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Outline

e 3D picture of the nucleon: .

e exclusive v production: SDMEs and Ayt

e Ayt and AT in semi-inclusive DIS

e Bose-Einstein correlations in DIS

e A polarization in photoproduction



Exclusive w production

e SDMEs:
e unpolarized & longitudinally polarized e*/e- beam
e unpolarized H & D target

® AUTZ
e unpolarized e*/e- beam
e fransversely polarized H target
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Exclusive o production
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. natural parity exchange
: JP=0*,1-, ... =GPDH, E
: unnatural parity exchange

L JP=0, 1+, .. m GPD l’:i, E




Exclusive o production

e e e+ N —e+ N+ w

w—= Tt +17 +7°(29)
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lepton

. natural parity exchange scattering plane
. Jp=0+, 1-, ... = GPD H , E

: . W

. unnatural parity exchange T N ey e

JP=0, I*, .. = GPD ﬁ’ E N/

w production plane

N(p) t N(p’) Fit angular distribution W(®, ¢, ©) of v decay pions

Spin density matrix elements (SDMEs)
describing final spin state of w
and transverse target-spin asymmetries (Aur)
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Exclusive o production
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Results «w SDMESs

Eur. Phys. J. C 74 (2014) 3110
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SDME values

5 classes of SDMEs
unpolarized and polarized SDMEs
proton & deuteron similar



Results «w SDMESs

Eur. Phys. J. C 74 (2014) 3110

5 classes of SDMEs
unpolarized and polarized SDMEs
proton & deuteron similar

s-channel helicity conservation A= = Au):
fulfilled for class A & B
class C - slight violation:

05 -04 -03 -02 -0.1 0 0.1 0.2 03 0.4 0.5 0.6

SDME values

— 7100 # 0 by 3(2) o for p(d)

class D - slight violation:

i+ =S #0

* : N 1=
A Y, Oy : —+o+—
: o
* RE e :
YO et :
H -+t
................................................................... SOOI V.. 08 SO SOOI ®
. N N
I B* Interferegce P e
S0, &Y. SO - o
15 LYYy T [
R |
‘o
: e EEes
............................................... = = ————————————————————— °
* -
Cy -0, s
T :
HE (]
e
! OHEH H proton
e o
i N ® deuteron
POt N
-
Yeome -
o
u =
1 o |
x - o
Dy >0, ot
L -
FH@-
P OHEH
S
] =
— ®
° ;;
1 | :
................................................ =
HEH
E V=0 . e
i
| @ i
e
lllllllllllllllllllll lllllilllllllllllllllllllllllllllll

by 3(2.5) o for p(d)



Results w and p SDMEs

Eur. Phys. J. C 74 (2014) 3110
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 wlri_,<0and 3ri_, >0
e 02 711 >0 and 312, <0

e w: large unnatural parity exchange
e p: large natural parity exchange



Test of unnatural-parity exchange
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xX 2 6\U10]2 + U171 + U_11]2 (Uzunnatural-parity amplitude)
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* large unnatural parity exchange seen
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Test of unnatural-parity exchange
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* large unnatural parity exchange seen

* model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014) 4 W
without pion-pole contribution :
with pion-pole contribution 1O
pion-pole contribution seems fo account completely '
for unnatural-parity exchange
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Kinematic dependencies

class A: 77 — wr and Yr — wr

Eur. Phys. J. C 74 (2014) 3110
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* no pronounced kinematic dependence observed
e again, need for pion-pole contribution observed
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Longitudinal-fo-transverse
cross-section ratio

125
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no pronounced kinematic dependence observed
need for pion-pole contribution
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Results o Aut
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* large unnatural parity exchange seen

* model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014) W
without pion-pole contribution
with pion-pole contribution: mw transition FF > O
with pion-pole contribution: mw transition FF < O
Positive mmw transition FF favoured
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Asymmetries in semi-inclusive DIS

® AUT and ALT
e unpolarized & longitudinally polarized e*/e- beam
® fransversely polarized H target

