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spin and
hadronization

HERMES main research topics:
v’ origin of nucleon spin
,me- longitudinal spin/momentum structure
) transverse spin/momentum structure

v' hadronization/fragmentation

v' nucleon properties (mass, charge, momentum, magnetic
moment, spin...) should be explained by its constituents

e~ momentum: quarks carry ~ 50 % of the proton momentum

e~ spin: total quark spin contribution only ~30%

DSPIN 2013



quantum phase—space “tomography” ol the nucleon

Wigner functions:

probability to find a quark 1n a nucleon with a certain polarization in a position b and momentum k
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quantum phase—space “tomography” ol the nucleon

(W7(k,b);

Wigner functions:!

probability to find a quark in a nucleon with a ge tain polarization in a position b and momentum k

Y ] TEL <« TMD
A 1:‘:’ —————— P,

Q(xakT)

Transverse Momentum Dependent
(TMDs) distribution functions (DF)
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quantum phase—space “tomography” ol the nucleon

(W(k,b)

probability to find a quark in a nucleon with a

Wigner functions:

tain pelarization in a position b and momentum k

Yy Ty TMD %
H’-““*EPZ 'H-' ----- ﬂ:Pz
A fu ) b , € GPD
. ET:_hf____.Pz oo ér:.-hf----*Pz — 00
/ T s /’ T s
5 Z

center of momentum

RJ_ = ZSUZ'TJ%.
Q(mvbT)

transverse position dependent
distribution functions

Q(x7kT)

Transverse Momentum Dependent
(TMDs) distribution functions (DF)
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quantum phase—space “tomography” of the nucleon

r
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»s\

center of momentum

RJ_ = ZajiTJ_i
(.CIZ‘ bT)

transve- Q& Aition dependent
¢ Jution functions

Transverse Momentum Dependent
(TMDs) distribution functions (DF)

H(z,&,t)

Generalized Parton Distributions
(GPDs)
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quantum phase—space “tomography” of the nucleon

"

k|
1'.;-’ ---- T o
I;J_<_ GPD

------------ Py —

&»s\

center of momentum

RJ_ = ZajiTJ_i
7(x, br)

transve- Q& Aition dependent
¢ Jution functions

_0 H(z,&t)

é <A | Generalized Parton Distributions

p > f4 (x) (GPDs)

\ I 52 204 Parton Distribution Functions (PDFs)
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quantum phase—space “tomography” ol the nucleon

>
TV 4
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=

probability to find a quark in a nucleon with a ge tain arization in a position b and momentum Kk
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center of momentum

RJ_ = chi?li
’](.CIZ', bT)

transve- Q& Aition dependent
¢ Jution functions

Transverse Mormentum Dependent
(TMDs) distributiomNunctions (DF)

@ semi-inclusive measurements

oy e N .
ut-»xP, & Generalized Parton Distributions
..... P | (GPDs)
b z N’ @ exclusive measurements
di . . . .
\ I 52 204 Parton Distribution Functions (PDFs)

@ inclusive measurements
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spin and
hadronization

HERMES main research topics:

v’ origin of nucleon spin

,me- longitudinal spin/momentum structure
) transverse spin/momentum structure

v' hadronization/fragmentation

v nucleon properties (mass, charge, momentum, magnetic moment,
spin...) should be explained by its constituents

e~ momentum: quarks carry ~ 50 % of the proton momentum

e~ spin: total quark spin contribution only ~30%

= study of TMD DFs and GPDs
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spin and
hadronization

HERMES main research topics:

v’ origin of nucleon spin
,me- longitudinal spin/momentum structure
) transverse spin/momentum structure
v' hadronization/fragmentation
v nucleon properties (mass, charge, momentum, magnetic moment,
spin...) should be explained by its constituents

e~ momentum: quarks carry ~ 50 % of the proton momentum

e~ spin: total quark spin contribution only ~30%
= study of TMD DFs and GPDs

v isolated quarks have never been observed in nature

v fragmentation functions were introduced to describe thgk/°

hadronization
me- non-pQCD objects
e~ universal but not well known functions
= advantage of lepton-nucleon scattering data —
flavour separation of fragmentation functions (FFs)
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advantages of the experiment

The HERMES experiment, located at HERA, with its pure gas targets and advanced
particle identification (7, K, p) is well suited for TMD and GPD measurements.
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semi-inclusive measurements

(probing TMDs)




—éw

S1,9

6

semi-inclusive DIS cross section and TMDs
d*o
dr dy dz dog

x fyy + S||)\e\/1 — e2F + SJ_{...}
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semi-inclusive DIS cross section and TMDs

