factors of the Nucleon

= Rosenbluth-formula (1955) for elastic e™-N scattering (1 photon exchange)

o o G2 2 _|_7_G2 2 .
(88) = (45) pore | BLHEED) 427G, (@) tan? & |
Q?=—¢> 7= %, 0. = scattering — angle of e~

» Electric G(Q?%) and magnetic G'y;(Q?) Sachs form factors

= |[nterpretation in Breit frame:
- G(Q?) Fourier transform of electric charge distribution
- G (Q?) Fourier transform of magnetization density

m Relation of Dirac and Pauli form factors to Sachs form factors
Q2

e F>(Q?).

Gu(Q?) = F1(Q%) + F»(Q?), Gr(Q?) = F1(Q%) —
» GY(0) = pyp = 2.79, G%,(0) = p,, = —1.91.
= Def.: (P',s|jo™|P) = N(P') |y, Fi —Z%Fg} N(P)
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L.H.S. of the sum rule

Inserting a full set of one-particle states in the correlation function we obtain

1
m;— (P

T.(P,q) = > Ol | P, s) (P, s|je™ | P) + . ..

S

where the dots represent contributions of higher resonances.

The arising matrix elements read
= (O[ncz|P) = fnPzzZN(P)  or  (0niofte| P) = AympN(P)
with the non-perturbative constants fx, A\

= (P',s|jsm|P) = N(P') |y, B — i%2E By | N(P)

2m

= TM = T,u(fN or )\1,F1,F2)
Which 7 to use?
Determine fy, A1, ...
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R.H.S. of the sum rule

Do all possible Wick-contractions in 7,
T,.(P,q) / dze="" .. TT°TY4(0]€snululyds | N(P))

and insert the Baryon DA

4(0esjrul (a12)uy(az2)d% (as2) N (P)) = Y T§°T{F(Pz)

with Dirac structures I'; and 24 distribution amplitudes F(Pz).

1 1 1
_ /dZE1 /de /d:l?g(S(l X — Xy — xg)e—iPz(x1a1+x2a2+x3a3)F(xi)
0 0 0

= 1, longitudinal momentum fraction carried by the quarks
= The DAs F'(x;) are the universal non-perturbative input!

= DAs can be reduced to 8 non-perturbative parameters (NL CS)
= T,u — TM(fNa )\17 )\27 V1d7 AQf? f1d7 ffba féj> = Determine fN7 )\17
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Combining L.H.S. and R.H.S.

In order to combine the two expressions for 7}, we perform first a projection

= AT, = pz (myAS™ 4L B5™) N* (P)

with 2° = 0 = qz;p, = P, — 2,m>/(2P2); AT =$7/(2p2); ATN = N

1 —583
)\1Fem

B = 2 = -2 dz1120 0(1—z1—x3—
1 m2 — P Gd/ q—ng / 111202129030 (1—21—w2—3) fN+

0 0

To supress the contributions of higher resonances we perform a Borel trafo

L 2 2 2
_(1—:B)Q —xmys

1 [dx [
F5™ = 2eq— - / dr1120x122230(1 —x1 — 22 — 23) fINvE =0 + ...
0
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Current activities - including higher twist DAs |

® The nucleon DA
O up to twist 6, Braun, Fries, Mahnke, Stein, 2000
0 x*-corrections to Vi, Braun, A.L., Mahnke, Stein, 2001
O reestimate of non-perturbative parameters, Braun, A.L., Wittmann, 2006
0 xz?-correct. to A1, Ty, Huang, Wang, 2004, Braun, A.L., Wittmann, 2006; A.L., 2007
O Lattice determination, QCDSF 2008; Géckeler, Kaltenbrunner, A.L., Schafer, Warkentin, to appear

B | CSR for form factors of the nucleon

em ff, ncz, Braun, A.L., Mahnke, Stein, 2001

em ff, isospin conserving nr..., A.L., Wittmann, Stein, 2003
em, weak ff , ncz, nrm., Nroffe;, Braun, A.L., Wittmann, 2006
scalar ff, ncz, Z. Wang, Wan, Yang, 2006

axial, induced pseudoscalar ff, ncz, Z. Wang, Wan, Yang, 2006
scalar ff, general n, Aliev, Savci, 2006

Isovector, isoscalar, axialvector ff, general n, Aliev, Savci, 2007
em ff, general n, Aliev, Azizi, Ozpineci, Savci, 2008

0O O 0o o o 0o o od
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Current activities - including higher twist DAs Il

B | CSR for transition form factors

Ay — plv, Huang, Wang, 2004

N — A, Braun, A.L., Peters, Radyushkin, 2005

n — p, Braun, A.L., Wittmann, 2006

N — N + m, Braun, Ilvanov, A.L., Peters, 2006; Braun, lvanov, Peters, 2007
A. — Alv, Huang, Wang, 2006

> — N, nrofre, Z. Wang, 2006

N — A axial part, Aliev, Azizi, Ozpineci, 2007

Ay — A+~, Ay, — A+ 1717, Wang, Li, Lu, 2008

B Different DAs

0 N + m, Braun, Ivanov, A.L., Peters, 2006
O Axial A-DAs of leading conformal spin, Huang, Wang, 2006

O o o o 0o 0o oo 4
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Determining the Nucleon DA up to twist 6 |