® ALuZ
e longitudinally polarized e*/e- beam
e unpolarized H and D target
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Semi-inclusive DIS cross section

do B o y2 14 ﬁ
drdydzdopdP? | dos — xyQ? 2(1 — ) 2

e structure function Fxy(z)

( (261) X=beam, Y=target, Z=y* polarization
Fuur + €Fuu,n ++/2€(1 + €) cos(én) Frips $n) 4 cos(26n) FLSM) | o TMD PDE ® FF
—» beam polarization

2¢(1 —¢€) sin(gbh)in('}(‘b’*)
—® longitudinal target polarization
+SL [\/26(1 + €) sin(gbh)Fz,‘z(‘f”') + € Sin(2¢h)F§z(2¢h):|

+SL'\/ 1— €2FLL + \/26(1 _ 6) COS(¢h)F£(f(¢”)]
~»= transverse target polarization

+5¢ | sin(én — bs) (Fgri;fgih—és) + ngi;fih—qbs))

+ e sin(¢op + qﬁs)Fz,i,’;,(d’"*""S) + esin(3¢y, — @S)sz;(wn—cbs)

-+ \/26(1 + ¢€) sin(¢5s)FBi;(d>s) + \/26(1 + €) sin(2¢y, — @S)F;i;l’(2¢h—¢s)

+ST'V 1 — €2 cos(op — CDS)FEC?(%_%) + \/26(1 — €) cos(¢s)cm?(¢S)

+ v 26(1 — €) cos(2¢y, — (bs)cmﬁ(2¢"_¢S)] }
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Semi-inclusive DIS cross section

do B o y2 14 ﬁ
drdydzdopdP? | dos — xyQ? 2(1 — ) 2

e structure function Fxy(z)

( T X=beam, Y=target, Z=y* polarization

Fyur {- €Fuu,n ++/2€e(1 + €) cos(on) Firy o) 4 e cos(2q')h)|F5f§ o TMD PDF ® FF

—» beam polarization

2 (1 — €) sin(¢p) i)

—® longitudinal target polarization
. sin(¢n) o . sin(2¢p )

+SL [\/26(1 +€)sin(op) Fyyp " + esm(2q9h)|FUL

+SL'\/1 — eQ‘FLL +1/26(1 — €) cos(¢h)F£(}f(¢“)]

> transverse target polarization

sin(dr — sin(dn — e leading ftwist
+Sr [sin(th—d)s) (F(‘,Tf;i"- 5y P ¢,5))

+ esin(¢p + ¢s )|Fs,i,‘l‘,(d’"-+""3) + esin(3¢y, — ¢51sz;(3¢,..—¢s)

-+ \/26(1 + ¢€) sin(¢5s)FBi;(d>s) + \/26(1 + €) sin(2¢y, — @S)F;i;l’(2¢h—¢s)

Frr ™4 v/2e(1 =€) cos(ds) Frp )

+ST'\/ 1 — €2 COS(th — (255)

+ v 26(1 — €) cos(2¢y, — (bs)cmﬁ(2¢"_¢S)] }
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Semi-inclusive DIS cross section

do o>y [ L o
drdydzdondP? | dos :L'yQ2 2(1 —¢) 2x

e structure function Fxy(z)
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19



2 (sin(p+dg))y,

S o e o
N = O = N

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

Collins amplitudes

0.00<P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54 <P, [GeV]<2.00

1€'0>2>820 820>Z2>020
2 <Sin(¢+¢s)>u n
o

6'0>2> /€0

0L'0>Z>610

F

sin(¢pn+¢s)
UrT

0.00 <P, [GeV]<0.23 0.23<P,, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54 <P, [GeV]<2.00

e o
= N

S o
R

HERMES

7.3% scale

PRELIMINARY

runcertainty

TTTT
.
—-+

S o o o
N -t o — N
—ar

i

|

o o o o
N —h o - N
+|

—!—
—

e o
o =

|

[]
o
—

o
N

o

-+ = ~  HERMES PRELIMINARY
; JT i ; 7.3% scale :fncertainty |
HJI,L"'___-_____._ri_'-'___i____-_,.,j-___-i-_____,_i_ll' _______
= : 2 RN
—."1.-"""-“‘_'1i+'"““—"H---*-"—' """ S
-1 = = - !
; ; ' v §| + ?
—+——+———*——————1 ———————— SN SR ) +
S LT = - !
|
L *l oy | . i :
_HJ"_L"_W ________ _ri'+ _______ EETL T
S |~ | N —
0 0.2 0 0.2 0 0.2 0 0.2

X

m* amplitudes positive; m~ amplitudes negative

n~ amplitudes increasing with x at large Ph.

