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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%
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quantum phase—space “tomography” ol the nucleon

Wigner functions:(_

=g

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 %
u’—————*-:l:Pz “’ “““ > Py
A bl ) bg— GPD
. ET:_I':_‘?____.PE NP 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” ol the nucleon

r

k|
T.;-’ """ * ﬂ:Pz
I;J_<_ GPD

------------ Py —

»s\

center of momentum

RJ_ = ZajiTJ_i
(.CIZ‘ bT)

transve- Q& Aition dependent
¢ Jution functions

H(z,&,t)

Generalized Parton Distributions
(GPDs)

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

F

k|
1'.;-, ---- T o
I;J_<_ GPD

------------ Py —

w\

center of momentum

RJ_ = chi?li
7(x, br)

transve- Q& Aition dependent
¢ Jution functions

_0 H(z,&t)

é <A | Generalized Parton Distributions

p ‘4 f4 (;1;) (GPDs)

\ I s .4 Parton Distribution Functions (PDFs)
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quantum phase—space “tomography” of the nucleon

»Sz

center of momentum

R, = Z%‘Mi
(:U, bT)

transve- Q& Aition dependent
¢ Jution functions

Transverse Mo _ entum Dependent
(TMDs) distributiomNunctions (DF)

@ semi-inclusive measurements

ut »xPz\ Q) = Generalized Parton Distributions
_____ »P (GPDS)
" z — e @ exclusive measurements
di
\ b 52 ) Parton DlStI’lbllthIl 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.

Polarization [ % |

self-polarized e*/e- beam hadron identification with RICH detector
80 =
: Y Transverse Polarimeter ;’ oos |
- 4 Longitudinal Polarimeter -
60 - " ! } J # “ | - F
AT b |
ol il :
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0 Ll 11 I 5 B R S A Wl b b ,'l Ll
0 2 4 6 8 10 12 14 16

longitudinal target polarization (H, D, 3He)
transverse target polarization (H)

unpolarized targets: H, D, 4He, 14N, 20Ne, 84Kr, 131Xe
unpolarized H, D targets with recoil detector

171313
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semi-inclusive measurements

(probing TMDs)




Ami Rostomyan

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

Fxy .
/ \ OCFUU‘|‘S||>\e\/1_€2FLL‘|‘SJ_{---}

‘beam ' target dx dy dz dgs
e IS
J1® D

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

dr dy dz dP2, do do,
{\/26 (1—¢) Sln¢81ngb}—|—S||{ }—I—SL{...}
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semi-inclusive DIS cross section and TMDs

dSo
dx dy dz de% 1 do dos

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

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

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

Chky)

DF

=
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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 prps7 (2013) 074029

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

L —

‘ 2
i (xK;)
: PRD 75 (2007) 012007

h'-(xK; ) DF

— " (" (xkr) ) Ll
& PLB 562 (2003) 182
Ed x PRL 84 (2000) 4047 PRDS87 (2013) 012010 PRDS87 (2013) 012010
P 3

HERMES: access to all TMDs thanks to the polarized beam and target
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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¢

g 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 prps7 (2013) 074029

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

65—
S _PRD 75 (2007) 012007

(k)

hiy (k) DF

h'(xk

/ h (k)

& PLB 562 (2003) 182
Ed PRL 84 (2000) 4047 PRD87 (2013) 012010 PRD87 (2013) 012010
P

HERMES: access to all TMDs thanks to the polarized beam and target
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unpolarized quarks
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unpolarized quarks

Ami Rostomyan

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 —
Mh X Zq 62 f v flq(x, QZ)D{LQ(Z, QQ) o S s 1 2 2
S, €2 [da frg(w, Q%) M e, @)

v charge-separated multiplicities of pions and
kaons sensitive to the individual quark and
antiquark flavours in the fragmentation process
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unpolarized quarks

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

Zq 62 f dx flq(mv QZ)D{Lq(Zv QQ)
> 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 KT

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
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Multiplicity
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Mh _ do-gIDIS(x7Q27'Z7PhJ_)
doprs(z, Q?)

