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The HERMES experlment (1995-2007)

27 GeV polarised et~
<P,>=55%

pure gas targets
> longitudinal target polarisation:
H, D, 3He
> transverse target polarisation: H
> unpolarised targets:
H, D, 4He, 4N, 2Ne, 34Kr, 131Xe
> unpolarised targets with recoil
detector: H, D
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The HERMES experiment (1995-2007)
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The HERMES experlment (1995-2007)

27 GeV polarised et~ h %!z 3
<Pb>~55A) \ wq l\j e/ /
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spin and hadronisation
HERMES main research topics:

> origin of nucleon spin

e S ——_————
-

————————

= longitudinal spin/momentum structure
= transverse spin/momentum structure

> hadronisation

= flavour separation of fragmentation
functions
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hunting for spin of proton

>1990-2000s — future:
HERMES(DESY),
COMPASS (CERN),
RHIC-Spin (BNL)

>1980s - 1990s: >nowadays — future:

EMC (CERN), = individual quark spin flavour AERMESDEST),

E130, E143, E155, oo Os?tion P COMPASS (CERN),

E142, E154 (SLAC), ~ _ SS00mPOs Lo _ RHIC-Spin (BNL),

SMC (CERN), prisIngly smat giuon spin = j) ap

HERMES (DESY) contribution (0.05 < Xg < 02) . hunting for the spin of

= small quark spin = significant contributions of proton turned into
contribution to * gluons and/or sea quarks at hunting for the orbital
proton spin low x angular momentum

« orbital angular momentum
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nucleon tomography

—

W(:E, k'J_,bJ_, S)

cannot be measured... but its projections in coordinate or momentum space
TMD

[generalised parton distributions] [transverse momentum dependent PDFs]
- exclusive measurements = semi-inclusive measurements

e

[... preferably with polarised beam and/or target ...]
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semi-inclusive DIS

o o , > 4-momentum squared of virtual
Q =—q =(k-F) photon
_ Q? > fraction of proton momentum
TTop.g " € [0.1] carried by the struck quark
PP, > energy fraction carried by the
TThg 0 ” € [0.1] produced hadron

pQCD factorisation:
OpIS X E Opart
f . .
parameterise the parameterise the conversion of a quark into
nucleon structure @ certain type of hadron
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semi-inclusive DIS

> 4-momentum squared of virtual

2 _ 2 /
Q°=—q¢" = (k- k) photon
B Q> ] > fraction of proton momentum
T=op.g T 0,1} carried by the struck quark
PP, > energy fraction carried by the
= p. 7’ z €[0,1] produced hadron
Pp 1 > transverse momentum of hadron

pQCD factorisation:

Oprs X E 5-pa'rt X
f

parameterise the parameterise the conversion of a quark into
nucleon structure @ certain type of hadron
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P,

1 1 %,
do = do¥y + cos(2¢)doiy + 0 cos(@)dody + Pl@ sin(¢)dos &,
: 4 L 5 6 1 7 )
+ Sr [sm(Z¢)doUL + 0 sin(¢)dogr, + P (daLL + 0 cos(qb)daLL)]

+ Sr [sin(qb — ¢g)dodp +sin(¢ + ¢s)dopr +sin(3¢ — ¢s)dopy + % sin(2¢ — ¢ )dogiy + % sin(¢ps)doiry

= cos(26 — 6,)doy) |

cos(qzﬁs)da}ﬁw + 0

1
+ Pi((cos(6 — oa)doth + 5

quark
@ quark polarisation

hf_ hadl L
aaron
o D, H
g B, L |
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semi-inclusive measurements

(probing TMDs)

ﬁM highlights

> first demonstration of Sivers effect -

= PRL 94 (2005) 012002
= PRL 103 (2009) 152002

> correlation between the transverse spin of the
fragmenting quark and the transverse momentum of

A the produced unpolarised hadron

> first evidence for Collins effect
= PRL 94 (2005) 012002

> correlation between the transverse momentum of - JHEP 06 (2008) 017
the fragmenting quark and the transverse = PLB 693 (2010) 11]

momentum of the produced unpolarised hadron
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semi-inclusive measurements

(probing TMDs)

%M highlights

> first demonstration of Sivers effect

= PRL 94 (2005) 012002
= PRL 103 (2009) 152002

66
‘\e
6@\6 > correlation between the transverse spin of the
‘o fragmenting quark and the transverse momentum of
\’\e‘\‘ the produced unpolarised hadron
’,
¥ \“G
]
‘a\\i“/ b > first evidence for Collins effect
O
‘9;1&\ = PRL 94 (2005) 012002
(\‘?on between the transverse momentum of = JHEP 06 (2008) 017
?(O < fragmenting quark and the transverse = PLB 693 (2010) 11]
momentum of the produced unpolarised hadron
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Collins asymmetries: 1D

10 - III0.4I”0.6I 051
X z P, [GeV]

> K* are larger than  *

> K-consistent with zero

> positive amplitude for r *

> large negative amplitude for 1r -
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Collins asymmetries: 3D

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

o o
- N

s o
o o

HERMES

7.3% scale

2 (sin(¢+dg))y,

PPRELIMINARY

Funcertainty
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0.2

0.2

> Tr ~: increase in magnitude with X and Pn.

