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How are hadrons made from quarks and gluons?
Hadron structure as seen in short-distance processes

considerable information in parton densities:

» longitudinal momentum and helicity distribution
of quarks/gluons in a fast-moving hadron

but: no information on transverse structure/dynamics
~> try to obtain a three-dimensional picture

» transverse momentum dependent parton densities

» impact parameter dependent parton densities
~ this talk

M. Diehl GPDs from from factors
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Generalized parton distributions

X+ /‘i i\ x=&

DS p.s
\_/

t
[dz= =P () 8| G(—12) vt a(32) [, 8) 2+ =0, 20

io T (p' — p)

o< H%a(p',s" )y ulp,s) + B u(p', s) > “u(p, s)

» light-cone coordinates: v* = (v £ 0%)/Vv2, v = (v!,v?)
» H? and E? depend on
x and &: plus-momentum fractions w.r.t. P = %(p +7)
invariant momentum transfer ¢ = (p — p')?

M. Diehl GPDs from from factors
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Generalized parton distributions

X+ /‘i i\ x=&

DS p.s
\_/

t
[dz= =P () 8| (1 2) vt a(32) [P, 8) 2+ =0, 20

ot (p/ —P)a

T u(p, s)

o< HTa(p', s )y ulp, s) + BT a(p’, s)
> proton spin structure:
H?« s=5" for p=p get usual parton density:
H(z,§ =0,t=0) = q(x)
E?«+ s+ s decouples for p = p/

» similar definitions for polarized quarks and for gluons

M. Diehl GPDs from from factors
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Impact parameter

» states with definite light-cone momentum p™
and transverse position (impact parameter):

p*,b) = [dpe P |pT,p)
formal: eigenstates of 2 dim. position operator

» can exactly localize proton in 2 dimensions
(in 3 dim only within Compton wavelength)
and stay in frame where proton moves fast
~= parton interpretation

M. Diehl GPDs from from factors
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Impact parameter

» states with definite light-cone momentum p™
and transverse position (impact parameter):

p*,b) = [dpe P |pT,p)
formal: eigenstates of 2 dim. position operator

» proton is extended object: what exactly means position b?

M. Diehl GPDs from from factors
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Impact parameter

» states with definite light-cone momentum p™
and transverse position (impact parameter):

p*,b) = [dpe P |pT,p)
formal: eigenstates of 2 dim. position operator

» proton is extended object: what exactly means position b7

» consequence of Lorentz invariance (transverse boosts):

ptb.
b b:ZZp’L 7

(Z =4q,q, g)
P b, Zzpj—

is center of momentum of the partons in proton  D. Soper '77
nonrelativistic analog: Galilei invariance = center of mass

M. Diehl GPDs from from factors
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Impact parameter GPDs

in following specialize to £ =0

» matrix element

Jdzm P = (pt b q(—32) 7T a(32) [pT, b) 2+ =0, 20
» ~~ impact parameter distribution

q(z,v?) = (2m) 2 [ dPD e AP HY(z,£ = 0,t = —A?)

» q(x,b?) gives distribution of quarks with
e longitudinal momentum fraction z
e transverse distance b from proton center M. Burkardt '00

M. Diehl GPDs from from factors
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Impact parameter GPDs

in following specialize to £ =0

» matrix element

Pauli form factors Conclusions

000000

[dz= =P (pF bl q(—12) v a(32) [pT, b).+—0, 20

» ~- impact parameter distribution

g(z,0%) = (27) 2 [ 2D e B [a(z, £ = 0,t = —A?)

» q(x,b?) gives distribution of quarks with
e longitudinal momentum fraction z
e transverse distance b from proton center M. Burkardt '00

> average impact parameter

[ d?b b q(z,b?

)

2\ _
(0% = [ d?b q(x,b?)

M. Diehl GPDs from from factors
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log H(x,&,1)|_
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Evolution

> q(x,b?) fulfills usual DGLAP evolution equation
for non-singlet (e.g. gns = ¢ — q or gns = u — d):

[ [p(2)] e 2.2

evolution local in b (let 1/ < b to be safe)

d
2 2 2
1% di/ﬂqNS(x’b s )

M. Diehl GPDs from from factors
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Evolution

» ¢(z,b?) fulfills usual DGLAP evolution equation
for non-singlet (e.g. gqns = ¢ — ¢ or qns = u — d):

i gpmstn ) = [ [P(2)]

evolution local in b (let 1/ < b to be safe)

> average
(1), = fdzb b? gns(z, b?)
v | d?b gns(z, b?)
evolves as
d 1 Lz T
2 2 2 2
2P, = — Zp(t b2), — (b2),
Pz = = — [ ZP(2) ans(a [0 - 02).]