N
T T T

Ji

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

Multiplicity

-
=

102 ¢

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

Ami Rostomyan

- 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
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unpolarized quarks
- HERMES Collaboration-

Phys.Rev. D87 (2013) 074029
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N

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 dﬁ;ﬁi / DE (2 ]

S(x) = s(z)+3(z)
Q(zr) = u(zx)+a(z)+d(x)+ d(x)
D§ — Df—>K+ +Df—>K+ _|_Di—>K_ +Df—>K_
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evaluation of strange quark PDFs

v in the absence of experimental constraints, many global QCD fits of PDFs assume

s(x) = 3(z) = r[u(z) + d(z)]/2

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

xS(x)

Ami Rostomyan

4

S(x) = s(x)+5(z)
Qz) = wu(z)+u(z)+d(x)+d(z)
D§ — Di—>K+ +Df—>K+ +Di—>K_ +Df—>K_
| Dg _ D%—>K+ + D?—>K+ + Dil—>K+ + Df—>K+ +

= dQNK

2) / DE (2)dz ~ O(a) [5 dQNDIS / DE (2

| » HERMES Prenrﬁm'ar'y with [D¢(2,Q%)dz=1.27
0.4 | (Q)=25GeV’ ___ Fit .
-._ ... CTEQ6L -
~. . xQEHE)
,,,,,,,,,,, e ... CTEQ6.58-0 -
02 - e ~. .. NNPDF21 -

11

v the distribution of S(x) is obtained
for a certain value of D%

v the normalization of the data is given
by that value

v whatever the normalization, the
shape 1s incompatible with the
predictions
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beyond the collinear factorization
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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 P, distribution for K~
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Collins effect

do = doly + cos(2¢)dofy + % cos(p)dopy + Pz% sin(¢)do
] 1 1
+ 5L sin(2q§)daéL + 0 sin(¢)doy;;, + P (dUgL + 0 COS(Qb)dUzL)}
+ St Sm(qb qu)dJUT + sin(¢ + qbs)dJUT + sin(3¢ — ¢3)dUUT + % sin(2¢ — Qbs)dU(lJlT + % sin(qﬁs)dall]%
1 1
<cos(¢ b5 )dots + 0 cos(ps)dotr + 0 cos(2¢ — qbs)da}f’T)}

M the transversity DF hi(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

¥ oenerates left-right (azimuthal) asymmetries

Hadron structure 2013
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” ” 1 -HERMES Collaboration-
Collins amplitudes for pions e et

¥ non-zero Collins effect observed!

C[—Boster p9(q p2 ) HH7" (5 12)]

M

¥ both Collins FF and transversity sizeable 2(sin(¢ + ¢s))vT . =
1 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

o - ' ! )
non-zero Collins effect observed! % [_ PM:{T B (2, p2.) qu_)h(z, k2 )]

¥ both Collins FF and transversity sizeable 2(sin(¢ + ¢s))vT - =
Y C[ff(w,p3) 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

¥ transversity mainly receives
contribution from valence quarks

¥ increase with z

¥ in qualitative agreement with BELLE
results
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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 [P hi(w, p7) Hy 7" (2, k3]

2(sin(@ + ¢s))yT X =

SO T S e A DT e )]
¥ positive amplitude for 7t +
¥ compatible with zero amplitude for 7t 0
M Jarge negative amplitude for 7t -
¥ increase in magnitude with x

¥ transversity 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:
HJ_,disfav "y HJ_,fav
~ T4

Ami Rostomyan

1
u=7; d= 7" (fav)
U= T ; d = 7t (disfav)
hi > 0
h{ < 0
14 Hadron structure 2013



Collins amplitudes for kaons  HERMES Collaboration-
Phys. Rev. Lett. 103 (2009) 152002

xS 0154 K*t 3 | C[— Pt b (@, p}) H 7" (2, 1)
D 01: : |k 2ein(@ + Pollur < —— R

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

3 ] o T - *‘_ -+

- '|§¢+¢+' TR K

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

N expected from the u-quark dominance

¥ K" are larger than m+

0.05 | : -
: | } B | | | K
: (R I . ¥ consistent with zero amplitudes
/¥ K (ws) is all see object
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Collins amplitudes for kaons  HERMES Collaboration-
Phys. Rev. Lett. 103 (2009) 152002

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 ST AT T L

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

N expected from the u-quark dominance

AL l : : ¥ K" are larger than m+
0.05 - i -
: | } B | | | K
: Tt ) ¥ consistent with zero amplitudes
/¥ K (ws) is all see object
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Collins amplitudes for kaons  HERMES Collaboration-
Phys. Rev. Lett. 103 (2009) 152002

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)]

£ 0.05F T C {‘_ ~+

=005 ||5J.+J.+| A K

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

N expected from the u-quark dominance

¥ K" are larger than m+

0.052— +J|' " || _ l “|“ K

¥ consistent with zero amplitudes

" K (Us) is all see object A
I e e :
10”7 0.4 0.6 0.5[G 1] differences between K™ and n + amplitudes
X z P eV
h : : : :
— 0.08 T . . M role of sea quarks in conjunction with
= : : :
% 0.06 - T - - possibly large FF
= ol ol ol
b gg: : f + | + + + | | M various contributions from decay of semi-
— - ~ — , ) i
% of 4.4 }+ g 0T 3 T___'i'_-i-_ '|'+T inclusively produced vector-mesons
o