20

0.2

o H‘HH‘HH|HH‘HH‘H T ‘HH‘HH|HH‘HH‘H H‘HH‘HH|HH‘HH‘H H‘HH‘HH|HH‘HH‘H

(= ‘HH‘HH|HH‘HH‘H H‘HH‘HH|HH‘HH‘H H‘HH‘HH|

X h1T®H1J_

6¥'0>2Z> /€0 L£0>2>82°0 82°0>Z>020

0L'0>Z>6V0



Sivers amplitudes

F(S]i;l"(Qbh_QSS) x flJ_T R Dl

0.00<P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36 <P, [GeV]<0.54 0.54<P, [GeV]<2.00 0.00<P, [GeV]<0.23 0.23<P,, [GeV]<0.36 0.36 <P, [GeV]<0.54 0.54<P,  [GeV]<2.00

2 (sin(¢-dg))y,

= e o
- O = N

©
N

0.2
0.1

-0.1
-0.2

0.2
0.1

+
JT

3L

HERMES | PRELIMINARY

7.3% scale | funcertainty

-
-
-
HH‘
-
H—

82°0>Z>020

2 (sin(¢-¢g))y,

| =
- |

| =

|

|

|

|

|

!

L
Lm—

=
- T ——

|

|

!

1£0>Z2>820

© ©
)

o

o o
N =

e ©
O 0N

-0.1
-0.2

0.2
0.1

TT

=

'LM‘HH‘H

-
i

|
i

|

|

|

-B-
1
1
1
-
1
1
1

HERMES

7.3% scale

PRELIMINARY

Huncertainty

-+l—

-|-I—
I—0—

AN
I
I
-
I
I
I

-

82°0>2>020

L£0>2>82°0

——

| T
+——
-
=

——

-0.1

u

=

I

I

I

I

I

I
6¥°'0>2> €0

-0.2

|

|

o
H‘HH‘HH|HH‘HH‘H H‘HH‘HH|HH‘HH‘H T ‘HH‘HH|HH‘HH‘H T ‘HH‘HH|

0.2

0.1

——
[
in-
=H-
I
.—
—.—
=l-
-
T

—i--
—-—
—a—
~
|
|
-
=
-
+I—
|
|
—-n+

0L'0>z>6t0

-0.1

3
0.'0>Z>6V0 6'0>2> /€0 " i " "
o
© \‘\H\‘H\wwwu‘uww\\\ M\\W\H\|H\W\\H‘H \W\H\‘H\wwwu‘uwwpw\\‘H\wwwuluwwpwu‘\

-0.2

°\ TTTTTTTTITT T T T I T T T I T Ty T T I I T T[T TI T T Ty T T T T TrTrrTITTT
R R D T

——
_*_
|
|
|
|
|
|
o
T ‘HH‘HHlHH‘HH‘H H‘HH‘HHlHH‘HH‘H H‘HH‘HHlHH‘HH‘H H‘HH‘HHlHH‘HH‘H
- E

o H‘HH‘HH|HH‘HH‘H T ‘HH‘HH|

0.2
X X

m* amplitudes positive; m amplitudes=0
m* amplitudes increasing with x at large Pn.
21