Yy A
d*o
/ \ OCFUU‘|‘S||>\e\/1_€2FLL‘|‘SJ_{---}
‘beam ' target dx dy dz dgs

1 1

d6
d X {FUU+\/2€ 1—I—e)FCOS¢COS¢+eF8(%§2¢COSng}

d dy dz dP?, d d,
— Ae{\/Qe(l—e)lelr}¢81ngb}—|—S||{ }—FSL{...}
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semi-inclusive DIS cross section and TMDs

dSo
dx dy dz dPﬁ 1 do dos

X {FUU +1/2e(1+ €)F53% cos ¢ + € FL232? cos 2gb}

A V2= sing )+ S { o f+ 5L+

leading twist TMD DF:
parameterize the quark-flavor
structure of the nucleon

_ k)
i (x k7))
.

el k,)

h
y*S
c Ch(x, k,)
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semi-inclusive DIS cross section and TMDs

dSo
dx dy dz dPﬁ 1 do dos

X {FUU +1/2e(1+ €)F53% cos ¢ + € FL232? cos 2gb}

A V2= sing )+ S { o f+ 5L+

leading twist TMD DF: leading twist TMD FF:

parameterize the quark-flavor number densities for the

structure of the nucleon conversion of a quark of a
certain type to a specific
hadron

Nk

(k)

“ukﬂ DF

h
}/ #* € @.~ k; )

—
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semi-inclusive DIS cross section and TMDs

dSo
dx dy dz dPﬁ 1 do dos

X {FUU +1/2e(1+ €)F53% cos ¢ + € FL232? cos 2gb}

A V2= sing )+ S { o f+ 5L+

leading twist TMD DF: leading twist TMD FF:
parameterize the quark-flavor number densities for the
structure of the nucleon conversion of a quark of a
JHEP 05 (2011) 126 certain type to a specific
PRL 94 (2005) 012002 PRL 94 (2005) 012002 hadron  prpsy (2013) 074029
PLB 693 (2010) 11 PRL 103 (2009) 152002
Jixkr) VN

' p
i (xK;)
S _UPRD 75 (2007) 012007

hiy (k) DF

h'(xk

/ h (k)

—

& PLB 562 (2003) 182
PRL 84 (2000) 4047 PRDS87 (2013) 012010 PRD87 (2013) 012010
P z X PRL 94 (2005) 012002
PLB 693 (2010) 11

HERMES: access to all TMDs thanks to polarized beam and target DSPIN 2013



semi-inclusive DIS cross section and TMDs

I 2¢(1 FCOS¢ Feo 20 4 9
dz dy dz dP?, d¢ do { vu + V2€(1 + €) cos ¢ + € I cos 2¢

mg twist TMD DF: leading twist TMD FF:
arameterize the quark-flavor number densities for the
structure of the nucleon conversion of a quark of a

JHEP 05 (2011) 126 certain type to a specific
PRL 94 (2005) 012002 PRL 94 (2005) 012002 hadron  pRrps7 (2013) 074029

PLB 693 (2010) 11 PRL 103 (2009) 152002

N <
S _7PRD 75 (2007) 012007

h(xK;)

B (k) DF

h'(xk

/ lz"L( \,k-f.) )

—

o PLB 562 (2003 ) 182 \d/
PRL 84 (2000) 4047 PRDS87 (2013) 012010 PRD87 (2013) 012010
P z X PRL 94 (2005) 012002
PLB 693 (2010) 11

HERMES: access to all TMDs thanks to polarized beam and target DSPIN 2013



unpolarized quarks
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unpolarized quarks

oy X f1 ® D1

1 —_—
Mh _ do-gIDIS(x7Q27Z7PhJ-)
doprs(z, Q?)
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unpolarized quarks cow & f1® D

LO interpretation of multiplicity results (integrated over Ph.): f ‘ A
1 —

2 2\ Nh 2
quqfdxflq(xaQ )qu(zaQ ) dsh T
2 [ d 5 Mh — 0dr1prs(® Q% 2, Pri)
Zq q J dz fi4(z, Q%) dopis(®: Q%)
v charge-separated multiplicities of pions and

kaons sensitive to the individual quark and
antiquark flavours in the fragmentation process

M" x
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...‘ ... (| [\

LO interpretation of multiplicity results (integrated over Pn.):

Zq 62 f dz f14(z, QQ)D?q(z, Q?)
> g €4 ) dx frg(z, Q)
v charge-separated multiplicities of pions and

kaons sensitive to the individual quark and
antiquark flavours in the fragmentation process

M" x

nt and K™

me- favoured fragmentation on proton

o

me- increased number of d-quarks in D target
and favoured fragmentation on neutron

K™

me- cannot be produced through favoured
fragmentation from the nucleon valence quarks

Multiplicity

—h

0.3

0.2

0.1

0

oy X f1 ® Dy

h dagmzs(% QQa 2, Pp )

h=@

N
T T T

M" =
doprs(z,Q?)
- HERMES Collaboration-
Phys. Rev. D87 (2013) 074029
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unpolarized quarks

Multiplicity

-
e

102 ¢

¥ calculations using DSS, HNKS and Kretzer FF fits together with CTEQ6L PDFs
proton:

- HERMES Collaboration-

Phys Rev. D87 (2013) 074029

III|¢

“| o proton

me~ fair agreement for positive hadrons
me disagreement for negative hadrons
deuteron:
me results are in general in better agreement with the various predictions

3 +—CTEQ6L/DSS
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unpolarized quarks
- HERMES Collaboration-

Phys.Rev. D87 (2013) 074029
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1 S results are in general in better agreement with the various predictions
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evaluation of strange quark PDFs

v in the absence of experimental constraints, many global QCD fits of PDFs assume
s(z) = 3(z) = rlu(z) + d(z)]/2

v isoscalar extraction of S(z)DS based on the multiplicity data of K* and K~ on D

2) / DE (2)dz ~ Q(x) [5 dﬂ;ﬁi / DE (2 ]

S(x) = s(x)+5(x) )
Q(z) = u(z)+u(z)+d(z) +d(z)
D§ — Di—>K+ +Df—>K+ _|_Di—>K_ +Df—>K_

>,
0
]

DSPIN 2013
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evaluation of strange quark PDFs

v in the absence of experimental constraints, many global QCD fits of PDFs assume
s(z) = 3(z) = rlu(z) + d(z)]/2

v isoscalar extraction of S(z)D% based on the multiplicity data of K* and K- on D
S pacity

% d2NE (
2) / DE (2)dz ~ O(a) [5 dQNDIS / DE (2 ]
S(x) = s(@)+s()
Qz) = wu(z)+u(z)+d(x)+d(z)
D§ — Di—>K+ +Df—>K+ +Di—>K_ +Df—>K_
x A HERMES Prellmlnary with /Dg(z,Q )dz_1 27 | DS pu—KT  pumKT L pdoKT | pdoKT
<@ (QH=2.5GeV?
0.4 — Fit .
~. ... CTEQ6L - . : :
T~ T x@o+deoy |V the distribution of S(x) is obtained
""""""""""" Sl ... CTEQ6.58-0 { for a certain value of D%
0.2 - e ~. __ .. NNPDF21 - o o
""" v the normalization of the data is given
by that value
0 v whatever the normalization, the
P ——— 1 ————— | shape is incompatible with the
0.02 0.1 0.6

predictions
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beyond the collinear factorization

>
=
9
Q
=
>
=

- HERMES Collaboration-
Phys.Rev. D87 (2013) 074029
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v' multi-dimensional analysis allows exploration of new kinematic dependences

Y broader Py, distribution for K~
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quark’s transverse degrees of freedom
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quark’s transverse degrees of freedom

/\3 [ h+ 1 1 1 Aaep aeh))g
cﬁ 0.1 T T :::ggjg’f(x
8 0__________ ———— - _—— - _________________:_ _______________ R
R A T AR T A T A L
o1 ¢ ° 1 ¢ 1 : Py
; 1 1 ¢
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g ; = 1 o 1 | | 1 1 1 | | I RS BT S AT S A R S R R
2 oqt N 1 1 | I
& L r r o2 il P, s »r
S f e
AN i 1 : I
ot 4 * 1??* ¢ PEod : FE i
| | ;; |
..“ 1(I)1 | I 0.4 I 0.5 I 0.6 I 0.7 I 0.4 I 0.5 I 060304050
X y y 4 P, [GeV]

- HERMES Collaboration-
. - i Phys.Rev. D87 (2013) 012010
v negative asymmetry for s+ and positive for 7

e~ from previous publications ( PRL 94 (2005) 012002, PLB 693 (2010) 11-16 )

1 u—snt Lu—m—
H 1 - lj_l 1

s data support Boer-Mulders DF hy of same sign for u and d quarks
vV K™ and K+: striking differences w.r.t. pions

s role of the sea in DF and FF
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beyond the leading twist

dSo
dx dy dz dP,f 1 do dos

x {FUU T )\e{\/QE(l — ) FIne sin¢} i

@olutions of twist-2 and twist-3 func@
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beyond the leading twist

dSo
dx dy dz dP}f 1 do do

X {FUU — )\e{\/Qe(l — e)in(I}¢sin¢} — ..