= transversity mainly receives contribution from valence quarks
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Collins asymmetries: 3D

w q Lg
oyTr X hl QK H 1
0.20<z<0.28 0.28 <z<0.37 0.37<z<0.49 0.49<2z<0.70

0.20<z<0.28 0.28 <2<0.37 037<z<0.49 0.49<2<0.70
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> Tr ~: increase in magnitude with x and Pn.
= transversity mainly receives contribution from valence quarks
> K*amplitudes are larger than *

= role of sea quarks
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Sivers asymmetries: 1D

2 <Sin(¢'¢s)>UT

> positive amplitude for r*

> consistent with zero for -

Ami Rostomyan

Lg
our X fip' ® DY

Phys. Rev. Lett. 103 (2009) 152002

2 <Sin(¢'¢s)>UT

10'1 04 0.6 0.5 1
X z P, [GeV]

> K* are larger than  *

> K-slightly positive
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Sivers asymmetries: 3D

1lgq q
oyt < fir ® D]
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> K*amplitudes are larger than 1T * in most kinematic regions
= role of sea quarks
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multi-dimensional analysis

0.00<P,, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36 <P, [GeV]<0.54 0.54 <P, [GeV]<2.00
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multi-dimensional analysis

0.00<P,, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54 <P, [GeV]<2.00
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multi-dimensional analysis
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multi-dimensional analysis

do = dU(,)JU

> complete set of asymmetries: + S [sm(¢ — ¢)dol | +sin(é + ¢s)do? | +sin(3¢ — ¢s)dod | +

= for 11, K, protons 1 L1 .1 ]
= transverse target ) sin(2¢ — ¢s)doy | + 0 sin(@s)doy; ) + ) sin(2¢ + ¢ )dog; |

- Iongitudinal beam + Pl<cos(¢ — ¢s)dot | + % cos(¢s)das | + % cos(2¢ — ¢s)doy | + %COS(QS 4 ¢s)d0i(j_>]

http://hermes.desy.de/notes/pub/trans-public-index.html
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fragmentation of unpolarised quarks in unpolarised target
oyy < f1 ® Dy

Mh _ dagIDIS<x7 Q27 2y PhJ-)
doprs(x,Q?)

- HERMES Collaboration - Phys.Rev. D87 (2013) 074029
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fragmentation of unpolarised quarks in unpolarised target
oyu X f1 ® Dy

> LO interpretation of multiplicity results (integrated over Ph.):

> ¢ [ dx fig(x, Q%) DY,y (2,Q%) h 2
Mo =41 5 q2 h _ dogrprs(®, Q% 2, Ph1)
quqfdxflq(x’Q ) M = dO'DLg'(LU,Q2)

- HERMES Collaboration - Phys.Rev. D87 (2013) 074029

2 S
§' 1 §' 1
= =
=) =)
= =
107 107}
. | | - —
. K ]
107} 107} 1
B | “| o proton » 7 ” O deuteron
10°F — CTEQ6L/DSS 107 ¢ f— CTEQ6L/DSS
3 1--- CTEQ6L/HKNS 1-- CTEQ6L/HKNS
1 CTEQ6L/Kretzer 1 CTEQ6L/Kretzer
HERMES LEPTO/JETSET I HERMES LEPTO/JETSET
Ll l
0.2 0.4 0.6 08 02 04 06 08 0.2 0.4 0.6 08 02 04 06 08
z z

> proton:
= fair agreement for positive hadrons

= disagreement for negative hadrons

> deuteron:
= results are in general in better agreement with the various predictions
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fragmentation of unpolarised quarks in unpolarised target

> LO interpretation of multiplicity results (integrated over Ph.): oyu X f1 ® D
e2 [dx z,Q*)D! (z,Q?
M Zq qf 2f1q( Q7) 1q2( Q%) . do_gIDIS(CQO‘) “,Phj_)
Zq eq fd.’l? f1Q(x7Q ) M — dO-’_ Q?‘CJQ)
- HERMES Collaboration - Phys.Rev. D87 (2013) 074029 o ot
T