0.2

o
T ‘HH‘HH|HH‘HH‘H T ‘HH‘HH|HH‘HH‘H H‘HH‘HH|HH‘HH‘H H‘HH‘HHIHH‘HH‘H

o

N

o H‘HH‘HH|H\

o

N -

o H‘HH‘HH|HH‘HH‘H
o

N

0.2



2 (sin(¢-dg))y,

Sivers amplitudes

F(S/'i;l"(th_ng) x flJ_T R Dl

0.00<P, [GeV]<0.24 0.24<P, [GeV]<0.40 0.40<P, [GeV]<0.57 0.57 <P, [GeV]<2.00

0.3
025 ~ HERMES PRELIMINARY 3 05~ D 3 - HERMES PRELIMINARY
L L L N — = .07 ScCale | -uncertainty
02 - p - 7.3% scale fjncertamty & 025 S - = | = §
0.15 - N N < o-«+--'-'----'--—+—+—+———'————¢—1.—I|I———1J'————'—f—+ —————— ;
005 Lpat L b b, bty ! g 0% = - tog
I ]:'H"' _______ ol L Tt L . + N 05— - - =
L i - ) ‘ e ——— s e e
-0.05 N » 05 - — —
20 - = — | — W
S e e (e o_+5"_+_____+_-—-'-k---f-_+__7_+_ ______ S A
035 | : : : N : e :
025 P - = 05 R = SR
o2 £ 3 = 05 - - - -
i) bt N N A
0.05 - T | = l T l " | | 0_T+_+____L___1_L___!'___+J' —————— +——1L$-Jﬂ ------ ﬁ
S R e e B 4 em | -
-0.05 — — — - - o -
01 = = 05 ——— e e —_—
oy = e e e 05/ = = -
0.1 0.2 0.2 0.4 06 0 olgs ‘G \1, | 025 - c + - - o
X z e e = - = 3
" bbb
0.25 = = { = ' ¥
0.5 _ = ‘ - ‘ o
0 B 0.2 0 0.2 0 0.2 0_F 0.2
e positive proton amplitudes X

22



2 <COS((I)-(|)S)>|_ 1

Worm-gear amplitudes

cos(¢pn—¢s) il
0.00<P,, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54 <P, [GeV]<2.00 0.00<P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36 <P, [GeV]<0.54 0.54 <P, [GeV]<2.00
0.5 — + - = HERMES | PRELIMINARY j 0.5 - = = HERMES | PRELIMINARY
] | - - 8.0% scale | luncertainty o =~ ] - - 8.0% scale | funcertainty °
0.25 — — — — | R _eu_) 0.25 — — Ll — — l N
- - ow ) = & = A e - b Cow o - A
R L A e S B S S
025 = = = 5 & 025 = = B
C C C C o C C C C )
'0-5* | - | * * ~ -05* * — . — |
1 1 N
05 - 2 2 2 05 - - = =
0.25 = 3 o o R 0.25+ = | = { o |+ | S
I - - | - + A - - - ] = A
Jali R AR ST E N SR S | R S | e
025 - - - § o -1 - 3 :
05 ‘ = ‘ = ‘ = ‘ 05 ‘ = e
0.5 — — — = 0.5 — = | = =
0.25 = = - 4 2 0.25 — = 1 - = &
- + = ol = | ~ = 1 i - l T - l = ll ~N
i o - _ % ___;T_l Yt ____ ﬁ ;ll L IR | S S L ___C _I-I _______ A
S IJ.* e oo [ A 0=t L N T S A A A
025 : - | - - i S -0.25 — = = I = I 5
o5 | = | = - 0.5 ; = = e —
0.5 — — — — 0.5 = = =
0.25 - - - N 0.25 — = = = =
o ll o - L ! C 1 8 - S | o + + = | Y
SOIY B TR TSN | SR VRN AN | S R SR | ST SO TR O SN YUY NN |, S NN, SN | O N S =L N NN S
o -ttt S b M ;F.Tr SN i A o'}l T IF| H - ﬁ ! &
0.25 ;—JI. gT = 3 -0.25 -1 = - S
05 — ‘ - ‘ - ‘ - ‘ 05 : - ‘ - ‘ ‘i ‘
0 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 0.2
X X

e 1" and m amplitudes=0

23



sin th
FLU

|higher twist! |
F35 " o (eHi s f1Ghs g Dis i E)

\2¢(1-¢)

