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= Inclusive Deep-Inelastic Scattering

= NLO QCD analysis

= b, (x) Measurement

= Ag-extraction

= Double Spin Asymmetries in VM Production
= (Q*-Dependence of p° Nuclear Transparency
= Quark Fragmentation in Nuclei

Michael Tytgat ,(‘ —
University of Gent %@5
rmes

on behalf of the HERMES Collaboration




Spin Structure of the Nucleon

Naive Parton Model : =" |nclude also gluons,
only valence quarks (Au, + Ad, = 1) sea guarks
EMC 1988 : AYX =0.123 £ 0.013 £ 0.019 & orbital angular momentum

1 1 _
AY

1
Aq = / dz - Ag(x) : first moments of helicity densities
0

AY, 1 inclusive scattering Ag 1 semi-inclusive scattering
Ag ™ NLO QCD analysis, L,, ™' GPD’s?
high-p; hadrons
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Polarized Deep Inelastic Scattering

d’o o’E’

dQdE2 ~ Q2F

Luu(ka q, S)W'LW(Pa q, S)

L, . exactly calculable in QED
JTpN 2
WMV - _gMVFl(x7Q2> +pyp F2(waQ2)

. 1
riekr e Dog o (e Q) 4 =
K 1% 14

(p-qSs — S - qpo) g2(z, Q%))

/

Quark Parton Model :

F1, F5 - unpolarized structure functions = momentum distribution of quarks

Fi(z) =53 ,e5 a7 (@) + a7 (2)] = 33, €7 a(@)
Fy(x) = 2x Fi(x)

g1, g2 - polarized structure functions =- spin distribution of quarks

gi(z) =32 .5 la*(z) —q ()] = 32, €7 Aa(z)
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Polarized Deep Inelastic Scattering

(E, p)
eE’)@/ Measure double spin asymmetries
N o ) S 1t
PRYAN A= g om — P Aitnds)

o 2—a%2  gi(z) = ga(w) _orr _ Y(g1(z) + g2(x))
A1 = ol/2 +¢3/2 Fi(x) o A2 or Fi(x)
(z) [Ay(x
qi1(z) = f:r(vl [ ng )+(v—n)A2
(147

F, = F
of "T2z(1+R)
Use A2 = 0 or fit to A} data or A = AVW
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g7 (x) from Hydrogen
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gd(x) from Deuterium

d
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World Data on zg;(x)

0.06} proton
Xg *x SMC
10.04 : EEEME? prel. & gp > gd > gn
O HERMES prel. rev. 1 1 1
ocef % £ :
A xwﬁ-ﬁ' : Neglecting sea quark contributions :
I R R B 1 1
0.04} deuteron p:2- §Aup + §Adp
i v
0.02 | WT?H H% d:p+n
o e n:2-—-Ad, + -Aup,
| L T 9 9
3
0.02] neutron (He) or2- %Aup + gAdp
| ¥
0 TR
s |
002 X E2 A%M%ﬁﬂ
' A E1
JLgs E99-117 prel. Aup >0 Adp <0
_0'047\ AT IR T R B
0.0001 0.001 0.01 0.1 X 1
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NLO QCD Fit

e Oth order : g?(z) = 5 >, e2Aq(z), no Q> dependence

e LO : gluon radiation, photon-gluon fusion

IF” Redefinition of quark distributions including Ag

19z, Q%) = 3 3, e504(z, Q7)

e NLO :
g O (z, Q%) =32, €2 [Ag+ Aq(z, Q%) ® Cg + Ag(z, Q) ® Cy]
2 independent NS distributions + AY + Ag :

AgRs = 3(2Au — Ad — As),  Aghgs = 3(2Ad — Au — As)
AY = Au+ Ad + As
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NLO QCD Fit

()? evolution :
d as(Q?)
A NS 2y _ s P A NS
din 02 g (z,Q7) o gq @ B¢
d AN(z,Q%) \ _ as(Q%) [ Py 2Ny Py R AX
din@2 \ Ag(z,Q%) ) 2« Poq Pgq Ag
9(x, Q%) a(x, Q%)
a(,9) 9(y, Q?)
» | %ﬁ@i 20
Splitting Functions 2
axQ) a(xQ)
q.v.Q") ay, &)
Fa(f(i) F(’ucg;)

Parametrization of parton distributions at input scale Q3 :

rAg;(z, Q) = midiz®(1 — z)% (1 4+ vz + piz'/?)
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NLO QCD Fit

I Use ¢, /F; or A; dataon p, d and n
from EMC, E142, HERMES, E154,
SMC, E143, E155

with Q2 > 1.0 GeV? cut

IZ" 2 independent methods :