Multiplicity
Multiplicity

107

1 |
10 ; \\:"'ﬂ 3 \6(\
.‘s\“w."’_ v@
7 proton ‘ ()\0 7 “l o deuteron
102 +—CTEQ6L” \)‘e o 107 ¢ +— CTEQ6L/DSS
; - CTEC g N\ i {-- CTEQ6L/HKNS N
17O WS . zer ] i 1 CTEQ6L/Kretzer b
- O\ LEPTO/JETSET | i [ -~ HERMES LEPTO/JETSET |
| N N N | N N N | N N N ! * | | | | | | ! ! | 1 L L L | L L L | L L L 1 | | | | ! ! N N N
02 04 06 \r&\ 04 06 08 02 04 06 0802 04 06 08
66 z z

> proton: ,\*{(\e’
= fair 27 O(\O.cnt for positive hadrons
- \\)‘5\,c:ment for negative hadrons

> 7 Yon:
esults are in general in better agreement with the various predictions

SPIN 2014
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New global fit DSS+

new data sets in global analysis of DSS+

- Belle, BaBar, Compass, Hermes, Star, Alice

10 F

HERMES proton

I not fitted
L 8

n+l I I2I I
1/Np;g AN /dzdQ

gl §NH eeeee = 0993

N
' ' n.n |
J ' L U S e |
1/Np,g AN /dzdQ? N\
- - NN G- B K . TP 7iepenco A
\\ :
| ! f f !
C I \\\ 0.60 <z =<0.80 Al
_E _\A NA g W 443 .......
THIS FIT 1k X° 68 % CL ]
| DSS 1L \I\\\ — 90%CL 3
1 Q* [GeV] o Q* [GeV] 2

> better agreement for both 1+ and 1r-

Ami Rostomyan

oyu < f1 ® Dy

- Rodolfo Sassot -
Workshop on FFs, Bloomington, December 2013

HERMES deuteron
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beyond the collinear factorisation

oyu X f1 ® D
- HERMES Collaboration- Phys.Rev. D87 (2013) 074029
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= o ® v e 2 04f ' " @ + E
o 2 ] + @ ’ 1 L - | I s "5E g
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04F " 06<2<0.8 T 'o'pr'oto'nl ] 0.1—06<Z<08 | + - 'o'pr'oto'nl .
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0-2_‘ o ® T %994y ] oosp B8 1 ]
I TSSO S 1. TR T B _ui-“'m _____ 3.,
[ — e — [
0.5 1 0.5 1 0.5 1 0.5 1
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> multi-dimensional analysis allows exploration of new kinematic dependences

> broader Pn. distribution for K-
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beyond the collinear factorisation

oyu X f1 ® Dy
- HERMES Collaboration- Phys.Rev. D87 (2013) 074029
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> multi-dimensional analysis allows exploration of new kinematic /- \\g‘os.ces
\
> broader Py distribution for K- o ¥
)
Ami Rostomyan 16 SPIN 2014



flavour-dependent and independent ansatzes

hadron > flavour-independent analysis
M. Anselmino, M. Boglione, J.O. Gonzalez,
S. Melis, A. Prokudin JHEP (2014)

Pr=zk, +p,

> flavour-dependent analysis
A. Signori, A. Bacchetta, M. Radici and G. Schnell
JHEP (2013)
2 2/1.2 2
<PhT,a> =< <kJ_,a> T <PJ_,a—»h>

proton
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flavour-dependent and independent ansatzes

proton

ot
HERMES M,

> flavour-independent analysis

M. Anselmino, M. Boglione, J.O. Gonzalez,

S. Melis, A. Prokudin JHEP (2014)
Pr=zk, +p,

> flavour-dependent analysis
A. Signori, A. Bacchetta, M. Radici and G.
JHEP (2013)

<Pl3T,a> — 22<ki,a> T <PJ2_,a—»h>

m(x,z, P?r,@%), proton target

Schnell

m<z>=0.15 mcz>=0.15 % %

0 2>=0.23 i S 0 2>=0.22 /4 -
| a<z>=0.28 - 2<2>=027 7 .-
10° v<z>=0.34 7 v<z>=0.34 F
*<2>=0.42 *<2>=0.42 -

0<z>=0.53 0<z>=0.53 ~/

— .57 + 0.08GeV?

s

10" °
s (x)~0.15
\\\@z>~2.9 GeV?
o
<&
Qz\:;\ \
o't

<J_fa <J_unf <J_uK>

{p3) =0.12£0.01GeV?
m2>=0.15
0 2>=0.23 P ez >—U.22 ~ -y \i
| oaczi—027 T .. . 2<2>=0.28 xi},z §
10° v<z>=0.34 * v<2>=0.34 /é AN
*<2>=0.42 +<z>=042 7 SR N
0<z>=0.53 0<z>=0.53
2 2
ot Q°=9.20 GeV

p—0.41
| IR R

) <
(k1 4,) <

Ami Rostomyan

0.1 0.4

)~
< J_uv>

< 1 sea>

+
T

o 0.10<z<0.20
n 0.27<z<0.30
o 0.38<z<0.48
< 0.60<z<0.80

04
2
PhT
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fragmentation of quarks involving transverse degrees of freedom

i 1 q q
opy o hy ! @ Hy * oyy X f1 @ Dy
- D. Boer and P.J. Mulders - - R.N. Cahn -