@lutions of twist-2 and twist-3 fun@‘

+ | HERMES PRELIMINAI&YZOOO—ZOO? _ | HERMES PRELIMINAFI%YZOOO—2007
) s Scale uncertainty 2.4% ep — ehX - ™ Scale uncertainty 2.4% ep — ehX
~<' 0.02 " 'y q‘ f b = 0.02 . . ql o
S ol ot el SIS A S FR T S S L O F TR A
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Al Al
| e |
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3 - +
_e- —_
= of bt b IRRLENE U ON JERNE BN LERL BN SR = g of +----+----+ ----- + '1'.[..[.-]-'1"]"1' --------- +
2z 2 +
N _0.10 ' -0.10
2 P = p
= 0.10 = 0.10 +
E O """ B * ‘l.‘* """" I..i+ E O """ +++ """ ++++ """"""""" +++++
2 -0.10 2 -0.10
Ql Ql
— e e— N [ — E— *
0.050.1 0.2 0.3 05 07 02 0.6 1 0.050.1 0.2 0.3 05 0.7 02 0.6 1
X y4 P, [GeV] X v P, [GeV]
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beyond the leading twist

dSo
dx dy dz dP}f 1 do do

+ HERMES PRELIMINAI%Y 2000-2007
- s Scale uncertainty 2.4% ep — ehX
? ot *** ......... L T T B +
»
~ -0.02
Al
|
/\3 0.10 KT
? ol woow +...,I,...!I'...n1-....'l'....+ ........ RN S b
»
~ ~0.10
> P
= 0.10
= ] L) .
I= (O] SRRRE B P R R LERRERERERE B w o i+
(7p]
-~ -0.10
(a\]
e ———
0.050.1 0.2 03 05 0.7 02 0.6 1
X Z Pm[GeV]
+ -
7t and

me the role of the twist-3 DF or FF is sizeable

X {FUU — )\e{\/Qe(l — e)in(I}¢sin¢} — ..

@utions of twist-2 and twist-3 fu@

2 (sin(@)),, 2 (sin(9)),,

2 (sin(g)),,
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Collins effect

ﬂ

1 1 beam: | [target:
do = dody + cos(2¢)dofy + 0 cos(¢p)dopy + Pl@ sin(¢)do? Py || S5
[ . 4 1 . 5 6 1 7
+  Sp|sin(2¢)doy + 0 sin(¢p)doy;; + P (dO‘LL + 0 cos(¢)daLL)}
P 1 1
+ St _Sin(qﬁ — ¢5)doSp 4 sin(¢ + ¢ )dogr + sin(3¢ — ¢g)doiry + 0 sin(2¢ — ¢, )dogip + 0 sin(¢)doi7
1 1
Pi((cos(6 — u)doty + g cos(6.)dot + 5 cos(26 — 6. )doty ) |

M the transversity DF h{(x) is sensitive to the difference of the number

densities of transversely polarized quarks aligned along or opposite to the
polarization of the nucleon

M= “Collins-effect” accounts for the correlation between the transverse spin

of the fragmenting quark and the transverse momentum of the produced
unpolarized hadron

M ocnerates left-right (azimuthal) asymmetries
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” ” 1 -HERMES Collaboration-
Collins amplitudes for pions e et

¥ non-zero Collins effect observed!

C [P hi(w, p7) Hy 7" (2, k3]

¥ both Collins FF and transversity sizeable 2(sin(¢ + ¢s))vT =
Y Cf{(x,p2) DI~ (2, k3]

- 0.08
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Collins amplitudes for pions - HERMES Collaboration-
Phys. Lett. B 693 (2010) 11-16

¥ non-zero Collins effect observed! 5 . N
W both Collins FF and t ity sizeable  2(sin(¢ + ¢s))ur o C[—Fu e b (2, p7) Hy " (2, k3)]
0 ollins and transversity sizeable s))UT
Y CLfi(z,p2)DI™" (2, k2)]

¥ positive amplitude for 7t +

¥ compatible with zero amplitude for 7t 0
M Jarge negative amplitude for 7t -

¥ increase in magnitude with x

¥ transyersity mainly receives
contribution from valence quarks

¥ increase with z

¥ in qualitative agreement with BELLE
results

DSPIN 2013



Collins amplitudes for pions

¥ non-zero Collins effect observed!
M both Collins FF and transversity sizeable

- HERMES Collaboration-
Phys. Lett. B 693 (2010) 11-16

C[- Ly

Pz, p3)Hy 7" (2, k)]

2(sin(¢ + ¢s))ur -

fi

2, p%) DI (2, k2)]

¥ positive amplitude for 7t +

¥ compatible with zero amplitude for 7t 0
M Jarge negative amplitude for 7t -

¥ increase in magnitude with x

¥ transyersity mainly receives
contribution from valence quarks

¥ increase with z

¥ in qualitative agreement with BELLE
results

M positive for T+ and negative for 7t -

¥ role of disfavored Collins FF:

Hldistav o _pglifev
U= T d= n" (fav)
U= T ; d = 7t (disfav)
hi > 0

h{ < 0

DSPIN 2013



Collins amplitudes tor kaons - HERMES Collaboration-
Phys. Lett. B 693 (2010) 11-16

50157 KT - | C[—Bagrkr (o, p) HL M (2, 1)
> 01: 3 b 2sin(6 + 6:))ur ox T

?— T F | l i | - ++ | C[f1 (@, p1) Dy (Z7kT)]