Mellin Transform & Finite Differences

Choice of Parameters

rAq;(z,Q3) = n;Asw®i(1 — x)bi(l + v;x + pix%)

Method 1

Method 2

MS

MS

Mellin Transform

Finite differences

Ay, Ady, AG., AG

Agng Agys: AX, AG

symmetric sea: Ags; =
Aty = Ady = As = A§

no assumption
(in the fit)

Ny Nd, fixed by F,D
Yaws Vd, 7 0 fixed

aG = Qseq + 1
bgs _ % *

e pol b unpol

by, = 8.08, bg = 5.61

P)/(i,s - O' ’)/G = O
p = 0 for all densities

— 7 fit parameters

nqlz)\/s, 77%1;/5 fixed by F,D
VglyS = Vgiys # 0 fixed

no such

{ relations

bg = 5.61

vs, # 0 fixed, v¢ =0

p = 0 for all densities

— 7 fit parameters

ASLp =291+ 30 MeV
Q3 =4 GeV?
data: Q% > 1 GeV?

as(M2) = 0.117 £ 0.002
Q3 =4 GeV?
data: Q% > 1 GeV?

* lead to positivity for Ags and AG
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NLO QCD Fit

0.08 -
xgj(x) ot @ = 5.0 GeV*
0.06 | v SMC [ HERMES(prelim)
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ooal @ EISS
[ Nwoacp
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002} \
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w
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X
0.04 5
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0 _ ..................................................................................................
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0.01f

-0.01

xgj(x) ot @ = 5.0 GeV*

Y SMC ®m HERMES(prelim)

E143 @ EI155

NLO QCD
(Method 2) !

exper. syst. uncertainties

002

theor, syst. uncertainties

10

I¥" Fits are performed on g1 (z, Q?)

and give a good final description

-3

' 2
10
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NLO QCD Fit

04|

02 |-

xOqy (x) = NLO
[ ] Method 1

/////) Method 2

Q3 = 4.0 GeV?

5" AY =0.201 £ 0.103

IZ” valence quarks dominate

I Ag, = —0.070 & 0.028

very small sea quark polarization
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NLO QCD Fit

061 AG(x) = NLO
[ ot Qi = 4.0 GeV*
04
7 xG(x) (GRV)
o2l Method 1
: ............ Method 2
O R o\
- exper. syst. uncertainties
- (Method 2)
-0.2E
theor. syst. uncertainties
- (Method 2)
04|
107 10~ 107

IZ" AQG still largely unconstrained ...
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Semi-Inclusive Deep Inelastic Scattering

(E, p)

[é’+]\7—>e+h+X}

I¥" Flavor tagging : correlation between
fast hadron and struck quark flavor

Factorization of cross section :

oh(z,Q?% 2) < Y el q(z, Q%) D}(z,Q7)
q

D!'(z,Q?) : fragmentation functions, h = 759 K=+ ...
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Ag-Extraction

1/2 3/2 2) h 2
o 2q(z, Q ) [dzD(2,Q%)  Agq
Af(z,Q%) = 1/2 3/2 ~C E:Z - ,q z, Q?) fdzDh (2 QQ) (. Q%)

P(?(w,Qz)
IZ" Purities : probability that hadron h originates from event with struck quark g

e Spin independent quantities

e Can be calculated with Monte Carlo

IF" Extract Ag from [/T =P. @j

A = (Ay(x), Ava(w), AT (@), A 4(2), ALK (2))

G — Au Ad Au Ad As+ As
\u’'d a’d’ s+35
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Generation of Purities

e Use Monte Carlo model
of DIS process (LEPTO),
fragmentation process
(JETSET) and detector

Unpol. PDF Detector

e Systematic uncertainties from q(z,Q?%) geometry

we o | |

alternative
PDF sets Meas. hadron | 2| ® P!S generator (LEPTO)
(GRV98LO, multiplicities e Hadronisation (JETSET)
CTEQS5L) N /NPTS e Detector model
. Variation of
fragmentation - l
Measure Helicit
parameters asymmetries Purities 77(?(&:) |—> distributi}(;ns
il Aq(z)
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Tuning of LUND Fragmentation Model