Phys. Rev. D57 (1998) Phys. Lett. B78 (1978)

Boer-Mulders effect

= correlation between quark’s transverse Cahn effect

momentum, transverse spin and = Kinematic effect caused by quark
transverse momentum of the produced intrinsic transverse momentum
unpolarised hadron
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fragmentation of quarks involving transverse degrees of freedom

1 1
oy < hi ¢ @ Hi 9 oy < hi 1@ Hi- 9 — fi® D?
- D. Boer and P.J. Mulders - -R.N. Cahn -
Phys. Rev. D57 (1998) Phys. Lett. B78 (1978)
do = dojyy + cos(2¢)doi; + 1 (¢)do?
o = oy + cos oUU COS oUU

Q

Boer-Mulders effect

= correlation between quark’s transverse Cahn effect

momentum, transverse spin and = Kinematic effect caused by quark
transverse momentum of the produced intrinsic transverse momentum
unpolarised hadron

cOS 20n COS ¢,
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quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010

2 (coqu))UU
(=}

0.1}

-0.2

uu

0.1

2 (cos2p)

-0.1

-0.2f

o

full

- ht i seb oix

a E " oeB—>eKX
T S . T I & """""" i Er |
% L) 1 s s 1 ¢ ;
- h -_

S R ! £ 0 S S ot

10"
X

1 ] 1 ] 1 ] 1 ]
04 05 06 0.7
y

0.4

differential 4D extraction of asymmet

Ami Rostomyan

05

19

0.6

Y4

0.3 04 05 0.
P, [GeV]

amplitudes (900 bins in x

1 L 1
_O-UUOChlq®H1 a

z. Ph

http://www-hermes.desy.de/cosnphi/

L u—nt
Hl

_ 1l u—m™
— —}I1
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http://www-hermes.desy.de/cosnphi/

quarks’ transverse degrees of freedom

- jon - . . 7 (2013) 012010 L i
:HERMES Collaboration - Phys.Rev. D87 (2013) Ullj U X hl q R Hl q
> C h+ I 1 Aep—>eh;((
¢§ 0.1F T T T .28 JekX ]
- SN S ST SO wo o]
~ I S ¥ x 1 1 % F & o | S
N : ) [ 1 $ ]
o1 3 T ¢ T T $ $ ]
r ] T i ] ]
-0.2F + T T :
3 : = 1 1 1 1 1 1 1 IR EPETET AT BT E BT B
g o N 1 1 P
b . A F B ! ] ’ ! ? ! !
L 0__ ________________ § _______________________________________
(q] [ ]
o1 # $ $ Tt 3 b } L ) $
-0.2F +
— 1(|)1 I I 0.4 I 0.5 I 0.6 I 0.7 I 0.4 I 0.5 I 060304050
X y z P, [GeV]

fully differential 4D extraction of asymmetry amplitudes (900 bins in X, v, z, Ph
http://www-hermes.desy.de/cosnphi/

> negative asymmetry for m* and positive for -
: L - -
- from previous publications (PRL 94 (2005) 012002, PLB 693 (2010) 11-16); H f T = [ f U=

- data supports Boer-Mulders DF hf of same sign for u and d quarks
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quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 1 Llgqg 1lgqg

5 . . : Oy X h1 &) Hl

=1 ]
=
N
(/2]
o
L
N

>
5
=
AN
2]
o
2
(9]

— W pre——
M| L 1 L | L | L | L | L L L
10" 04 05 06 0.7 0.4 0.5 06 03 04 05 0.
X y z P, [GeV]

fully differential 4D extraction of asymmetry amplitudes (900 bins in X, v, z, Ph
http://www-hermes.desy.de/cosnphi/

> negative asymmetry for m* and positive for -
: L - -
- from previous publications (PRL 94 (2005) 012002, PLB 693 (2010) 11-16); H f T = [ f U=

- data supports Boer-Mulders DF hf of same sign for u and d quarks

> K-and K* : striking differences w.r.t. pions
- role of the sea in DF and FF
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3 0.2

2 (cosd)

uu

2 (coso)

03

full

quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010

O'UUOChf_q@HlJ_q—fi]@Di]