2<sing >

LI L B I LN L LN L B B

0.05 < R, [GeV]< 023 023 < R, [GeV] <035 035 <R, [GeV] <051 051 < R, [GeV] < 1.80 0.05 < P [GeV]< 023 023 <P_[GeV] <035 035 <P [GeV] <051 051 <P, [GeV] < 1.80
[ 2.6% scale uncertainty for H [ HERMES Prelimi ) - F S - F —

T , reliminar I~ [ [ 2.6% scale uncertainty for H [

- 2.7% scale uncertainty for D - r y o Al 9o} T = 2.7‘72 scale uncertaintz forD [ HERMES Preliminary
: - N | K -

S0 S IV RN N S T S NS 1 E TS N S PP L ;
“““““ - -r ~J--"FC~~7|~ ¥V of —{}— -—-k---F —ﬂ;— -—--Ll___F ——+——— ————%—%— ———¢ - -
ﬁ) {) 3 % A Al r t [ é C % I b Ji

- o : r A : *
w . L L
R — — S 0.1 - - -
|||||||||||||| I T ar AT SR R SR T ST [ —=—T—F _-;I r —— [

> 020

0€0 > Z

o . .
LA L L B L L

> 0€0

€0 > 2

i T é ; :

ey I e ey
TR TR NN AT N AR AT R TR AT
e o At TR S LIS S MU O LR LSRN 20 08 ML 0¥ ¥
e eSS = LRt S B = ==

> /€0

y0>2

._.
—&=
o=
LY'0

JAESTRVEN 7 SRS CL VAR s °'Z,§+#HM%#HH

0.0 >

> Ly0

0L0 > 2

- :_l ﬁl 1 1 1 :_l ﬁl 1 1 1 :_l %l 1 1 1 ?lﬁl 1 1 1 -0'1:_ :_ - :_ _— :_ m
0.1 0.2 0.1 0.2 0.1 0.2 01 0.2 SN R R S R } ------ . e ST e e sl

24



Bose-Einstein correlations in DIS

e unpolarized e*/e- beam
e H, D, He, “He, N, Ne, Kr, Xe target
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Bose-Einstein correlations

e incoherent source of identical bosons
 symmetry of wave function under exchange of identical bosons

\

constructive interference

Measurement of source distribution

e measurements of stelar radii by Hanbury Brown and Twiss
e first in particle physics: pp collisions

e heavy-ion collisions, study of fireball source distribution

e e*e” annihilation

e measurements in DIS are far less abundant
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Bose-Einstein correlations

Two-point sources:
R(kqs,kg) oc 1+ cos(dk.or)
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Bose-Einstein correlations

Goldhaber parametrisation of continuous
space-time distribution of sources

R(T)=1+ X exp(—T%%)

e Gaussian shape of source

e TG: size of source

o T7 = —(p1 —p2)2

e X =0 -> coherent sources; no correlation
A =1 -> completely incoherent sources

Two-point sources:
R(kq,kg) o< 1+ cos(dk.or)
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Bose-Einstein correlations

Goldhaber parametrisation of continuous
space-time distribution of sources

R(T)=1+ X exp(—Ter?;)

e Gaussian shape of source

e TG: size of source

¢ T7 = —(p1 —p2)2

e )\ =0 -> coherent sources; no correlation
A =1 -> completely incoherent sources

Two-point sources:
R(kq,kg) o< 1+ cos(dk.or)

Extraction from experimental correlation function from like-sign unidentified hadrons

R(p1,p2) = D(p1,p2)/Dr(p1,p2)

e reference sample free from BEC, built from
o unlike-sign pairs (MUS)
e event mixing (MEM)
29



Results

arXiv:1505.03102

~1.5
E1.3 j’ . @® hydrogen data, MEM _

0% "0z 04 06 08 1 _ 12
T [GeV]
MEM MUS
rg = 0.64 £ 0.03(stat) 7503 (sys) fm rg = 0.72 £ 0.04(stat) 7509 (sys) fm
A = 0.28 4 0.01(stat) g ga (sys) fm A = 0.28 4 0.02(stat) g o3 (sys) fm
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Comparison to other experiments

arXiv:1505.03102

[r— 2 [ LI I L] L] L] L] L] LILEL I
-g 1.8F [] MEM (only stat. uncertainties)  _
S L] | -
0] B B MEM (stat. + syst. uncertainties)
- 1.6 F O MUS (only stat. uncertainties)
- @ MUS (stat. + syst. uncertainties)
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W [GeV]

 general agreement between experiments, with 0.4 fim < rg < 1.0 fm
e HERMES and BBCNC agree well
* MUS values higher than MEM values
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Nuclear-mass dependence

