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Motivation

WHY AND FOR WHICH PURPOSE DO WE
STUDY POLARIZED DEEP INELASTIC

SCATTERING 7

Short distance structure of nucleon spin

Test of perturbative QCD: Agep

Test of fundamental and less fundamental sum rules

Does QCD describe polarized nucleons
perturbatively?

Parton distributions from Experiment

vs. Lattice Moments

IS THERE A SPIN CRISIS?

non-



Motivation

#

SuM RuULES & INTEGRAL RELATIONS

Twist 2

g2z, Q%) =

93(z, Q%) =
9a(z, Q%) =

Twist 3

g’l(wv Q2)

4M2:l‘22
Q2

g3(z, Q%)

2295(z, Q%)

: 1 d
_-gl(w’Qz) +/ —_gl(zan)
2 B
Wandzura, Wilczek, 1977

Id
2% zg4(z Q ) Blimlein, Kochelev, 1996

L 13

2xgs5(x, Qz) Dicus, 1972

2 ol 1 > ’
M2 2
— (1+ o2 )94($Q)+3/ —94(3Q)

= /ld—zg4(z Q%)

Bliimlein, Tkabladze, 1998

— TRANSVERSE SPIN OR ELECTRO- WEAK

INTERACTIONS



Motivation

WHAT 1S THE NUCLEON’S SPIN
MADE OFF !

3
1

=1

Ag;, AG;, AG : from polarized DIS

Ly, Lg : (with ENORMOUS effort and luck) from:
DI non-forward scattering.



Motivation

e A number of QCD analyses for polarized data perfor-
med so far:

— T.Gehrmann and W.J.Stirling (GS), Phys.Rev.D53(1996)6100.
— G.Altarelli et al. (ABFR), Nucl.Phys.B496(1997)337.

— Y.Goto et al. (AAC), Phys.Rev.D62(2000)034017.

_ M.Gliick et al. (GRSV), Phys.Rev.D63(2001)094005.

— E.Leader et al. (LSS), Eur.Phys.).C23(2002)479.

— E154 Collaboration, Phys.Lett.B405(1997)180.
— SMC Collaboration, Phys.Rev.D58(1998)112002.

However, no reliable parametrization of the error
bands for the polarized parton densities are given.

e We aim at parametrizations of polarized densities and
their fully correlated 1o error bands which are directly
applicable to determine ‘experimental’ errors for other
polarized observables.

e Such an analysis has a value of its own within the
framework of spin physics in order to understand the
spin puzzle.

o Comparison of the QCD analysis results with results
from recent lattice simulations concerning both QCD
parameters and low order moments.



Evolution in MELLIN space

e The polarized structure function g(z,Q?) repre-
sented in terms of a MELLIN convolution of polarized
parton densities A f; and Wilson coefficients ACY:
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with the singlet density AX

N

AX ( ,t!-j) = Z l:qu' (z, }-.L?c)! + qu’ (2:, p,?) } )

y=1

the gluon density AG,

the non-singlet density Ag/ "
A (243) = B (sn3) + 25 (=3)
- -N—fAE (z ,uf)

and the factorization scale ;.

e The above quantities also depend on the renorma-
lization scale u, of the strong coupling constant
as(p?) = ¢2(1u2)/(167%). The observable g(z , Q%)

is independent of the choice of both scales.



Evolution in MELLIN space (cont'd)

e a.(y,) is obtained as the solution of

da ‘,ui
) oal(u?) — Brad(ud) + Olad)

where the coefficients of the B—function are given by
(in the MS scheme)

8 = 110 4T N
0 = 3 A 3 FLiVf,
34
181 = ?OA - __CATFNf Lo 4OFTFNJc’

and
Ca=3 Tr=1/2, Cr=4/3.

AQCD is given by:

Am = exp{ 1 { :
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— We extract AQ( ., from the data and choose Ny = 4

whereas the polarized structure function g;(z, Q%) is
presented using only the three light flavors.