3 05LC T C *‘_ -+

e T AT T L

L : W K+ amplitudes are similar to 7t + as

N expected from the u-quark dominance

¥ K" are larger than @+

0.05" | - -
z Pl L + K
i TR MF¥ consistent with zero amplitudes
/¥ K (1s) is all see object
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Collins amplitudes tor kaons - HERMES Collaboration-
Phys. Lett. B 693 (2010) 11-16

50157 KT - | C[—Bagrkr (o, p) HL M (2, 1)
> 01: 3 b 2sin(6 + 6:))ur ox T

?— T F | l i | - ++ | C[fl (@, p1) Dy (ZakT)]

3 05LC T C {‘_ -+

e T AT T L

L : W K+ amplitudes are similar to 7t + as

N expected from the u-quark dominance

¥ K" are larger than @+

0.05 - | - -
z Pl L + K
x MF¥ consistent with zero amplitudes
/¥ K (1s) is all see object
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Collins amplitudes for kaons - HERMES Collaboration-
Phys. Lett. B 693 (2010) 11-16

50157 KT - | C[—Bagrkr (o, p) HL M (2, 1)
= o1k 3 3 2(sin(¢ + ¢s))ur T e

-i— . - I l l . + : ++ | C[fl (xva)Dl (Z7kT)]

£ 0.05F T C { - -+

e T AT T L

L : W K+ amplitudes are similar to 7t + as

N expected from the u-quark dominance

¥ K" are larger than @+

o.osg— H Iy l " | K-

M consistent with zero amplitudes

0.05¢ " K (us) is all see object
-0.1 P s e L e T | :
10”7 0.4 0.6 0.5 1 differences between K™ and 7t * amplitudes
X z P, [GeV]
= 0.08 - T . M role of sea quarks in conjunction with
£2 3 b 3 -
2; 0.06 : | : possibly large FF
0.04 - - - : L :
b 0 025 f + | b + | + | | ¥ various contributions from decay of semi-
— ~ - A N . .
% of 4.4 b TRy e T '|'+T inclusively produced vector-mesons
N -0.02 ————_—r—~— R — =~ M the kT dependences of the fragmentation

functions
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Inclusive hadron measurements




Inclusive transverse target spin asymmetries

semi-inclusive DIS [p! — I'hX s inclusive hadrons IpT — hX

m- no info on Q?

s data dominated by Q? ~ 0

SIDIS only small subsample



Inclusive transverse target spin asymmetries

- x_dependence

7T+
EE :E'"'T """" EE S e positive, increase nearly linearly with x_
< o1r ¢ +?£++ —
T_» Ll 4 N 1
cossetse® | 5 ‘++f‘1t"-'rf$‘ '

0 ‘ - DGDU{::E,E'#;'E}"

1 Wbﬁ#‘?é# | w negative, decrease nearly linearly with x_
. |:-"T : i
| ZX U | SR
01f AN i_{ N " x_behavior of pions similar to what
[ 8.8% scale uncertaingg\\ > TV observed in hadron-hadron collisions
S L I I“:--:“ R s j b ]
§ 0 C{\heeect  coeeete] KT
= o — 2y E: O E .y . .
044 o 1e® 1 m positive, approximately constant with X
~0 02 04 0.2 0.4

X K~

mg- compatible with zero,
with small variation over X



Inclusive transverse target spin asymmetries

™ p_dependence

at
4 ot sy positive, increase to approximately 0.06,
115 RISSE 1 : and then decrease with p_
PO "
0 _—ﬁngD"ﬁ'{}'G"'“@"' 1 ] : . :
_ 15 sy small, varyingly positive and negative
: Qv
01fF WL W -
| 8.8% slcale umﬁmﬁb\:db . 35 . . . . : K T
203 SN s e o RRARRRRE s positive, increase to approximately 0.08,
Z oz Lﬂ’}ﬁéﬁ”“ cwe c0©°°" ¢ and then decrease with p_
0.1} o o 3
0 05 1 15 2 o5 T s K

PrIGeVl  y- small, positive



Inclusive transverse target spin asymmetries

™ p_dependence

T

My positive, increase to approximately 0.06,

. —_—
£ @t
“PoiLon : and then decrease with p_
[ . _
[ E. ¢ e oo TC
0 0 GO0 : : " ,
: s~ small, varyingly positive and negative
- r"x" I.I
01F WL =
_ NV &
- 8.8% scale umenam\:\_\b 1 | | | ] K +
3 ,.fiff?_fr\%??”:ﬁ PRI ' o] ™ positive, increase to gpproxmately 0.08,
2F e’ o©® and then decrease with p_
o & _
0 05 1 15 2 o5 T s K

PrIGeVl  y- small, positive

MF  disentangling of X_ - p, correlation: 2D asymmetries

M disentangling of different data samples:
with and without scattered-electron tagging, and different kinematic regions

to appear very soon on the arXiv!
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exclusive measurements