4(0] 7%y, (&127)’&%(&237)615(&337) |P) =
Si1MCap (vsN),, + SaM?Cos (#ysN), PiM (750) o5 Ny +PaM? (75C) 5 (£N),
+(Vu+ ZHRVM) (PO), 5 (16N), + VM (PO), 5 (35N, + VsM (1,C) 5 (115N
FVaM? (£C) 5 (1sN)., + Vs M? (v,C) 5 (16" 2,5 N ), + Ve M? (£C) 5 (#75N)
+(Ar+ 2R A (P15C) g Ny + A2M (Pr5C) g (2N, + AsM (175C) 5 (7 N),
+AM? (#y5C) g Ny + AsM? (7,75C) 5 (16" 2, N + AsM° (#750) 5 (#N)
+(71 + TN TlM) (i0,pC) o5 (V95N), +TaM (i02pC) 5 (v5N)., + TsM (0, C) 5 (0" 5 N) |
+TaM(PY0,,C) 5 (07005 N),, + Ts M? (2710, C) . s (VW5 N)., + TeM? (i02pC) 5 (#75N)
+TrM? (0, C) 5 (0" #ysN) + TsM? (27 0,,0) 5 (0"9x075N) BFMS 2000

« The 24 functions £ = S;, P;, A, Vi, T; can be related to 8 LCDAs of twist-3 to twist-6.
x In leading conformal spin we have 3 parameters: A1, A2, fn

« in NL conformal spin we have 5 parameters: V¢, AV, i, fu, f4

+ V1" BLMS 2001

« AM 7 M- Huang, Wang 2004; BLW 2006.
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ECT, Trento 1

Definition of the non-perturbative parameters

(0le"* [u*(0)(CZ) W (0)] (v57) d5(0)
(01"7% [u*(0)(Cvu) v (0)]  (y57*) d5(0)
(0le"* [u'(0)(Copy) u? (0)]  (v50™) d5(0)

(0]* [u'(0)(CA) w! (0)] (157) (izDd§)
(01% [l (0)(CZ) 52 D w! (0)] 7 df)
(0 €% [ (0)Cyuw (0)] Zy57*(i2Dd*)(0)

(0] % [u'(0)Ca,uu? (0)] 50 (i2Dd")(0)

(01% [l (0)Cy5i2 D ! (0)] 24%d*(0)

(0)
(0)

4/05/2008

“U

Determining the Nucleon DA up to twist 6 Il

fNpzZN(P)
AlmNN(P)
)\QmNN(P)

IV (p2)? N (P)

— [N A} (pz)? N (P)
AT (pz)M £N(P),
Ao f§(pz)M £N(P),
AL (pz)M ZN(P),
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Determining the Nucleon DA up to twist 6 Il

= Leading twist: leading conformal spin fy, next-to leading c.s. V¢, A%

[] QCD SR Chernyak, Zhitnitsky 1984; King, Sachrajda 1987; Gari,Stefanis 1987; Chernyak, Ogloblin, Zhitnitsky 1988,1989;

fv=(5.0+05)-1073GeV?  A¥=0.38+0.15 V¥ =0.2340.03

0 Lattice: Martinelli, Sachrajda 1989; QCDSF 2008
fn=(32+£0.1)- 10~ 2GeV? 1 =0.10£0.01 Vld = 0.30 £0.01

0 Asymptotic: AY =0 Vid=1/3
0 LCSR: BLW 2006 AY =0.13 Ve =0.30
0 Phenomenology: Bolz, Kroll 1996 A% = 0.071 Ve =0.31
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Moments of the leading twist DA: &3 =17 — A,

1 1 1
lmn . — /dxl /dxg /dx35(1 — ) — X9 — x3)x TR D3 (21, 0, 3)
0 0 0
Asy QCD - SR | COZ | KS BK BLW Latt.

$100 || 1 ~0.333 0.560(60) | 0.579 | 0.55 | £ ~0.38 | 0.415 || 0.3999(13)
O 11 2~ 0.333 0.192(12) | 0.192 | 0.21 | 12 = 0.31 | 0.285 || 0.2986(22)
L 11 2 ~0.333 0.229(29) | 0.229 | 0.24 | 13 ~0.31| 0.300 || 0.3015(9)
200 11 1 ~0.143 0.350(70) | 0.369 | 0.35 | £ ~0.18* | 0.225 || 0.1832(26)
020 11 1 ~0.143 0.084(19) | 0.068 [ 0.09 | % ~0.13* | 0.122 || 0.1497(67)
902 11 1 ~0.143 0.109(19) | 0.089 | 0.12 | % ~0.13* | 0.132 || 0.1392(42)
QUL I 2 ~ 0.095 || —0.030(30) | 0.027 | 0.02 | -5 &~ 0.08* | 0.071 || 0.0473(55)
S0 1l 2 ~ 0.095 0.102(12) | 0.113 | 0.10 | £% ~ 0.10* | 0.097 || 0.1151(21)
MO | 2~ 0.095 0.090(10) | 0.097 | 0.10 | £ ~0.10* | 0.093 || 0.1016(34)