Evolution in MELLIN space (cont’d)

e The evolution equations are given by

3&(/’-\%(1:_ (22 )

\ P | NS, 2
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and ® the MELLIN convolution
1

[A ® Bl(x) = /o dxidxad(x — x122)A(21)B(22)
e The polarized Wilson coefficient functions
AC;(x, a,(Q?)) and the polarized splitting functions
AP (xz,d v (()7)) are known in the M S scheme up
to NLO. [W.L.van Neerven and E.B. Zijistra, Nucl. Phys. B417 (1994) 61,
R. Mertig and W.L.van Neerven, Z.Phys. C70(1996) 637, W. Vogelsang,
Phys. Rev. D54 (1996) 2023 ]

—— A complete NLO QCD Analysis possible.



Evolution in MELLIN space (cont’d)

e The evolution equations are solved analytically in
MELLIN-N space:

. A MELLIN-transformation is performed
1
M[f](N)—_-/ dza™ 1 f(x), NeN,
0

which turns the MELLIN convolution &® into an
ordinary product.

e The non—singlet solution:

(0)
: —Pyic /Bo |
e = (2) B[ e

agQ 0
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and the singlet solution:

( NV ) = et E(N, as,a0) [t — a0V (N)]

AG(N, as)
[ AZ(N, agp) .
X( A(r(\ G()) ) ,
where as = a,(Q?) and ag = a,(Qg)-

— The input and the evolution parts factorize.

[ W.Furmanski and R.Petronzio, Z Phys.C11(1982)293, M.Gliick, E.Reya, and
A Vogt, Z.Phys.C48(1990)471, J.Bliimlein and A.Vogt, Phys.Rev.D58(1998)014020 ]



Evolution in MELLIN space (cont’d)

e The Leading Order singlet evolution matrix is given
by

L(as, a0, N) = e_(N) (a_) —r_ () i (a_) —r 4 ()

a aop

with the eigenvalues

ry = ﬁi [tr(P(O)) + \/tr(P(O))z - detg(P(O))}
0

and the eigenvectors

€L =

e The Next—to—Leading Order singlet solution is
obtained from the LO singlet solution through the
matrix U1(N)

€+R1€_
Ul(N) — —B_Rle_ - 8+R1€+ +
r— =7y —1
4 e_Rie,
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with
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Evolution in MELLIN space (cont’d)

The input densities

AY(N, ay), AG(N,ap), and Aq.f\f‘g’*(N,a,())

are evolved to the scale Q% respectively to the
coupling as(Q?). An inverse MELLIN-transformation
to xz—space is then performed by a contour integral in
the complex plane around all singularities:

Af(z) = ;/0 dz Im [exp(icb)x‘C(Z)Af[c(z)]] :
(Path: ¢(2) = ¢1 + pleos(d) + isin(@)], with
ci=11 p>0,and ¢ = %frr.)

The function A f(x) finally depends on the parameters
of the parton distributions chosen at the input scale
Q3 and on Agcp- These parameters are determined
by the fit to the data.



Parametrization

e General choice for the parametrization of the polarized
parton distributions at Q3:

zAgi(z, Q3) = nidiz®(1 — 2)%(1 + vz + p@a:'fli)

e Normalization:

A7' = (1+¢,i @i ) I'(a;)T'(bi +1)

Ta; +b; + 1 (az-f-b—l— 1)
- I'(a; + b; + 1.5)

e il 1
such that /O dadhuli. 02) = n,
are the first moment of Ag;(z, QF).
e The polarized parton distributions to be fitted are:
A, , Ad, , A§ , AG

where the index v denotes the valence quark.

Note : Ag + AgG = Agu + 2A4.