0.1}
0.1
0.2}
0.3

0.2f
0.1
of
0.1
0.2}

10"
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differential 4D extraction of asymmet

T 04 05
z

20

, [
0.6

0.3 04 05 O.
P, [GeV]
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quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 ouv o hi i@ HE — £1 @ DI
3 02fF _+ ¥ T Taiep 5ehX
2 th 1 } f mep senX
g 0 3 ¥ T eepekXx 4
TR LR N L
o2 @ A S
'035— L _E_ . 1 . 1 . 1 . |" . 1 . 1 . |__ .................. $| .....
: F =
S5 0.2t - T T
g i i i | | _
o i $ }
(8) L I
~ 0._ _______ i _____ '____..'"* _____________ - I N e "___'3___'
~« bR i E) ? 3 . LA
-0.1¢ T T T ]
! i
'0-3:_. R , " A P R B i \ ] \ | \ [ I EPETETE EPET R ETEPET I IR
107 04 05 06 07 04 05 06 03 04 05 0.
X y z P, [GeV]

fully differential 4D extraction of asymmetry amplitudes (900 bins in X, v, z, Ph
http://www-hermes.desy.de/cosnphi/

> negative asymmetries for * and -
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quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 ooy o B e HET — 9@ Dl
3 02F _+ I I Taep oehX _
= “th i i fmepenX ]
8 0.1:— T T T eep —>eKX ]
NSRS U L A S T
o2 @ A S T S
: F =
o ] 0.2._ = T T T 7]
g i i i | | _
o ; $ E
(8) L I
~ 0._ _________ é _____ '____..___* ________________ - I N e ______3____
~« bR i E) ? 3 . LA
0.1} 1 i s :
! i
'0-3:_. R , " L o, ¥ ] ) | ) [ " AP AT AT AT AP
10" 04 05 0.6 0.7 0.4 0.5 06 03 04 05 0.
X y z P, [GeV]

fully differential 4D extraction of asymmetry amplitudes (900 bins in X, v, z, Ph
http://www-hermes.desy.de/cosnphi/

> negative asymmetries for * and -
> negative asymmetries for K* and compatible with zero asymmetries for K-
= suggest a large contribution from the Boer—Mulders effect
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quarks’ transverse degrees of freedom

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 Uy X hi-q ® HlJ-q . f{] ® Df
/\g 1 ;
<
(7]
(@]
L
(9} £
S5 .F
/\: I
< r
(7] Af
o ;
3 r
«
0-35_ e . 1 PN I R R B S ] , ] , L b b b s by
10" 04 05 06 0.7 04 0.5 06 03 04 05 0.
X y z P, [GeV]

fully differential 4D extraction of asymmetry amplitudes (900 bins in X, v, z, Ph
http://www-hermes.desy.de/cosnphi/

> negative asymmetries for * and -

> negative asymmetries for K* and compatible with zero asymmetries for K-
= suggest a large contribution from the Boer—Mulders effect

> even larger amplitudes in magnitude for K* than those for mr*
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beyond the leading twist: quark-gluon correlations

1
do =doYy + ... + Plésin(qb)da%U

convolutions of twist-2 and twist-3 functions
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beyond the leading twist: quark-gluon correlations

convolutions of twist-2 and twist-3 functions

1
do =doYy + ... + Plésin(gb)da%U

+ | HERMES PRELIMINARY 2000-2007 — | HERMES P_RELIMINAFIRY 2000-2007
) T Scale uncertainty 2.4% ep — ehX 3 T Scale uncertainty 2.4*% ep — ehX
2 oo T Zooe TR
= T ST SN PSS N PR A S P - AR R 0 SR Mp £.1 s
= &
N -0.02 3 -0.02
= 7] | e [
5 0.10 K+ 5 0.10 K~ +
e ; , ; S B N CR S N S T
..... [T TR ORI ‘§§+jt 0 % )
= 0 } by £ + } + +
N 010 “ -0.10
| —— | ———————— #—#
p D
-] o]
= 0.10 = 0.0 .
N . i . < b ¥ '
= Of % mm e bm e B B ot te o E of -4 poobewe R T S I bbb ++
2 o010 Z -0.10
o\ o\
| ——— e —— | ——— ————— | —
0.050.1 0.2 0.3 05 07 02 0.6 1 0.050.1 0.2 0.3 05 07 02 0.6 1
X Z P, [GeV] X Z P, [GeV]
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beyond the leading twist: quark-gluon correlations

do = dogy +

1
+ Pl@ sin(¢)do?