HERMES preliminary (in HERMES acceptance)
0.6
L e it T e K* r P
- «* e Data 0.06 T - 01 [
-« = 20030 o —
0.4 — #8 S =
< L 220020 o, [N i
Ug - * % Jetset T . ':'fwy i -
Z s ¥ S 0.05 — %
z 02 7 & 002 | np . : :
S e B - R Default JETSET settings don’t
S, - " . L
- “u - f - *.. work for HERMES
° E 1 T ‘aﬁﬂ ° C 11 1 T 1 1 \1 ° E.\..m\ | ﬁ
0 0.5 1 0 0.5 1 0 0.5 1 .
z 2 : & Use hadron production
i . ratios and measured hadron
= TV - = . . . mg .
04 |- 004 | NN multiplicites ~ N"/NPI5 in
R . N Y (iterative) tuning procedure
%g S - . 0.01 |- .
£ 02§ % 002 g ®= - ':,-, v
Z-: | * 0’ | % 5?!. B . : :
| 5, | “ 0.005 — B
L .ﬁﬁ*‘* L ;.';X:—ﬁ B ” ';.I #
0 ’.. ,,,,,,,,,,,,, ‘ ,,,,,,,,,,,,,,, 0 kos ‘.':;.:‘ﬁu 0 F... ,,,,,,,,,, ’..
0 ‘0‘.5 0 ‘0‘.5 H‘ 1 0 0.‘5‘ 1
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HERMES Purities

.U quark u quark d quark d quark s quark s quark
E / x4 x4
b AM
5 051 o proton T
o & neutron o I
) ‘ ‘ ‘
v
P
S
o
|
=
P
S
ol
|
v
2
S
o
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Measured Hadron Asymmetries

F h+ F TH
08 F A, i 08 F A, ‘
06 f « HERMES prelim. %» 06 f « HERMES prelim. *
04 F (refined analysis) 6 * 04 F
o2 b “MC e 02 f bt i i -
le b b Eat Kinematical range :
e trris s S — essnssnse il
08 A} 08F A,
06 F « HERMESprelim. 06 F « HERMESprelim.
04}  Ldnedaaysy ) % 7 0.4 0.2<2<0.8
F O N — J—
0.2 | ! . $ ¥4 0.2 | ' 4 i '
0 A %*‘* ________________________________ 0 Feeeeet A ) §+_
0.02 01 07 0.02 0.1 0.7
X X
06F M 06F ™ 06 F K+
05 A | 05 F Aud 05 F Aud
8.431 - o HERMESprelim. % # * 8-431 E « HERMES prelim. 8-;1 F « HERMESprelim. |
02 ' 02 f * 02
01 ¢,+“% 01 o PY | 01 f by +
0 frgrrgprtpe bt L R . T W B 0 bemdet T T
‘01 E‘ = = : NN -01 E— : _01 - : mmoamm
0.6 - h- 0.6 - ™ 06 K-
05 “a 0af Mo 0af M
04 F * HERMESprelim. : + !
03 F ©SMC + 02 | . ¢ 02 f + {
02 } % e e T e
Y TP WK S S AL L ______ 02 f : 02 f
E b i [ i e SO
'0-1:_ . | A P P ‘0.4_ : P A A L '0.4-‘I . P | . . P
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Polarized Quark Distributions

X[Au JENOSSEE SR
0.2 _‘_5__{_._._‘_—_*-‘—“‘”( f
SO .__}‘_______.__+_-_- == -+— - “ ; .
o - | e w-quark strongly polarized
0 x[Ad
A I T T Y YR R . .
oo | M LA S NPt e d-quark strongly anti-polarized
0.1 F xau e Quark sea polarization small and

ottt Ai  Ad  As+As

& - T . - = 0
0.1 | xiad | | * +
O :2;’”;"+’.:’_:;’;’;”?::::+Z:;:;’;’.;’ ——asnARSsaFsses I . . . .
o1l } . HERMES pretim.|  ® NO |n_d|cc'_;1t|on of negative strange sea
. — (1996-2000) polarization
0.1 X[AS } o SSS\//(1+R)
' +a
O :2;2;:;;-..:.:.;.;:.;2;:*;::::IZZZ:*;.:;.’ s s SEFars e e smm——— . -
o1l 02 = 2.5 GeV? e Good agreement with LO-QCD fits
C . N
0.02 0.1 0.7
X
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Light Quark Sea Flavor Asymmetry

Unpolarized

~0.6 ¢
T 2
= r
;O'S . GRV 94 LO
204 -
) B
v0.3§ == N MRST (98)
02~ | N
01
O - L
-2 -1
10 10
> 1.4 ¢ o
S r
1'2; ® HERMES<Q?%=2.3GeV?
1= O EB866 Q°=54.0 GeV?

0.8 - GRV 94 LO
0 6 ;<@2>;2,5 GeV?