From the measured A (z, Q%) to ¢,(z, Q")

e Cross Section Asymmetry A :

4 _ol—ol
e From A“ to Al or '(_}1/[4\1
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Ao 1s measured to be small. Its contribution to A;
or g1/ I, can be neglected. D is the virtual photon
depolarization factor. v and 7 are kinematic factors.

e From g,/ F; to g;:

n(z,Q°) = @/Fi1x Fi(z,Q%),

) A+9) 2
Fi(z, Q%) = , Fy(z, Q%),
12, Q%) 22(1 + Rz, Q) 2 @)
R(z,Q°) = eoifor, +*=@Q*/V°

[, —Parametrization: NMC, M. Arneodo et al., Phys. Lett. B364 (1995) 107.
[i—Parametrization: SLAC, L. Withlow et al., Phys. Lett. B250 (1990) 193.



What about the Errors?

— Problem: Systematic errors are known to be partly
correlated which would lead to an overestimation
of the errors when added in quadrature with the
statistical ones.

e Statistical Errors:
To treat all data sets on the same footing statistical
errors are taken only. Accept only fits with a Positive
Definite Covariance Matrix.

— Calculate the Fully Correlated 1o Error Bands by
Gaussian error propagation.

e Systematic Uncertainties:
Allow for a Relative Normalization Shift between
the different data sets within the normalization
uncertainties quoted by the experiments (fitted and
then fixed).

n€*P | ndata data theor\2 |
2 _ Z + Z (Nigl,j — 91,5
T / data\?2
i=1 j=1 (Agl,j

—. Thereby accounting for the main systematic
uncertainties (luminosity and beam and target polar-
ization).



Gaussian Error Propagation

In the treatment used in our analysis the evolved
polarized parton densities are linear functions of the
input densities for all parameters, except Agcebp.

Let f(x,Q%a;/"_,) be the evolved density at Q?
depending on the fitted parameters a;|;_, at the input
scale Q2. Then its fully correlated error Af as given by
Gaussian error propagation is

('(a;,a;) are the elements of the covariance matrix
determined in the QC'D analysis at the input scale Q.

- All what is needed are the gradients Jf/da; w.r.t. the
parameters a;. They can be calculated analytically at
the input scale Q2. Their value at Q? is then given
by evolution.



Error Propagation in MELLIN-N space

The general form of the derivative of the MELLIN
moment M[f(a)](N) w.r.t. parameter a for complex
values of N is

M f (a))(N -
Ug?“ ) _ F(a) x M[F(@)](N),
e For Au, and Ad,:
Fla) = $(N-1+a) — $(N+a;+b)+

vi(b; + 1)
(N + a; + b)) (N + a; + b; + v(N — 14 a;))
— ¥(a;) + Pla; + b + 1)
’)/@'(b@' - 1)
(@ +b; + 1)(a; + b; + 1 + va)

?

F(b) = w(b;i+1) — (N +a;+b;) —
Y(N — 14 a;)
(N 4+ a; +b)(N+a;+ b, +7%(N -1+ a;))
— P(bs + 1) + Yla; + b + 1)
il
i (@ + b; + 1)(ai + b + 1 + va4)

Note:
zAgi(z, QF) = A (1 — )" (1 + vx)



Error Propagation in MELLIN-N space

(cont’d)
e For Ag and AG:
1
F n; = —,
() =
Fla;) = PN —-1+a;) — ¥(N+a;+b)

— (a;) + P(a; +b; +1).

Note:
ZCAqZ(SU, Qg) — !/],A?;xu,-(l . CB)/),

with 9(z) = d/dz(logl'(z)) the EULER %—function.

—— The gradients evolved in MELLIN-N space are
then transformed back to z-space and can be used
according to the error propagation equation.

e When fitting Aoc p its gradient has to be determined
numerically due to non-linear and iterative aspects in
the calculation of as(Q?% Agcp):

3f(7:, QQ? A) f(mv QQ;\A + (\)) B f(wa QQaA o (S)

oA 20
with & ~ 10 MeV'.



Error Propagation in z-space

The gradients at the input scale Q3 w.r.t. the parameters
of the input densities

Afi = 2Agi(z, Q%) = nidiz®(1 — )% (1 + vz + p,scz)

in x space are (here given w.r.t. all parameters):
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| Vi |
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(as, b; + )( +1+aqz+b¢)

1
+ piBla; + 5,5+ 1),
.
and



Parameter Values at Q3 = 4.0GeV?