+ HERMES PRELIMINAFIW 2000-2007
) s Scale uncertainty 2.4%

~= 0.02 } oy :
RS L
= Of ool L T T
(/7]
~ -0.02
Al
/\3 0.10 K+
;2’- ot A T + ‘*+*+ ......
»
' _0.10

| —— |

> p

= 0.10
3 [ L}
_E 0 ..... .l.*-- ........ | P S
2 -0.10
Al

| e e e — |

0.050.1 0.2 0.3 05 0.7
X z

> 1+ and -

ep — ehX

0.2 0.6 1
Phl[GeV]

convolutions of twist-2 and twist-3 functions

o)
< 0.02
RS
= 0
n
~ -0.02
Al

3 0.10
=
< 0
n
N _0.10
3
= 0.10
=
= 0
2 _0.10
(qV|

= the role of the twist-3 DF or FF is sizeable
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beyond the leading twist: quark-gluon correlations

convolutions of twist-2 and twist-3 functions

1
do =doYy + ... + Plésin(gb)da%U

+ | HERMES PRELIMINARY 2000-2007 T HERMES ERELIMINAF‘2Y2000—2007
) T Scale uncertainty 2.4% ep — ehX 3 Scale uncertainty 2.4*% ep — ehX
2 002 | P ‘ S o002, L S
? ol DO SO TR I P ++ ,,,,, + = [0 ERRERRRRERRERS L + ............  SUTURUR SR L I +
‘» 7]
< -0.02 ~ ~0.02
P e =t e s N [ | S s B — ) e
+ A K~
/\3 0.10 K /\3 0.10 +
= =
% o it‘ ..... + ‘¢§§+ ........ ii‘++ E of +++ ..... + +++++++ ......... +
N _0.10 < -0.10
p D
-] o]
= 010 = 0.0 + .
E of- t-.* ..........'....t...*. ......... - "‘+ E of +++ ..... ++ ....... + .................. +++++
2 -0.10 2 010
o\ o\
| ——— e —— | ——— ————— | —
0.050.1 0.2 0.3 05 07 02 0.6 1 0.050.1 0.2 03 05 0.7 02 0.6 1
X Z P, [GeV] X Z P, [GeV]

> 1+ and -
= the role of the twist-3 DF or FF is sizeable

towards differential 3D (in x. y. z, Ph) extraction of asymmetry amplitudes
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going to fully inclusive measurements

> first measurement in ep scattering ep’ — hX )4
> High statistics (100 Mil hadrons: K and pions )
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going to fully inclusive measurements

> first measurement in ep scattering
> High statistics (100 Mil hadrons: K and pions )

- HERMES Collaboration - Phys Lett. B 728 (2014) 183

sin w
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= e
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- ooooooo: o ©c0©® €]
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going to fully inclusive measurements

> first measurement in ep scattering
> High statistics (100 Mil hadrons: K and pions )

- HERMES Collaboration - Phys. Lett. B 728 (2014) 183

fe [ et T ok*
m<= 0_1;075- 1 OK
I o
0 j(ﬁ)Oo o)
-0.1F -
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xug.:é jo©0©®®} cO0©© ©
~— . E_ (o) F o) 3
0.1F o T o |
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> Sivers effect or higher twist effects ?
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- HERMES Collaboration - Phys. Rev. Lett. 103 (2009) 152002
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going to fully inclusive measurements

> first measurement in ep scattering ep’ — hX )4
> High statistics (100 Mil hadrons: K and pions )

k X =2p, /s
- HERMES Collaboration - Phys. Lett. B 728 (2014) 183 ~ SR
fc :gn_*' S ::8? - T : s | | | |
] qLom 1 h <
< 0 [ ° + 1 e® o 1
[ o® ° . o 1 o® L ]
of oo 500 %5":@00'00"0-¢$-$"+-" ]
0.1} + .
[ 8.8% s.cale uncgrtainty .
0 e == 3
x 5 c0®® € c©0©® € ] 15}
- 0.2 3 o © + o E =
0.1} o $ o oF
0 05 1 15 2 05 1 15 2

P, [GeV]
> Sivers effect or higher twist effects ?
> similarities with p'p — X ?

=
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PRL 36, 929 (1976) PRD 65, 092008 (2002) PLB 261, 201 (1991) PRL 101, 042001 (2008)
wl é wl §+ 40| PLB284.462(1091) +
. o ) @
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=
N i 3 IR R S O 1
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going to fully inclusive measurements

> first measurement in ep scattering ep’ — hX )4
> High statistics (100 Mil hadrons: K and pions )

k Xe=2p,/ Js
- HERMES Collaboration - Phys. Lett. B 728 (2014) 183 hd -
e I 8 T I I I 1 8 ﬁ* I I T ] .g; ' ' ' '
n 2D '_ n' 1 N <
< o1 . 1 e o4 :
[ o® ° o foX 1 o® ® ]
of ot ob” 3 { o000t |
aa ! ]
[ 8.8% s.cale unc.ertainty‘ -
T oaf APV RS 3
Z 0.2} 0©® + 0©®© 1 S
0.1} o $ o oF
0 05 1 15 2 05 1 15 2
P; [GeV]