Gdckeler, Kaltenbrunner, A.L., Schafer, Warkentin, to appear
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Determining the Nucleon DA up to twist 6 V

m Higher twist
0 leading conformal spin: Aq, Ag
= QCD SR: BFMS 2000, BLW 2006

A = —(2.74£0.9)-10"2GeV? Ao = (5.4+£1.9)-1072GeV”

= Lattice: QCDSF 2008
A =—(2.0£0.1)-10"2GeV? Ao = (3.9+0.1)-1072GeV”

0 next-to-leading conformal spin: £, fi, f4

Method fda f f4 authors
QCD SR | 0.40 £0.05 | 0.07 £0.05 | 0.22 £+ 0.05 | BFMS 2000, BLW 2006
LCSR 0.33 0.09 0.25 BLW 2006
asymptotic 0.30 0.10 4/15
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LCSR for the nucleon form factors

= EM - form factors using ncz: BLMS 2001
0 Higher twist Is important

= EM - form factors using isospin conserving nyys: LWS 2004
0 ncz leads to unphysical isospin violating effects

= EM and weak form factors, compare different ns: BLW 2006
0 surprisingly good description of data

= Niofte SEEMS 10 be the best choice

= EM form factor of the nucleon - general n: Aliev, Azizi, Ozpineci, Savci 2008
0 no z2 corrections included
0 different Dirac structures used

* = USe 7o 10 compare experiment and LCSR
* FF depend on 5 Parameters \;/fx, A%, V2, f, fi
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Nucleon electromagnetic form factors

(NP OINP) = N(P) 3,3 (Q°) — 1 1 Q)| N(P)

1.75} Gl /(upGp) | 175}
15 | 15}
1.25] | 125}
11z F A 4 1
0750 ! 075 proton
05} | o5}
0.25} | 025}
L el I R
175} Gu /(unGp) | 0.75 Gg |
15/ | 05
125 | 025
1y B "y 1 o MM, o, 4 o neutron
0.75 | | -0.25
05} \ 05
025 | -0.75
N ey I B T - L T

® [eading order LCSR, BLW distribution amplitudes
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Nucleon axial vector form factors

N q g’
(N(P)|AL(0)IN(P)) = N(P') |[7,Ga(Q°) — s2=Gp(Q") — i==Gr(Q") | s N(P)
2mny 2mn
M GXC/G(Da) ] 04+ | GC_ZI_C/G,CA:C '4
sl ] 027 ] charged
0 current
1 - ——
-0.2
05}
-0.4
0 2 402 6 8 10 0 2 4 02 © 8 10

® [eading order LCSR, BLW distribution amplitudes
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LCSR for transitions

= Huang, Wang, 2004: A, — plv
0 Interpolating field: nx, = €;xu’CZd7 - 5208 vs. na, = €;;,u'CZd’ - v5 Zhk
0 Determine fj from QCD-SR
0 HQET =~ 1/10 QCD!
= BLPR 2005: N — A
0 Disentangle N — N* (spin 1/2)
O Interpolating field: na = € (2uiC’7Md~7°%uk + uinyMuj-de)
= BLW 2006: n — p
= Huang, Wang, 2006: A. — Alv
0 Determine A-DA up to twist-6 and leading conformal spin
0 Interpolating field: ny, = €;;,u'Cys #d? - #c*
0 only tw-3 agrees with experiment
= Wang, 2006: > — N
0 Interpolating field: ny, = €;j5,d'Cvy,,d? - y5y*s"
0 Wang compared results for Q% = 0 with the data!
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N A~ transition form factors

® magnetic, electric and quadrupole form factors exist:

ol GM/BSED) 46| Rpy = —CGp/Gy
1l 0.5}
25t ]
0g ! 0.25 b
0 e 3
0.6} - ] :
* “—]F ~0.25}
04+¢ 4 ‘ j ] -05} \\"~ __________________________
021! ? 1 —=0.75 ¢}
0 2 52 6 8 10 0 2 42 6 8 10
0.75 | Rsm < —Go/CGhp - )
0.5} ] i
e asymptotic
0.25 ¢} e imimemimemem i ]
. =TT e - _________ CZ model
-0.25} 1 BLW model
-0.5¢
-0.75 | ) ’
0 2 e 6 8 10
Braun, Lenz, Radyushkin, Peters; PRD73 (2006) 034020
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Outlook

= Nucleon DA
0 o, corrections to LCSR for form factors of the nucleon,

Compare LCSR to experiment and fit the non-perturbative parameters
Passek-Kumericki, Peters, in progress

0 Lattice determination of the non-perturbative parameters
GOckeler, Kaltenbrunner, A.L., Schafer, Warkentin, to appear
= Decay of heavy baryons
0 LCSR for Ay, — plv
A.L., Rohrwild, in progress
0 LCSR for Ay — A 1 +1
A.L., Rohrwild, in progress
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