E o MUS
= 1.2+ m MEM .
LG T
0.9F .
- S ﬁ
0.6—#‘_‘?‘%% ?TI LT -
0.3F ? -
O ]
< 0.5
04l %
0.3? d| 1 T¢| %
02 #% *
0.1F

oL e il .
1 10 102 A

* no dependence on nuclear mass A observed
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A polarization in quasi-real photo-
production

e unpolarized e*/e- beam |
e H, D, He, Ne, Kr, Xe target
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Motivation

0
p, >0.96 GeV/c
¢

Large transverse A polarization P* observed in unpolarized o
hadron scattering experiments . (#%
Vast majority: negative polarization values observed, = N
except positive for K'p and >N s b

30}
Magnitude increases with xg and pr, reaching plateau for pr=1 GeV N_w'

-40F 8%:%76)) .\ 7

| - { 1 1
0 0.2 04 06 08 1.0

X
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Motivation

0
p, >0.96 GeV/c
Q

Large transverse A polarization P* observed in unpolarized o
hadron scattering experiments . (#%
Vast majority: negative polarization values observed, < i ﬁ’*
except positive for K'p and >N s b

30}
Magnitude increases with xr and pr, reaching plateau for pr=1 GeV o '

-40r 8%:%76)) .\ 7
ep . A/]\ X Scaffering? 0 02 0.4 5 0.6 0.8 1.0

SIDIS (high Q?) P* « Djs, polarising FF
current measurement: inclusive (Q%~0)

parity-violating weak decay of A:in A rest frame,
proton preferably emitted along A spin direction

dN  dNy

i, = do, —— (1 + aP"cosb,)
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Atomic-mass dependence

Phys. Rev. D 90 (2014) 072007
| |

||| | |||||||
0.15f
<D_C Ne
\ !
010 4 p e . -
0.05} % + s ' Xe
Kr
®
0 5
-0.05|
||||| ||||||| |||||||
1 10 100

atomic-mass number A

e positive PA for light nuclei
e PA consistent with zero for heavier nuclei
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Kinematic dependence

Phys. Rev. D 90 (2014) 072007

0.2 | _ | | | |
< c e H+D o
o - L o Kr+Xe 7 C — (EA _I_pzA)/(Ee —I_pe)
1.0 |
0.1r - i
+| ¢ 0.8}
BT | |
0.6F
0 T * I
| __ 04
=z
- 7 £0.2
xI.I.
0.1F - 0
_ ! ! ! ! | -0.2
> 1r -
() A
9 LA A A -0.4
~+ 0> Ad ~0.6
o | | | | |
~ 0 0.1 0.2 0.3 0.4 0.5 0.6

e H+D: P2 larger in backward region — possibly influence of current and
target fragmentation
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()

Kinematic dependence

Phys. Rev. D 90 (2014) 072007
0.20 | | |

01 L B H+D, C>03

§ A Kr+Xe, 0<(< 1
0.05 *5
Tt
b T

0.15 } ® H4D, <02

-0.05 .
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04 y M A O .
0.2 | e 6, fi Zil | | -
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P [GeV]

e H+D: P" increases with pr in backward region, while constant in forward region
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Summary

e 3D picture of the nucleon:

e  SDMEs and Ayt from exclusive DIS: good model description with inclusion of
pion pole.

e Asymmetries in semi-inclusive DIS: 3D extraction: contribute to understanding of
various TMD PDFs @ twist 2 and twist 3.

e Bose-Einstein correlations in DIS: clear signals observed, without evidence for
target-mass dependence.

e A polarization in quasi-real photoproduction: positive for light nuclei; compatible
with zero for Kr and Xe.
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Thank you
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