> Sivers effect or higher twist effects ?
> similarities with p'p — X ?
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HERMES TMD program:

access to all TMDs thanks to the polarised beam and target

quark polarisation

U L T
[ © ] Fré) - 9)
@) number
i ) Boer-Mulders
et density
©
L
o 1
‘—g . 8 (on-lon by on-lon
Q helicity worm-gear
o
Q LR . s 2 h A~
(&) L®) = (o g [0 = (e 1 &) <)
= IT v IT "~ " | transversity -
o T Sivers worm-gear T -~
hIT [P =)
pretzelasity :

Ami Rostomyan

SPIN 2014



HERMES TMD program:

access to all TMDs thanks to the polarised beam and target

quark polarisation

1
f [ K- | [ 6 - Q |
c U 1 - h]
@) number
— density Boer-Mulders
8 PRD 87 (2013) 074029 CRDSTE0I) 0120108,
I% J_
- L 8 ow-wp|h, oh-1»
o helicity worm-gear PLB 562 (2003) 182
c PRD 75 (2007) 012007 PRL 84 (2000) 4047
(@) |
kT L~ o & | h T _ % PRL94(2005) 012002
) flT' o) - (o) ng, S - o) trallpsQe:s:;ty- ¥ ' PLB 693 (2010) 11
- ' o -
= T Sivers worm-gear 1 - O
hIT ) =)
RLMGUGNE iy | prozelsiy | el
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nucleon
helicity
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quark spin flip
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> DVCS
- at leading twist:

0®006

> deeply virtual
Compton scattering

N N'
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> DVCS
- at leading twist:

0®006

> deeply virtual
Compton scattering

N N'

Ami Rostomyan

> vector mesons:

- atleading twist: = higher twist:

® 006

> pseudoscalar mesons

- at leading twist: = higher twist:

@ = @

> vector and pseudoscalar
meson production
y*

M
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exclusive measurements

(probing GPDs)

%Mhlghhght

> measured complete set of beam helicity, beam charge
and target polarisation asymmetries

> first measurement of associated DVCS

> complete set of SDMEs on unpolarised H and D targets
. > first measurement of SDMEs on a transversely polarised target

6 > first measurement of asymmetry on transversely polarised
target sensitive to Hr
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DVCS

theoretically the cleanest probe of GPDs
YN —-~N:H E, H E

E

beam: target:
P, Si St
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DVCS

theoretically the cleanest probe of GPDs
YN —-~N:H E, H E

E

beam: target:
P, Si St
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DVCS

theoreticall

the cleanest probe of GPDs

~*N —-~N:H E H,E

—|—PgSLdO'E£I
+P)SpdoPH

Ami Rostomyan

+ 4+ + + + +

eoPrdot; + PgdaDVCS
erSrdotr + Spdofy
egSTdO'UT + STdaDVCS
€ngSLdO'LL + PgSLdaDVCS
e¢PySrdol . + Py SpdoPy S
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DVCS

theoreticall

the cleanest probe of GPDs

~*N —-~N:H E H,E

—|—PgSLdO'E£I
+P)SpdoPH
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+ 4+ + + + +

eoPrdot; + PgdaDVCS
erSrdotr + Spdofy
egSTdO'UT + STdaDVCS
€ngSLdO'LL + PgSLdaDVCS
e¢PySrdol . + Py SpdoPy S
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DVCS

theoretically the cleanest probe of GPDs
YN —-~N:H E, H E

D &
$@’ o &zs' A"% > unpolarised target
& $ Q
Fi + Fy)H — F
do ~do(}ll + ‘edolyy +do FU+ 2 — xB( Lt 2K 4-M2 ¢
DVCS . . .
+ ePudogy + Podoryy > longitudinally polarised target
DVCS
+ erSpdofyy, + Spdogy 5 fB (P + Fo)(H + 7€)
-+ egSTdO'UT + STdO'DVCS vB
+P€SLdO_I§£; + engSLdO'LL + PgSLdO'l;‘;ZZ +FU_ 2—xpB ( it 4M* Fz)g
+PyStdo + 6ngSTdJ + PgSTdO .
LT L > transversely polarised target
t f 1l—xp
4M2 [(2 — QJ'B)F 5 42 o FQH]