M. Diehl GPDs from from factors 12
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Evolution
d 1 Lz T
2 2 2 2
——(b r = P<*> [ b x b z
H d,u2< > QNS(x)/Jc > > QNS(Z) < > < >

» if (b?), decreases with = (b?), decreases with y?
b2

low n

-

high 1 N\,

M. Diehl GPDs from from factors 13
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Relation to observables

» generalized parton distributions H9(z, &, t), E4(x,&,t),
HY9(xz,&,t), ... appear in exclusive processes

» factorization theorems similar to inclusive processes
J. Collins et al. '96

Y(q) Y(q)

/¥
@ ﬁ
p p
-~ -
1

» measured t dependence ~- information on b distribution

M. Diehl GPDs from from factors
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Large x
b
| » forx —1getb— 0
' nonrel. analog:

center of mass of atom

» < t dependence becomes flat

» d=0b/(1—x)
= distance of selected parton from spectator system
gives lower bound on overall size of proton

» finite size of configurations with x — 1 implies

(b2) ~ (1 - 2)?

M. Burkardt, '02, '04

M. Diehl GPDs from from factors
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Small-z behavior

» partons with smaller x — broader in b

» Gribov diffusion: parton branching as
random walk in b space

— (b?) x o log(1/x)

» Regge phenomenology: simplest ansatz

1 ag+a’t ,
H(z,£=0,t) ~ <a:> — g0 pta’log(l/x)

use as effective power-law in limited range of x and ¢

» works well for forward parton distributions

M. Diehl GPDs from from factors 16
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Small-z behavior

1 apta’t )
H(.%',f = O,t) ~ (;1;) — g0 o ta’log(1/x)

» exclusive J/W production — gluon distribution

e photoproduction H1 preliminary (DIS 05)

ag = 1.224 +0.010 + 0.012
o =0.164 + 0.028 + 0.030 GeV~2
e similar in electroproduction

» values very different in soft processes vp — pp, pp — pp, ...

for ag well-known from inclusive v*p — X vs. yp — X

M. Diehl GPDs from from factors
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Small-z behavior

1 apta’t )
H(.%',f = O,t) ~ <;1;> — g0 o ta’log(1/x)

» in nonsinglet sector (quarks only, no gluons)
from CTEQ6M distributions including error estimates:
for p =2 GeV and 107% < 2 < 1072 have

Uy + d ~ 2038 to —0.495
(Uv _ dv)/(uv + dv) ~ $—0.165 to +0.13
» similar to g = 0.4...0.5 from soft processes

» information on o' in partonic regime?
... wait a few slides

M. Diehl GPDs from from factors
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Moments
x+& /i i\ x-&
p.s ps
‘\_/

t
== e 1 2) 7 a(32) ) 2o

io-—‘ra(p/ — p)a

o< HTap, o' )y ulp, s) + B A, s ) ——

u(p, s)

» Mellin moments: [ dzz™ — local operator — form factors
» [dx — vector current

>0, ¢q [ dr HY(z,&,t) = Fi(t) Dirac ff.

>0, ¢ [ de EY(x, & t) = Fa(t) Pauli ff.

Lorentz invariance = lowest moments independent of ¢

M. Diehl GPDs from from factors 19
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Moments
x+& /i i\ x-&
p.s ps
‘\_/

t
Jdzm e (N a(=52) 7 a(32) [P, 8) o+ =0, 2=0

Z.O-—"_a(p/ — p)a

o< HTap, o' )y ulp, s) + B Ay, s ) ——

u(p, s)

» Mellin moments: [ dzz™ — local operator — form factors
» [dxz — energy-momentum tensor
sumrule 1 [dyz(H?+ E9) = Ji(t) X. Ji '96
J1(0) = total angular momentum carried by
quark flavor ¢ (helicity and orbital part)

M. Diehl GPDs from from factors 20
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Lattice
— G. Schierholz’ talk

Mellin moments of GPDs can be calculated in lattice QCD

systematic uncertainties from
» omission of “disconnected” diagrams ﬁ\( }ﬁ\‘
but: cancel in difference of u and d
i i

> extrapolation to physical pion mass

figure:
J. Negele, hep-lat/0211022

M. Diehl GPDs from from factors
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Proton images from form factor data
M.D., Th. Feldmann, R. Jakob, P. Kroll, hep-ph/0408173

» idea: use data on electromagnetic nucleon form factors
to constrain interplay of x and b dependence

» sum rule for Dirac form factor:

F{(t) = [y de |3H(e.t) ~ 3 (2, 0)]
) = [ldo [gﬂg(x,t)—%ﬂg(x,t)]

where Hi(z,t) = Hi(x,& = 0,t) — Hi(z,& = 0,t)
= valence distribution of flavor ¢ in proton

e.m. current sensitive to ¢ — ¢

M. Diehl GPDs from from factors
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Proton images from form factor data

M.D., Th. Feldmann, R. Jakob, P. Kroll, hep-ph/0408173

» idea: use data on electromagnetic nucleon form factors
to constrain interplay of x and b dependence

» sum rule for Dirac form factor:
F{(t) = [y de |3H(e.t) ~ 3 (2, 0)]
) = [ldo [gﬂg(x, t) - %H;‘(x,t)]
where Hi(z,t) = Hi(x,& = 0,t) — Hi(z,& = 0,t)

= valence distribution of flavor ¢ in proton

e.m. current sensitive to ¢ — ¢
» develop simple, physically motivated parametrization
and fit to form factor data

M. Diehl GPDs from from factors
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exponential ansatz for ¢ dependence
Hj(z,t) = qu(x) exp[tfy(z)]

» for ¢,(x) take CTEQ6M parameterization at scale 4 =2 GeV
results stable within CTEQ error estimates of ¢,

» gives impact parameter distribution of valence quarks

T 2
qo(,b) = m exp [— leﬂ,}

and average squared impact parameter (b?)% = 4f,(z)

M. Diehl GPDs from from factors
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ansatz for f,(z)

» for x — 0 simple Regge phenomenology suggests
Hy(z,t) ~ 37O exp[ta’ log(1/z)]

with ag ~ 0.5 and o/ =~ 0.9 GeV 2 K. Goeke et al. '01

M. Diehl GPDs from from factors

25
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ansatz for f,(z)
» for x — 0 simple Regge phenomenology suggests

Hy(z,t) ~ 37O exp[ta’ log(1/z)]

with ag ~ 0.5 and o/ =~ 0.9 GeV 2 K. Goeke et al. '01

» for x — 1 demand finite distance quark to spectators:
(b)2 = 4fg(x) ~ (1 - 2)?

M. Burkardt '02, M. Guidal et al. '04

M. Diehl GPDs from from factors
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ansatz for f,(z)
» for x — 0 simple Regge phenomenology suggests
Hy(z,t) ~ 37O exp[ta’ log(1/z)]

with ag ~ 0.5 and o/ =~ 0.9 GeV 2 K. Goeke et al. '01

» for x — 1 demand finite distance quark to spectators:
() = 4fg(x) ~ (1 = 2)?

M. Burkardt '02, M. Guidal et al. '04
» interpolating ansatz:

folw) = o' (1 — @)’ log(1/x) + By(1 — 2)* + Ay(1 — 2)?

multiply log(1/x) with (1 — x)3 so that o/ controls f,(x)
at small = but not at large x

M. Diehl GPDs from from factors 27
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fit
Hi(z,t) = qu(z)exp[tfy()]
fo(x) = o/(1—1x)3log(1/x) + By(1 —2)%+ A,(1 — 2)?
to data of F}(t) and F}*(¢)

> set o/ =0.9 GeV?
leaving it free get o/ = 0.97 + 0.04 GeV 2

» fit parameters B, = By and A, and Ay
leaving B, and By independent — only slight improvement
setting A, = Ay — fit clearly worse

M. Diehl GPDs from from factors
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. 06 + 015
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0.50
0.2
pull FP 0.25
Tr
0.1 0.00 e
1 pull =
025 .
00 —t data/fit —1
-0.50 1L EP
u.
0.1 putHa
-0.75
-0.2 -1.00
0 5 10 15 20 25 30 5 0 1 2 4
—t [GeV?
. Diehl
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Lessons from the fit

1.2
10
08
E 06
04
02

0

M. Diehl

dy

0 0.2 0.4
x

0.6 0.8 1.0

Conclusions

» clear drop with z of average distance d = b/(1 — )

GPDs from from factors
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Lessons from the fit

12

10 dy
08 b
' }
£ 06 4
04
02

0

0 0.2 0.4 0.6 0.8 1.0
x

> fo(x) =/ (1 —2)?log(1/z) + By(l — 2)? + Ay(1 — 2)
(upper curve) gives similarly good fit to data

» region x = 0.8 contributes less than 5% to form factors
— data cannot fix asymptotic behavior of dy(x) for z — 1

M. Diehl GPDs from from factors
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Lessons from the fit

12 1.2
1.0 dy 1.0
08 0.8
E 06 £ 06
04 0.4
02 0.2
%0z 01 06 08 10 %0z 04 06 08 10
x T