741 Parameter Fit based on the Asymmetry Data:

Scenario 1
| LO | NLO
 value error value error
ALY, Mev | 203 | 120 | 235 | 53
Wi, 0.926 fixed 0.926 fixed
@y 0.197 | 0.013 | 0.294 | 0.035
b, 2403 | 0.107 | 3.167 | 0.212
oy () - 21.34 | fixed | 27.22 fixed
Nl -0.341 | fixed | -0.341 | fixed
@, ' 0.190 | 0.049 | 0.254 | 0.111
b, 3240 | 0.884 | 3.420 | 1.332
Ve (%) - 30.80 | fixed | 19.06 | fixed
Msea ' -0.353 | 0.054 | -0.447 | 0.082
Boca | | 0.367 0.048 0.424 0.062
bocol*) - 8.51 fixed 8.93 fixed
nG | 1.281 | 0.816 | 1.026 | 0.554 |
agG Bseq + 0.9 @sew + 1.0
b (*) 5.91 fixed | 5.51 | fixed
x* / NDF 1.02 | 0.90

. The parameters marked by (*) have been fitted first
and then fixed since the present data do not constrain
their values well enough.

— Scenario 2 : ag = Gseq + 0.6 (LO)
dg = Ogeq + 0.9 (NLO)



Covariance Matrices at @w = 4.0 GeV? = 7 + 1 Parameter Fit - Scenario 1

LO
4
>mmm.ub Qg (29 QA d,, b, Msea Gsea nG
(4)
W@Qb 1.43E-2 . |
Qg -2.05E-5 1.80E-4 ) )
By -9.07E-5 391E-4 1.15E-2 | )
ad, 1.10E-4 1.03E-5 -2.40E-3 2.43E-3
by -4 .65E-5 -7.92E-3 -6.86E-3 5.48E-3 7.82E-01
Nsea 1.02E-4 -4 46E-4 -2.84E-3 9.85E-4 2.82E-2 2.94E-3
Aseaq -4 31E-5 1.58E-4 1.33E-3 -5.96E-4 -9.32E-3 -2.58E-4 2.29E-3
yle -1.03E-3 2.02E-3 1.58E-2 -2.78E-3 -1.61E-1 -1.59E-2 9.56E-3 6.65E-1
NLO - -
Gy basy Qdy : b, Tsea Asea nG
A -
QCD
Ay 1.22E-3
by 5.10E-3 4 50E-2
G d,, -5.17E-4 -3.23E-3 1.236-2
b4, -1.27E-2 4.65E-2 8.29E-2 1.78E-0
Nsea =2.13E-3 -1.12E-2 5.19E-3 h.ﬁtm-m. - 6.77E-3
Asea 9.07E-4 4 49E-3 -3.78E-3 -2.98E-2 -2.39E-3 3.82E-3
1.41E-2 6.71E-2 -3.07E-2 -2.22E-1 -3.76E-2 1.90E-2 3.07E-1

nG




From the measured A)(z,Q?) to ¢,(z,Q?)

e Cross Section Asymmetry A

: oll — gld
T T g gl

¢ From A to A, or g,/ F:

A - ilu_ ""')
1 D Ag
= | — 9)As
g1 1 | 1
- Ay +vAs] = Aq
R e R e (F

Ao 1s measured to be small. Its contribution to A
or g,/ F, can be neglected. D is the virtual photon
depolarization factor. v and 7 are kinematic factors.

e From g,/ F} to g;:

qJ1 (;’?'J, (22) - gl/Fl X Fl(-il’), Qz))

. 1+ ~%) "
Fi(z,Q°%) = ( Folx. O?
R(z,Q°) = oL/or, ’)/2 = Q2/V2.