(probing GPDs)




e~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E
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e~ theoretically the cleanest probe of GPDs
~*N —~N:H,E,H,E
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e~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E

o S
ny Q(f? AC? beam: target
P & QA
do ~dopy  +  edofry +  dofycr
+  egAedopy + )\gdUDVCS
+ €£S||dO'UL —+ SHdO'DVCS
+  euSidoyy + SJ_dO'DVCS
+AeS||dop  +  epAS)dopp  + )\eSHdO‘DVCS
+ApS1do —+ eﬁ)\KSJ_dO'iT + )\ESJ_dO'DVCS
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e~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E

& beam charge
&> €y 52
é?b Q(/')&Q ACSO beam target
3 & S A
do ~dopy  +  edofry +  dofycr
+  egAedopy + )\gdUDVCS
+ €£S||dO'UL —+ SHdO'DVCS
+  euSidoyy + SJ_dO'DVCS
+AeS||dop  +  epAS)dopp  + )\£S||dO‘DVCS
+ApS1do —+ eﬁ)\ESJ_dO'iT + )\esLdO'DVCS
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me~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E

gy"\‘é beam ggarge o
Q? @5’0 ACS') beam: target:
$ & g O A 8L
do ~ doti + eudofy +  dofycr
+ ehdory  + Aedopyy ©°
+ eS| doyy, + SHdaDVCS
— egSJ_dO'{]T + SLdaDVCS
+AS)dorl 4+ eAeS)dor, 4+  AeS)dory €
+ XS doBE  + eNSidol, + NS doPyCd

v ' HERMES measured complete set
of beam helicity, beam charge and
target polarization asymmetries
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me~ theoretically the cleanest probe of GPDs

~*N —~N:H E,H,E

N N'

> beam charge:
Q@%@ €y Qo@ . l \
J ;@“@ O beam: target:
Q,Q?Q & g Q A 81,8
do ~ doBtl  + eudoly +  dofyc® ’ unpolarized target
FlHH B+ Fo)H — e
—+ GQSHCZO'(I]L -+ S||d0’DVCS \ 2—333( ! 2) 4M2 E
+ eSidojr + Sidopr©” e~ longitudinally polarized target
—I—)\gSHdaffl -+ eg)\gSHdU]{L + )\gSHdODVCS 5 :EB;; (F1 + F2)<H — :13_38)
— 4B
+ XS doBE + eNSidols +  NSidoPr©P ~ .
tRH (2R + —=F )€
2 — B 2 4M2
e~ transversely polarized target
v HERMES measured complete set 4]\7542 {(2 _ep)FlEL R: FQH]
of beam helicity, beam charge and e

target polarization asymmetries
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ep — ey X DVCS measurements

(without recoil detector)

e ~
. X=p |
Z‘-g 0.3 e e'data ~, 7
E L o e data //
S [ — MCsum //
2 IR - elastic BH
0.2 mm associated BH |
I T S semi-inclusive |
- X=mn’+
0.1— —
0

- missing mass technique
My =(p+e—e —7)°
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ep — /7 X DVCS measurements ep — ¢/ 7p’

(without recoil detector) (with recoil detector)
PN
(2] +
5 0.3 e e'data ~, 7
§ - o € data //
S [ — MCsum //
e L A L elastic BH
0.2— mm associated BH
e semi-inclusive |
: X%nb{
0.1— .
0_

- missing mass technique
My =(p+e—e —7)°
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ep — /7 X DVCS measurements ep — ¢/ 7p’

(without recoil detector) (with recoil detector)
PN
, X=p
503 e e'data - -~ g
§ I o edata |/ Z 015]
8 : — MC sum // g ----- unresolved
S I O . ] ———— elastic BH 8 ---------- unresolved-reference
0.2— mm associated BH ~ 01 i I
i semi-inclusive | I
_ X=m’+ I
0.1— o 0.05
0ks 0 S
10 15
M2 [GeV?]

- missing mass technique
My =(p+e—e —7)°
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ep — e'vX

(without recoil detector)

DVCS measurements

e ~
m | X=p
Z‘n‘ 0.3 e e'data ~, 7
E : o e data //
S [ — MCsum //
S IR - elastic BH
0.2— mm associated BH |
ok e e semi-inclusive |
0.1—
0

- missing mass technique
My =(p+e—e —7)°

v unresolved and unresolved-
reference samples: ep — e’y X
- USE missing mass technique

e~ for comparison only

)

ep — e’ vp'

(with recoil detector)

0.05

----- unresolved

.......... unresolved-reference

Bl pure

10 15
M2 [GeV?]
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ep — e'vX

(without recoil detector)

DVCS measurements

e ™~
m . X=p
Z‘n‘ 0.3 . ej‘ data ~ 7
CE, o € data }/
S — MC s.um /
- L o e elastic BH
0.2 mm associated BH

0.1

--------- semi-inclusive |

20 30

M2 (GeV?)