04
02
0
02"

107*

Polarized
5= SN __
T o2b AU-Ad
< :f “~._ * HERMESpréiminary
ol (1996-2000)
ol s Q*=25Gev?
05_ ® ® \\\‘\
O _ ,,,,,,,,,,,,,,,,,,,,,,,,,,,, * ,,,,, +\\\‘~~ ,,,,,,
05}
i ? °
-1F -- XQ3M
: [EPJ C14, 147 (2000)]
-15F Bourrely et al.
i N [EPJ C23, 487 (2002)]
AT
002 01 0.7
X

IZ" No evidence of flavor asymmetry Aw — Ad in the light quark sea !
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Deep Inelastic Scattering on Spin 1 Target

4 2
do o’E’
— —L v s Yy HY P7 ’
L, ; exactly calculable in QED
JTN %
W = R Q) + PRy, Q)

. VANO 1
Fiet % (So 91(x, Q%) + = (0 4Ss = S - apo) 92(z, Q%))

. 1
(forspin 1 —by(z,Q%) . + s bo(x, Q%) (Spw + tuw + Uy

1 1
target ) +5 b3(z, Q%) (Spw — Upuy) + 5 ba(z, Q%) (Spv — tuw)

¥~ 4 new structure functions
In the symmetric part of hadronic tensor

=> not sensitive to beam polarization
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by Structure Function

Fi(z) =35> e g7 (x) +q (z) + ¢"(z)]

4 — )

q" q° q gi(z) = 5> €2 gt (z) — g (2)]

o~ 9 9 bi(z) = 53,5 [2¢°(z) — (¢~ (2) + ¢"(2))]
Bl A O R b (@)

bs & by higher twist functions
IL” b, () measures difference in parton distributions of m = 1 and m = 0 target

5" In principle needed for g,/ F; measurement

Omeas — Ou [1 + PV AH —|—%TAT]

HERMES: < T >=0.83+0.03 <V >=10"2
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The Tensor Asymmetry A

A; (107)

- HERMES PRELIMINARY

No smearing correction

ot

.

Correlated systematic uncertainties

-2 -1
10 10

0.002 < £ < 0.85, Q%> 0.1 GeV?

(et +07)—20" 2 by
AT = ~N ———
30’u 3F1

meas 1 g1
A = Aj '[1+§TAT]NE

IZ" |nfluence on A <1%
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b$ , Structure Function

- 0.2 ~ 0.02
Qo o I
HERMES PRELIMINARY N\ Q =0.1GeV?
0.15 | . . 0015 F > - Q2=1.0GeV2
: No smearing correction ' L D Q& =4.0GeV
- \ o _ 2
0 : - @ =10.0GeV
0.1 F 0.01 F - N
I ™~ W B3=2x(1+4R) b}
0.05 - 0.005 i
0 Q o 0 97
HERMES PRELIMINARY —
No smearing correction +
-0.05 - -0.005 -
Correlated systematic uncertainties
Correlated systematic uncertainties
0.1 b -0.01 Ll
A, 10 A, 10
(@4 [ ° ¢ (04 ° ¢
Y . o v .
1 | [ ) 1 | ]
1 F -
10 L] L Ll L L1 10_1 Cov vl el Ll
-2 -1 -4 -3 -2 -1
10 10 X 10 10 10 10 X
3 K. Bora and R.L. Jaffe, PRD57 (1998) 6906

b = —=- Ar - FY g
2 IS” pg signif. different from zero at low z
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Exclusive Vector Meson Production @ HERMES
yO Vv v Vv yd Vv €+pJ$*€+p+PQ%¢
NN o— vV
R P g g ] . 0.5 < Q% < 5.0 GeV?,
- - 4.0 < W < 6.0 GeV,
P PP PP P t < 0.5 GeV?

p®, w production at HERMES is dominated by quark exchange,
¢ production dominated by gluon exchange

.. M%—M? . : :
Exclusivity : AE = ( ] p) Incoherent / coherent diffractive production
p
8
8t 107 g E— — PRRTIEvAET Y-
L%?OOE_ + 107_:. O SHe X 102:_
600;— 6; 0...
500 i —— DISMC 10 3 ...‘.."!!Z H 3
: L 10° & s%es0 l
400 F g ] DDDDDD ¢ TEE
F 4] Soesg L
300 F E 10 E DSSgang,
r ] t.g C
200 10" do0o, "o
1005 102—é OOOOOOOOOOOO o oF
oL 1 .