» d quark distribution less well determined
(contributes little to FY, where data are best)

» to describe both F} and F}* well
fit wants di(z) > d,(x) for moderate to large x
< d quarks more “spread out" than u quarks

M. Diehl GPDs from from factors 32
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» strong correlation of x and ¢ dependence

1

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 08
~t[GeV?]

no factorization of type
H(x,t) = q(x) Fi(t)

> lines: SH!(x,t) — $HY(x,1) normalized to 1 at t = 0

» data points: FY(t) = fol dx [%H{f(x,t) - %Hg(%t)}

» effect important even far away from x =1

M. Diehl GPDs from from factors
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Comparison with lattice results

d
[ dx(H" — HY) [dxx(H" - H)
= FY(t) — F'(t) normalized to 1 at t =0
TR our fit ! our fit
0.8 F\\ lattice 0.8 lattice
0.6 0.6
04 0.4 ~_ ]
e
0.2} — 0.2 —
0 0
0 05 1 15 2 25 3 0O 05 1 15 2 25 3
41GeVA -t1GeVA

» lattice calculation QCDSF Collab., hep-lat/0410023 extrapolated
to physical pion mass (from m, = 553...1090 MeV)

» our results for [ dzxz H: only valence quark contribution
lattice: both valence and sea

M. Diehl GPDs from from factors
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Comparison with lattice results (more)

1.0

J. Negele et al., hep-lat/0404005

08 » Wilson fermions
06 » m, = 870 MeV
& » typical z in [dzz"q(x,b)
estimated as
v [ dx 2™t lg(z)
‘ W= J dzanq(z)

M. Diehl GPDs from from factors
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000000000000 000000000800 000000
50 0.06
14 ) )
s t=—-1.0GeV 005 t =—10GeV
1.0 0.04
08 0.03
u
06 Hy
il o 0.02
At —H J
0.01 !/ Hj Y
v . L .
0 Smm— 0 <=

as —t increases

» distribution shifts towards large x

» much less d than u

M. Diehl

GPDs from from factors
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Large ¢t and the Feynman mechanism

X » if impose that spectators have
virtualities ~ A? then

p p’ 1—x~/\/\/—t

» large-t asymptotics with our ansatz:
(1—a)y~1//~t forg(z) ~ (1—2)P% at large =
(saddle point approx.)

. q _14Bq
» ~~ Drell-Yan relation: FJ'(t) ~ |t|” 2

CTEQ6M distributions at ;1 = 2 GeV:
By ~ 3.4 and 35 ~ 5.0 (for 0.5 < x < 0.9)

M. Diehl GPDs from from factors
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Large ¢ and the Feynman mechanism

Aot > if impose that spectators have
09 virtualities ~ A? then

l—z~NV—t

0 5 10 15 20 25 30 35 40
—t [GeV?

> numerically seen for —t >5 GeV?

[ dzxzH(x,t)

Aer — M —
off ¢ [ dx Hy(z,t)

V-t

» does not prove that Feynman mechanism dominates
but provides natural picture if assume this dominance

with (x)

M. Diehl GPDs from from factors 38
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Large ¢t and the Feynman mechanism

> with same form of f,(z) as before get good fit of data with

Hi(z,t) = qu() (1 — tjb(x)) .

p

when p2>2.5  (for p = oo recover exponential form)

005 Hy(t = ~10Gev?) > still get large-t asymptotics
(1= )i~ 1)y
» but for small p only realized at
very large t
(else saddle point approx. bad)

0.04
0.03
0.02

001 ] ]
’ > taking exponential form presently

10 is theory driven

M. Diehl GPDs from from factors 39
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Spin and the Pauli form factors

» sum rule

Conclusions

FU(t) = [lda [gEg(x,t) - %Eg(m,t)}

F(t) = Jydo[3Ed(e,t) - 3B, 0)]

for valence distributions

Eg(ﬂ?,t) = Eq(x7§ = O,t) - E(j(xvé— =0, t)

» E < nucleon helicity flip (| |O|7)

polarization along +x axis | X+) = (|1) +|]))/V2
(X4 [0|X+) — (X—|0|X=) = (T]O[1) + (L [O[T)

M. Diehl GPDs from from factors
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» quark density in proton state | X+)

bY 0

0 (2,b) = qul. ) = s elw,h)

shifted in y direction

where e (x,b) is Fourier transform of E¢(z,t)

» related with spin asymmetries in momentum space
(Sivers effect) M. Burkardt '02

(similar effects for transverse quark polarization)
M.D. and P. Hagler '05, M. Burkardt '05

