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Meson and baryon distribution amplitudes
Intuitive picture of a hadron in the infinite momentum frame: superposition
of Fock states with different numbers of quarks and gluons

|B) = |qqq) + |qqqg) + |9q99Gq) + ..., M) = |gq) + |3qg) + |Gqaq) + - . ..

Within Fock state decomposition: (light cone) distribution amplitudes (DAs)
— Hadron wave functions at small transverse distances of the
constituents
— describe the distribution of longitudinal momentum.

In hard exclusive processes higher Fock states are power-suppressed — at high
momentum transfer the valence contribution plays the most important role.

DAs complementary to parton distribution functions (PDFs)

PDFs: single-particle probabilities DAs: amplitudes (or wavefunctions).
(or densities).

“Directly” extracted from fits to Appear always in convolutions in ex-
DIS and SIDIS data. pressions for hard exclusive processes.
Difficult to extract from exper-
iment without contamination from

other hadronic uncertainties.
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Meson and baryon distribution amplitudes

DAs: nonperturbative input for the theoretical description of hard exclusive
processes.

Collinear factorisation at large Q.

Pion: vy* — 7 form factor
[Belle,1205.3249]
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Pion distribution amplitudes
DA'’s: non-local matrix elements involving light-like quark separation,

1
(0ld(—2)yus[~2, 2u(2) |7 ") = ifﬂpu/o dg e P2 o (€, ),

fr is the pion decay constant, z is a light-like vector, { = x — (1 — x) = 2x — 1 and
[—z,z] is a Wilson line connecting the u and d fields.

Moments of DA'’s: are related to matrix elements of leading twist local
operators.

(e = / JEESE ), (€ =1, (€)= (0/d DDy 1pyrsuln(p)) - .

Extracted from: O c.f. for moments of pdf's O

Gegenbauer expansion:

$(&; 1) = B(2x — 1, p) = 6x(1 = x) <1 + ) an(m)Gex - 1))

n=2,4,...
[Collinear conformal symmetry, SL(2,R), C3/2(£) analogous to Y'™(0, ¢) in O(3).]

(&™) and a7 related by simple algebraic expressions.
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Meson and baryon distribution amplitudes

DAs are universal: involved in many processes

Pseudoscalar mesons:
Pion form factor to 6 GeV? (JLab Hall C)
Weak exclusive B and A, decays (LHCb).

Vector mesons:
Deeply-virtual exclusive p-meson production (eN — eNp) (JLab, EIC).
Weak exclusive B/Bs — Vutu~, Ve, Vi decays (LHCb),
eg B— K*utu™, Bs — ¢utpu~.

Baryons:
Electric and magnetic nucleon form factor Q® ~ 14 GeV 2 (JLab, FAIR)
Electric neutron form factor @ ~ 8 GeV 2 (JLab, FAIR)

Electroproduction of nucleon resonances at large @* ~ 14 GeV? (JLab)
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: T 2 ==
Pion DAs: a7, (&%) from (0|d D(.D. vp)vsulm(p))
RQCD: [Braun,1503.03656], Ny = 2, m, = 150 — 490 MeV, Lm, = 3.4 — 6.7.
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RQCD a)™(2GeV) = 0.136(15)(15),
RBC/UKQCD [Arthur,1011.5906] ag(z GeV) = 0.233(30)(60)

QCDSF/UKQCD [Braun,hep-lat/0606012] a}1%(2 GeV) = 0.211(114)
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2 - <>
Rho DAs: a,, (£%) from (0|d D(,D. 7,ulp(p)) etc
(0=d(2)n - 7[—2, 2Ju(2)]p* (p, A)) = m,fu(e - 1) / dg e 2! (¢, 1)

0

1
e, (0d(—2)0™ [~z 2Ju(2) " (p, A)) = if, (e - €M) (p - n) / dg e P2l (g, ),
0

RQCD: [Braun,1612.02955], Nf = 2, m, = 150 — 490 MeV, Lm, = 3.4 — 6.7.
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RQCD £ /f, = 0.629(8), a5M°(2 GeV) = 0.132(27), aM°(2 GeV) = 0.101(22)

RBC/UKQCD [Arthur,1011.5906] a5™5(2 GeV) = 0.20(6)

Also f,| /f, = 0.72(3) [Becirevic,hep-lat/0301020], 0.742(14) [Braun,hep-lat/0306006],
0.687(27) [Allton,hep-lat/0509196],
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Nucleon
RQCD: [Braun,1403.4189], Ny = 2, m, = 150 — 490 MeV, Lm, = 3.4 — 6.7.