10"+ [RRARRRRRE AR RERAREREN RRRRRRRRE :

AE (GeV)
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Double Spin Asymmetry in VM Production

N _ 51T A
_ 0 g || /R
A = o+ o1 = 7

< APP > = 0.234£0.1440.02 < AP”> = —0.0404 0.076 + 0.013
< AP? > = 0.204045+0.03 < AY?> = 0.1740.27 £ 0.02
< H proton + < O m proton }

0.02 0.04 0.06 0.08 0.1 012 1 0 0.5 L 15 2 25 . (éevz)
< ® deuteron < O @ deuteron

0 3 i E oo ¢ i ¥

Q@ (GeV?)

AP =2 AV /(1 + (AM)?) (Fraxas)
Asymmetry due to unnatural parity
or di-quark exchange

Regge model with parameter fits
to g7 and F; (Kochelev et al.)
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Coherence Length Effect in p* Production

| lcoh |

2V
> ( w .. Coherencelength: .= oL Mq%;
N SN lc << ry:weak EM IS

[. >> r4 : hadronic ISI

= 1E
Examine nuclear transparency : T = AOA ; i
. O'p
to look for color transparency (**N data) 051
5" Incoherent production : coherence length 20 |

effect can minic CT effects for I, << ry4

¥~ Coherent production : nuclear form factor %[ ‘\’\‘\7‘\[\_‘}

suppression at small /..
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Color Transparency in p° Production

IF" Fit ()2-dependence of T'c°/incoh jn | _bins with common slope

T.0,Q%

ol

<l>= 135 fm 1.45 fm 155

fm 1.65 fm

Tinc(lc’Qz)

| | | AP R R R R
215 fm 2.25 fm 2.35 fm 245 fm

0 2 40 2 40 2 40 2 4
2
Q[GeV]

|_\

'01

J)w

1.45 fm

155 fm

1.75 fm

il

215 fm

4 0 2

Q’[GeV?]

Q*-dep. slope

Kopeliovich et al.

14N coherent
14N incoherent

0.070 £ 0.021 £0.017
0.089 = 0.046 = 0.020

0.060
0.048

IF" Positive Q2 slope indication of onset of Color Transparency
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Fragmentation in Nuclear Environment

e ’: %
S 058
e -ﬁ%o

7s = l¢/c hadron formation time

IZ" Reduction of multiplicity of R’Jg(z, v,p7, Q%) =

_h
A

Nucleus acts as an ensemble of targets
for the struck quark and produced
hadron

¥~  Hadron production from nuclei is
Influenced by pre-hadronized quark
Interactions &  produced hadron
Interactions with spectator nucleons

— Models : hadronization process
(phenomenological + QCD based
models) + nuclear absorption

Nh(zayapgan)
Ne(VaQ2) A
Nh(Z,V,p%,Q2)
Ne(V7Q2) D

Use HERMES data on N, 84Kr, (*He, 2°Ne) with z > 0.2 & v > 7 GeV
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Charged Hadron Multiplicity Ratios (}**N)

- m h,v>7GeV
Rhlﬂl O mv>8GeV
: — _
... */ =T B
R
e
I /
0.9 -
I /
0.8 -
\ ! | |
0 0.2 0.4 o0 -

(dotted) 1 or 2 time-scale models

th =c(1—2)v, 0*=0,0,=25mb

" Formation time fits

0.8

- z2>0.5

(solid, Kopeliovich et al.) Gluon bremsstrahlung model for pions
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Charged Hadron Multiplicity Ratios (}*N, 8*Kr)

11

h
h RM 1
[
RM L 09
, SIS -
08 -
07
@® Kr HERMES 06 I
O Cu SLAC
O Cu EMC 05
0.4
| 1
l
! 09 |-
08 -
08 o 0.7
m "“N HERMES 06 I m "N
07 I O "2C SLAC
%20 EMC 05 |-
] . —
06 . L | L L L L L 04 | | | | | | | | |
10 50 0 01 02 03 04 05 06 07 08 09 1
v [GeV] z

Model calculations : (solid, Accardi et al.) rescaling of quark fragmentation
functions + nuclear absorption; (dot-dashed, Wang et al.) medium modification of
parton fragmentation due to multiple scattering and gluon bremsstrahlung (tuned
to N data)
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o0, K*, p & p Multiplicity Ratios (®3*Kr)
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Attenuation vs. p?
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Summary

New NLO QCD fit to world data on g;(z, Q?)

Awu(x) and Ad(z) known to good precision, consistent with NLO fits of inclusive
data

First direct extraction of Awu(z), Ad(z) and As(z), no significant polarization of
the light quark sea

First measurement of ¢, small but different from zero

Measurement of double spin asymmetry in vector meson production on proton
and deuteron

Indication of color transparency effect in p° production on N

First measurement of nuclear attenuation of pions, kaons and (anti)protons
electroproduction in 34Kr.

Observation of Cronin effect in DIS
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