- missing mass technique
My =(p+e—e —7)°

Vv unresolved and unresolved-

] / . . .
reference samples: ep — ¢ 7 X  pg background contamination from semi-
- USE missing mass technique

e~ for comparison only

)

ep — e'~p'

(with recoil detector)

0.05

----- unresolved

.......... unresolved-reference

Bl pure

v pure sample: ep — €'p’

s~ kinematic event fit
me- BH/DVCS events with 83% efficiency

10 15
M2 [GeV?]

me~ all particles in the final state are detected

inclusive and associated processes less than
0.2%
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ep — €' X GPD H: unpolarized hydrogen target

(pre-recoil data) .
-HERMES Collaboration- : JHEP 07 (2012) 032

o (¢, Pr,er) = ouu(@) x [1+ PALy ©°(9) + e P ALy (6) + erAc(9))]

v full hydrogen dataset used (incl. 2006/2007 data) 2 cos(nd)
¥ sensitivity to Re and Im parts of CFF H Ac(¢) = Z Ac cos(ng)

Z A%?}?qﬁ) sin(ng)

0.2 - - —— KMIO(a@) [ .- . . .
- KMIO() o charge-difference beam helicity
e O I I I asymmeltry
» i
< 5 m large overall value
o m 1o kin. dependencies
_0.4 - —
0.2- b b
- : ¢am charge asymmetry
n
3<o o w strong t-dependence
O ---oeeeeee] e R m 1o xg or Q? dependences
10° 10" 10" 1 10
Overall -t [GeV?] Xg Q? [GeV?]

DSPIN 2013



ep — e’ vp’

GPD H: unpolarized hydrogen target
(recoil data)
o (¢, Pryer) = opu (@) X [1+ PhALY % (6) + eo PrAL 11 (9) —|- erAc ()]
- HERMES Collaboration-
JHEP 10 (2012) 042

ALU Z Asm(ngb) sin ngb)

m cxtraction of single-charge beam-helicity asymmetry amplitudes for elastic (pure) data sample
m no separate access to DVCS and interference terms

0.2 I * unresolved
L A unresolved-reference
- Wl e pure
= 0 e e eeeccesccsssssssssssssssssssssssssssssm=—--- e eiissessssssssssssssssssssssssssssEEss==. e iiieessssssssssssssssssssssssssssssss—an.--
£ 2 i
w< 0.2 ! -
el . [ X ] * %
: e ¢ i i % SR # A
-0.4 - i + | B +
= ozf I I I
€ D
G | | | ! |
< 0 T *¢A """"""""""" —*% """" # """" % """ ﬁ """ T * #l+ """ * """""""" *#* """" # """""""
ool — | ———— — — [, p——
107 107 1 10
overall -t [GeV?]

5 Q? [GeV?]

w indication for slightly larger magnitude of the leading amplitude for elastic process compared
to the one in the recoil detector acceptance (unresolved-reference)
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sing
LU

sin(2¢)
LU

sing

LU

sin(2¢)
LU

0.5

-0.5

0.5

-0.5

0.5

-0.5

0.5

-0.5

ep — €' vA

(recoil data)

Fractional purity
Associated: DVCS/BH -85.7+ 1.8

Elastic DVCS/BH (ep—eyp): 1.1 £0.1
SIDIS: 132+1.9

[ HERMES | Scale Unc. 1.96% *
| PRELIMINARY | |
e E

5 e+p_> e+Ym_|:+ |A+ 5
______ - o
! ! _&.

1 I ;'
| HERMES ) | Scale Unc. 1.96%
| PRELIMINARY | + + i + i %

Fractional purity
Associated DVCS/BH: 75.6 £ 2.6

L e+p_> e+YpT|50 |A+ s

Elastic DVCS/BH (ep—eyp): 0.1 £ 0.1
SIDIS: 244 +3 .4

overall

-t [GeV?]

me~ consistent with zero result for both channels

e~ assoclated DVCS i1s mainly dilution in the analysis using the missing mass technique

e~ 1n agreement with the DVCS results on pure sample
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vector meson production

do do

drp dQ? dt dps dpdcosddp  drg dQ? dt

m production and decay angular distributions W decomposed:

W =Wyu + PWry + StWyr + BStWirp + StWyr + P.STWirr

m parametrized by helicity amplitudes

w Or alternatively by SDME:s:

*

Y
!

i
rk"k"

-Schilling, Wolf (1973 )-

helicity amplitudes or SDMEs describe
m the helicity transfer from virtual photon to the vector meson
m the parity of the diffractive exchange process

m natural parity is related to [/ and E

m unnatural parity is related to H and E

’

0

P

W(xBa Q27 t, ¢87 Qb, COSﬁ? 90)
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SDMESs on unpolarized H and D targets

/10 7 2 2 2 2 2 / /
ep — € p-p Too|” ~ |T11]* > |To1]* > |Tio|” ~ |T-11] ep —+ € Wp
-HERMES Collaboration-: g "