Leading twist distribution amplitude:
on(xi, ) = 120x1x2x3 { 14+ d11(p)7(x1 — 2x2 + x3) + d10(1)21(x1 — x3)
63 2 2 63
+¢20(M)T0[3(X1 —x3)° = 3x2(x1 + x3) + 23] + ¢21(u)7(X1 —3x2 + x3)(x1 — x3)

9
+gb22(u)g[x12 + %0(x1 + x3) — 12x1x3 — 655 + X5] + ... }

o.e:— o < O = ]
o5 § ééz ] “Momentum fractions” in the proton:
04 A BK B
03 A ] (x1) = 0.372(7),
02 o 2~ —
ol |° ] (x2) = 0.314(3),
do e Hp e :&T . (x3) = 0.314(7).
ol L 1
02 T a J qI(Q% qu ).

.03 L <
e [ [ [ [ [

Earlier work: [QCDSF,0804.1877], [QCDSF,0811.2712].

9/15



Baryon octet
RQCD: [Bali,1512.02050], Ny = 2+ 1, a = 0.086 fm, m, = 220 — 420 MeV.

Barycentric plots (x; + xo + x3 = 1) showing deviation from asymptotic shape
(;535 = 120X1X2X3.

N, uTubdt " A, uTdtst
Z, deisT B 2 04 06 08 o 0" E, STSLUT 00 02 04
N, ¥, =: g1 favoured over q,, strange quarks carry more momentum.

A: maximum of distribution shifted to strange quark.
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Status and difficulties
Steady progress in computing the 1st and 2nd moments of hadron DAs.

Statistics vs systematics: finite volume (Lm, 2> 4), unphysical quark
mass (m, ~ 135 — 150 MeV), discretisation effects (4a’s), (non-perturbative)
renormalisation . ..

(Left) pion, a = 0.07 fm, 03 1.05
my = 290 MeV. 025 100
[Braun,1503.03656] 02 %095
(Right) nucleon, con- Z.015 t Nogo
straint: x;1 +x2 +x3 = 1, o1 ¢ ’
my = 280 — 200 MeV. 085
[Braun,1403.4189]
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Future work includes: K, K*, n, /', ...

Resonances need to be treated with a finite volume analysis.

Difficulty in calculating higher moments
» Statistics: higher n require matrix elements of operators with more derivatives.
Signal/noise is low, at present n = 1,2 calculated.
> Renormalisation: mixing of operators under renormalisation due to reduced
symmetry on the lattice (rotational sym.— hypercubic). Worse for higher n.

OI(:U‘) = ZU(:”‘? a) Oj(a)' ZWS = ZI\Pﬂis,MOMZA,\/;SM 11/15



Direct determination of distribution amplitudes
Large-momentum effective field theory (LatMet)[Ji,1305.1539]: compute quasi
correlation[Zhang,1702.00008],

e 2

3, P = + / 2 o P (P (0) T (0, 2)e(2)]0),

with quark fields separated along the spatial z direction.

Can be matched to pion DA[Ji,1506.00248]:

1 2 2

~ A ms.
(x, A, P) = / dy Zs(x,, A i Pz)¢(y,u)+0( ,‘_B,ED,PQ)

0 z z

with A = w/a. m; =310 MeV, a = 0.12 fm, Lm, = 4.5.

15} == LaMET
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High momenta required: signal/noise deteriorates, discretisation effects (O(ap) and
0(a’p%)).
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Distribution amplitudes from a position space method
[Braun and Mueller,0709.1348]+[Aglietti, hep-ph/9806277]:

Example: pion, lattice “data” M(y - B, |y|?, 1),

MYS(7 - B, 1712, 1) = (x°(p)|@(y /2)T1a(y/2)a(—y/2) 2a(—y/2)[0)
For 2/|y| perturbative and > m,,

S o 2 L Do 2
MM (7 - B, 7%, 1) =Z(m,u)/ dx &' 1)py/2TH(Xa.UFam)¢W(X7#F)
0
To leading order yop 1 ‘ yop
and leading twist: M= wTy“fW/O dx e'&VPY/2 (x 1) = 2y Flp-y)
Withl1 =S=1T=P="s, ur =p =
2 GeV.
2 4 C(p) t) eExt/2
(2} Jy Fp-y,t) ZsZpTr.y sp(t) e
P e cP)(t)
-t Pion two-point function: C{)(t)

Local operator renorm. factors
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Achieving a good signal at high momenta

conventional smearing

‘momentum smearing

Eq/GeV

position space

momentum space

RQCD [Bali, 1602.05525]:

|pl/Gev
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Pion distribution amplitude from a position space method

RQCD: G. Bali, V. Braun, M. Géckeler, B. Lang, B. Musch, A. Schifer, P. Wein,
J. Zhang.

Test case: N¢ =2, m, = 295 MeV, a = 0.07 fm.
B =(2,0,0)27/L, different X (fixed |X|?) give range p - X

Keep 2/|X| large, need large p for sensitivity to parameterisation of ¢..
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