M. Diehl GPDs from from factors
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» quark density in proton state | X+)

b o
qf,((ac,b) = qu(z,b) — mob2 ex(z,b)

shifted in y direction
where ef(z, ) is Fourier transform of Ei(x,t)

» positivity bound M. Burkardt '03

[Eq(:c, t= O)]2 < m? [q(x) + Aq(aﬁ)} [q(x) — Aq(:c)]

x 4% In [HQ(Q;, t) + H9(x, t)}

= FEY must fall faster than H? at large x
orbital angular momentum carried by partons with smaller x

t=0

M. Diehl GPDs from from factors
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» ansatz for valence distributions (as for H)

Ej(z,t) = eu(z)exp[tygg(z)]
gq(z) = '(1- z)3log(1/z) + Dy(1 - z)3 + Cq(1— z)?

» shape of forward limit ef(z) not known — ansatz
el =Nyz7(1— )P

N, determined by p and n magnetic moments

M. Diehl GPDs from from factors
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» ansatz for valence distributions (as for 1))

Ej(z,t) = eu(z)exp[tygg(z)]
gq(z) = '(1- z)3log(1/z) + Dy(1 - z)3 + Cq(1— z)?

» shape of forward limit ef(z) not known — ansatz
4 — N (1 — Bq
el =N,z %1 —x)

N, determined by p and n magnetic moments
» obtain good fit of F¥(t) and F3'(t)
oo’ =09 GeV 2 and a =055
ok with Regge phenomenology
» wide regions of Cy, D, and (3, allowed

but positivity constraints seriously limit parameter space
in particular 33 > 5 and 3, > 3.5

M. Diehl GPDs from from factors
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angular momentum carried by valence quarks

(L9) = fdx [xey( )+ 2q,(x) — Agy(z)

1.0
0.5
08 ,
_ u d
2(LY) 2(L)
0.4
0.6 /
| 0.3
0.4
0.2
02 0.1
%5 4.0 15 5.0 55 05 6 7 8 9

B Ba

» individual v and d rather well determined

> 2(J%)

» strong

= 2(L%) 4+ 0.93 and 2(J%) = 2(L%) — 0.34

cancellations in (LY + L&)

GPDs from from factors
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» orbital angular momentum carried by valence quarks

(L9) = fdx [xey( )+ 2q,(x) — Agy(z)

. 0.5
" —2(LY) ALY
0.6 : ///
| 0.3
04
0.2
02 0.1
QSG 4.0 4.5 5.0 5.5 “5 6 7 8 9
Bu Ba
» 2(LY — L9y = —(0.81...0.90) at yu =2 GeV
lattice:

QCDSF: 2(LY — Lg> = —0.94+0.12 G. Schierholz, this meeting
LHPC: 2(L% — L) = —0.25 4+ 0.05 for 1m, = 897 MeV
from hep-lat/0410017
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Conclusions

impact parameter dependent parton distributions

» longitudinal momentum
and transverse position of partons ~» 3D information
fully consistent with relativity and parton picture
» operator definition in QCD
— evolution equations, lattice calculations
» observables:
e GPDs from hard exclusive processes
simultaneous measurement of ¢t and z
e elastic form factors
no momentum fraction measured, but access to large ¢
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Conclusions

theory input @ nucleon form factor data
~» quantitative information on ¢ — ¢ distributions

» strong dependence of impact parameter profile on =
hint at different impact parameter profile for u and d quarks
» at small z consistent with hadronic Regge phenomenology

» at large x natural implementation of Feynman mechanism
for [t| >5 GeV?
care needed with asymptotic expansions/power laws
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Conclusions

theory input @ nucleon form factor data
~» quantitative information on ¢ — ¢ distributions

» strong dependence of impact parameter profile on x
hint at different impact parameter profile for u and d quarks
» at small z consistent with hadronic Regge phenomenology

» at large x natural implementation of Feynman mechanism
for [t| >5 GeV?
care needed with asymptotic expansions/power laws

» Drell-Yan relation test in experiment or lattice

» despite large uncertainties on helicity-flip distribution E?
rather good determination of (L% — L%) within our ansatz
find J% ~ 0
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Relevant region of x

02 Lmin — Lmax
0
0 10.0 20.0 30.0 40.0
—t [GeV?

white region contributes 90% to integral
1

M. Diehl GPDs from from factors

53



Impact paramter Dirac form factors Pauli form factors Conclusions
000000000000 000000000000 000000

quark density in transverse plane
top: uy(x,b)  bottom: d,(x,b)
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valence d quark density in transverse plane
top: unpolarized bottom: proton polarized along z-axis
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