[',—Parametrization: NMC, M. Arneodo et al., Phys. Lett. B364 (1995) 107.
[i—Parametrization: SLAC, L. Withlow et al., Phys. Lett. B250 (1990) 193.



zg,(x) from Measured Asymmetry Data

| E i
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error propagation through the evolution equation.



Error Propagation in z-space

The gradients at the input scale Qf w.r.t. the parameters
of the input densities

b=

Af; = zAgi(z, Q3) = miAx® (1 — )% (1 + viz + pix?)
in = space are (here given w.r.t. all parameters):
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: 10T
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with

and



Error Propagation in z-space (cont’d)

oT
e [¥(ai) — ¥(ai + b; + 1)] B(ai, b; + 1) X
Vil
( +1+a¢+b¢)+ (e 413
(i) + [wa+ - via+ 0+
Atathp) |V HTY  HETRTY
1
XP@B(GE—I— E)bz_l— 1) y
oT
il [ (bi + 1) — ¥(ai + b; + 1)] B(ai, bi + 1) ¥
Vi@
( +1+az’+bz’> (o, s 4 1)
Vi Qi 3
! | b% L 1) — % i b?‘ -
1
X pi B(a; + Egbi +1),
= B b-+1)( = )
8’}’3 B - 1+a7+b?’
= B( —1—1 b; + 1)
— a; +—,b; +1) .
6[),,; 4

with B(z) the f—function for complex arguments.

—— Both approaches give the same error contours at
the input scale Q3.




Evolution of Polarized Parton Densities

e 7+1 Parameter Fit based on the Asymmetry Data:
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Evolution of Polarized Parton Densities

e 741 Parameter Fit based on the Asymmetry Data:
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Evolution of Polarized Parton Densities

e 741 Parameter Fit based on the Asymmetry Data:
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Evolution of Polarized Parton Densities

e 7+1 Parameter Fit based on the Asymmetry Data:
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xAG(x) with error bands
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The Polarized Gluon at Q3 = 5.0GeV?

e 7+1 Parameter Fit based on the Asymmetry Data:
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= Yellow error bands: Fully correlated 1o Gaussian error

propagation at Q2 = 5.0GeV?Z
— Hatched Area: Error Band taken from H1 and laid over the
GRV curve.



Conclusions (cont'd)

e FIRST RESULTS ARE OBTAINED ON THE FLAVOR
STRUCTURE OF THE POLARIZED QUARK SEA.
) s ) ‘
e BOTH ,q?“ Q(.ﬂlzg (0*) AND ,(/.SJQ(;::,, ()*) ARE KNOWN AT
LEADING TWIST IN O(as).

e FIRST STEPS IN A FACTOR. SCHEME INVARIANT
QCD EVOLUTION BASED ON THE STRUCTURE
FUNCTION ¢, (x, Q%) AND d¢,(x, Q%)/0 log Q* WERE
PERFORMED YIELDING SIMILAR RESULTS FOR
as(M2). |

SUCH AN ANALYSIS IS A VERY PROMISING WAY
TO PROCEED IN THE FUTURE, SINCE IT ALLOWS
TO EXTRACT AQCD FIXING ALL THE INPUT
DISTRIBUTIONS BY DIRECT MEASUREMENT.

e COMPARING THE LOWEST MOMENTS WITH VALUES
FROM LATTICE SIMULATIONS THE ERRORS IMPRO-
VED DURING RECENT YEARS AND THE VALUES
BECAME CLOSER.

THE CHIRAL EXTRAPOLATION m? — () SEEMS TO
BE FLAT.

HOWEVER, MORE WORK HAS YET TO BE DONE
IN THE FUTURE ON SYSTEMATIC EFFECTS AND
EVEN MORE PRECISE EXPERIMENTAL DATA ARE
WELCOME TO IMPROVE PRECISION.



e THE EVANESCENT SPIN PUZZLE LEAD TO
BOTH A MUCH DEEPER EXPERIMENTAL
AND THEORETICAL UNDERSTANDING OF
THE NUCLEON AT SHORT DISTANCES AND,
HOPEFULLY, WILL IN THE FUTURE.