Ami Rostomyan 26 SPIN 2014



complete set of DVCS asymmetries

HERMES DVCS 2 Doutenam 0
B Hydrogen Pur
A B > Beam-charge and beam-spin asymmetry
aces? | a
i Y GPD H PRL 87 (2001) 182001
A A PRD 75 (2007) 011103
AL - Q JHEP 11 (2009) 083
AEIS(M) |.:.._|
Al ey  GPD H JHEP 07 (2012) 032, JHEP 10 (2012) 042
Aibucs w—a S Nucl. Phys. B 829 (2010) 1
A O L e :
ainio-) e = Transverse target-spin asymmetry
Autoves o |
i GPD E JHEP 06 (2008) 066
A;:%:q).wm o = Transverse double-spin asymmetry
:EE(:-)@ et Phys. Lett. B 704 (2011) 15
ALT,BH+DSVCS , . . .
- easns — ie GPD E > Longitudinal target spin asymmetry
Am i JHEP 06 (2010) 019
A s I7 L :
e o Hhau GPD H = Longitudinal target & double spin
Aits(oq)) “_,;‘_" —@—i s asymmetry
AT ——*==GPD H Nucl. Phys. B 842 (2011) 265
AE‘:S(%) . | | 1 "+"H+H| |

-04 -03 -02 -01 O 01 0.2 0.3
Amplitude Value
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complete set of DVCS asymmetries

® Hydrogen
HERMES DVCS A Douterlum
B Hydrogen Pur
Agos(oq)) H#'i
e
4 GPDH
A:::os(arh) *
S g
Aiilrj\ (29) ,_:.._,
A% = - GPD H
Aiilrj‘,gvcs H_‘i.!ﬁ.
AL "." H—A—H
sin(e- 0,) R
uT,l i
sin(9- 9.) o
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uT|l |
cos(¢- ¢s) sin¢ q
uT|l 3
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> Beam-charge and beam-spin asymmetry
PRL 87 (2001) 182001
PRD 75 (2007) 011103
JHEP 11 (2009) 083
JHEP 07 (2012) 032, JHEP 10 (2012) 042
Nucl. Phys. B 829 (2010) 1

> Transverse target-spin asymmetry

JHEP 06 (2008) 066

= Transverse double-spin asymmetry
Phys. Lett. B 704 (2011) 15

= Longitudinal target spin asymmetry
JHEP 06 (2010) 019

= Longitudinal target & double spin \d‘é‘\
asymmetry &‘5@

Nucl. Phys. B 842 (207 ‘0\39”
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vector meson production cross section

do do
W(xBaQ27t7¢Sv¢7COS§7¢) - ;

drg dQ? dt do, dpdcosddp  drgdQ? dt
N/‘\N'

the spin-state of the vector meson is
reflected in the orbital angular
momentum of the decay particles
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vector meson production cross section

do do
~ W 2 t S 9 197 %
drp dQ? dtdps dpdcosddy  drpdQ?dt (28,Q%%, 65, 4, c080,0)
production and decay angular distributions: %

W =Wyy + P Wiy + StWyuyr + BSt Wi + StWyr + BSTWrr

the spin-state of the vector meson is
reflected in the orbital angular
momentum of the decay particles
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vector meson production cross section

do do
~ W 2 t S 9 197 %
drp dQ? dtdps dpdcosddy  drpdQ?dt (28,Q%%, 65, 4, c080,0)
production and decay angular distributions: %

W =Wyy + P Wiy + StWyuyr + BSt Wi + StWyr + BSTWrr

parametrised by SDMEs the spin-state of the vector meson is

15 SDMEs — unpolarised target reflected in the orbital angular
8 SDMEs — longitudinally polarised beam momentum of the decay particles

30 SMDEs — transversely polarised target

0
p

-Schilling, Wolf (1973)- -Diehl (2007)-
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SDMEs of vector meson production
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SDMEs of vector meson production
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SDMEs of vector meson production

- HERMES Collaboration - Eur. Phys. J. C (in press)
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SDMEs of vector meson production
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SDMEs of vector meson production
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universality of GPDs

> GPD model originally developed to describe exclusive

0 .

2o meson production o
¥ - P. Kroll, H. Moutarde, F. Sabatié - Eur. Phys. J. C (2013) 73 ¥ 1
@ @ in comparison with HERMES data ‘ @

@ - DVCD pre-recoil data - JHEP 07 (2012) 032
O - DVCD recoil data - JHEP 10 (2012) 042
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e~ HERMES has been a pioneering collaboration

me-going beyond the collinear factorisation towards TMDs and GPDs

Ami Rostomyan k SPIN 2014



Future Physics with
HERA Data for Current and
Planned Experiments

-

.”!“!‘..vt' . - \

The workshop addresses the question

Which measurements could/'should be still carmied out with

e unigque HERA dala collecied by the H1, ZEUS and HERMES
oxperments and what 13 e relevancempact on casrent or
e experiments A the LHC, ILC, LHeC, EIC or ofher faciliies?
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