EPJC 62 (2009) 659-694 p|Y
(1} °
- 23 SDMEs in 5 classes
i1
tmri | The SDME:s for hydrogen and deuteron are similar
Reryy
mry v class A: different sign of w leading twist SDMEs
Imry,
0
Rext, : compared to p
Rerls | oy —VM ‘% HERMES PRELIMINARY SNETSUT -
Rerl L Do g g, proton — 1ndication of unnatural parity exchange!
2 o ' .a..
lmr;. i *’}& 0 u:;deuteron S li{\T 2 T2 Ul — U 2) N
Tw | B LK proton 1-1 = 22 11 1-1 11 1—1 ;
T +';2< O e po, deuteron Im {I’2_ =1 — 7111 2 + 771 2 + (U711 2 _ Ui_1 2V N
s & i =y 1-1 2
Imry, e
8 = ’—“Q—‘““Q_g_._
:;: E ﬂ?m .............................................................. [U11]? + [Ur=1]* > [T11|* + |T1-1]? for w meson
s F D: {—VM, %i‘. Ty 11?2 + |U11]? > |T11]? + |U1—_1|? for w meson
Im o :Qo. Unpolarized beam
11 o
"'"i-' c ;Ugf_'; - Assuming |71 _1]? ~IU;_1]? we get |U11]? > |T11/?
r:l - ”5—0% Polarized beam for w meson
I R ......»;_o_ ...............................................................
(1} N n
't | E: VM - . . . .
N 5 v class D: Some SDME:s indicate SCHC violation
- —_——— i
N = - @ @@ 5 5 5
04 02 0 02 04 0.6 7"11 ‘|‘7"1_1 — Im{rl_l} = —0.14 £ 0.02 £ 0.04 for hydrOgen

SDMEs ro +rP_ —Im{r$_,} = —0.10 4 0.03 £ 0.03 for deuterium
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unnatural parity exchange observation

v At large Q? and W the unnatural parity exchange should be suppressed by M, /Q

v¥'The combinations of SDMEs expected to be zero in case of natural parity exchange dominance:

. 04 04 1 1

p?: non-zero UPE signal (30)

0.3

0.2

0.1

= (0) proton (integrated)

- e (o) deuteron (integrated)

.......................................................

possible access to GPD H !

5 5
Uz =711 T 711

— 2.5

u

157

0.5

8 8
Uz =711 +71_1

®: dominant UPE signal!

m proton
o deuteron

%

HERMES PRELIMINARY

Q’[GeV?]
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HERMES DVCS

® Hydrogen 0

A Deuterium
® Hydrogen Pure

cos(0¢)
AC

cos ¢

Ac

cos(2¢)
AC

cos(3¢)
AC

sin¢

ALU

sin (20)

ALU

sin¢
ALU,I
sin¢
ALU,DVCS
sin(2¢)
ALU,I

sin(o- ¢,)
AUT,I
sin(o- ¢,)
A UT,DVCS
sin(¢- ¢s) cos ¢
UuT,I
cos(¢- ¢s) sin¢
UT,l
cos(¢- ¢s)
ALT,I
cos(¢- ¢)
ALT,BH+DVCS
sin(¢- ¢s)sin )
LT,
cos(¢- ¢s) cos ¢
LT,

sin¢
AUL

sin(2¢)
AUL

cos(0¢)
A LL

cos ¢
ALL

cos(2¢)
A LL

i
L

Bl

T L Im (M- €)
S Re (M- €)

Imﬁ

e

®  ——e—t

"—4—""_‘_" Re ﬁ

-04 -03 02 -01 O 01 0.2 03
Amplitude Value

2nd halftime report

W,
N\
/

/

.

N

€ €

-
P
€ @
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Arctic Qcean " : — (‘tf(. Ocean

> !
- d""' .- g B . X - N-\_ — -

Wi 7R .xv’wmAé | e | AR 3 R
s 6 '....' . * . 3 ‘ — —p— - =
P 164 S T O s % .
pre— e 1 Bl 1| : K, <D
BABAR - e W -, N.r‘k ‘1 BELLE
Vorth ‘ FAM ISPONEN Atlantic o 3
Facific "a_l,lvA'Ha"B- oo ™ ' Pacific
Ocean [N oy Oual

8 |
. I

¢  ——— - o -—— 4\
x

 Indian

icpm - g' — - South.
M S Atlantic
Sowuh Ocrun

recife T he Spm €ommunity And
_~The World

ANTARCTICA

150° 120° 90° 6(* 30°W 0* 30°E 60° 90° 120° 150° 18C3

e~ HERMES has been the pioneering collaboration in TMD and GPD fields

me still very important player in the field of nucleon (spin) structure
me polarized e*’- beams ,me~ good particle identification

) pure gas target ) recoil detector
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