M the kT dependences of the fragmentation

functions
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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
5 55 | :
-0.2[ T
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
CA S f e
AN i 1 : I
ot 4 ! 1??* ¢ PEod : o 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 )
HJ_ ,’U,—>7T+

1Lau—m—
1 — _il 1
s data support Boer-Mulders DF hy of same sign for u and d quarks
VY K™ and K+: striking differences w.r.t. pions

s role of the sea in DF and FF

Ami Rostomyan 16 Hadpron structure 2013



beyond the leading twist

dSo
dx dy dz dP,de(b 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}% 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
: > '
~ _0.02 ~ -0.02
Al Al
| e |
5 0.10 K+ 5 0.10 K~
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 0 """ 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

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

@lutions of twist-2 and twist-3 fun@‘

+ | HERMES PRELIMINAI&YZOOO—ZOO? _ | HERMES PRELIMINAFEYZOOO—ZOO?
) s Scale uncertainty 2.4% ep — ehX - ™ Scale uncertainty 2.4% ep — ehX
~<' 0.02 " 'y q‘ f b = 0.02 I . ql o
I R B PR B AL - TN L RS I T -
7 7
~ _0.02 ~ -0.02
Al Al
| e |
5 0.10 K+ 5 0.10 K~
3 - +
% 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 0 """ 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]
+ -
t' and &t

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

published

paper coming
out soon

paper
coming out
soon

1
cos(2¢ — ¢.)dot>

—_ cos(b.)dott

1’ published
.
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‘ - paper coming

out soon
‘ % )\
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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

0729 g&é’& ACSO beam:

§ g o A

do ~dopi + eidoiry +  dofycr

+ ehdory  + Aedopyy ©°

+  epS)doy + SHdUDVCS

+ eSidopy  +  Sido(pr©”
+AS)dorl 4+ eAeS)dor, 4+  AeS)dory €
+\¢S1do + eMSidoty + NSy doPXCS
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me~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E

& beam charge
&> €y 52
o @& & beam: target
§ & g o A
do ~dopy  +  edofry +  dofycr
+  egNedory + )\gdall?(‘]/cs
+ €£S||dO'UL -+ SHdO-[l/?XCS
I QESJ_dO'UT + SJ_do.gq‘{CS
—I_)\KSHdO-IBjI{I + ef)\KSHdO'LL + )\ﬁS||d0‘£XCS
—I—)\eSldafrﬁ + eﬁ)\ESJ_dJiT AL )\ESLdJEIYCS
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me~ theoretically the cleanest probe of GPDs
~*N —~N:H E,H,E

» -
ny i&&? AC? be;m: target:
Q)é‘ & ‘S@ Q L 51,5
do ~dopi + eidoiry +  dofycr
+ ehdory  + Aedopyy ©°
+  epS)doy + SHdUDVCS
b oeSidoly  + SidaPYCS
+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

& beam charge:
> €y &
@% @5’0 ACS') beam: target:
Q)E?Q & g Q A 51,8
do ~ doBtl  + eudoly +  dofyc® ’m unpolarized target
FlHH B+ Fo)H — e
+  ewdS)doyr  + SIIdUDVCS \ 2_5’33( L+ F2) 4M2 °
+ eSidojr + Sidopr©” e~ longitudinally polarized target
—I—)\gSHdUIBjE -+ egAgSHdULL + )\gSHdODVCS 5 CUB;E (F1 + Fg)(H — x_Bg)
— 4B
+XS 1 doBE  + e NSidol;, + NS doPrCS ~ .
tRHE (2R +——F )€
2 — B 2 4M2
e~ transversely polarized target
v HERMES measured complete set 4]\?542 [(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% 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
< .
S o € data //
S — MCsum //
e L A L elastic BH

mm associated BH |
--------- semi-inclusive |

o
V)

0.1

/= 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
503 . e'data -, E
§ N o edata / £ 0151
8 : — MC sum // g ----- unresolved
S R O - 1 elastic BH = O Tt T T— unresolved-reference
0.2 wm associated BH | ~ o1l —
ol - semi-inclusive | !
: X=ﬁ°+ I
0.1_— o 0.05
0_ 0 - B E—
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

Ami Rostomyan

)
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0.05

ep — e’ vp'

(with recoil detector)

----- unresolved

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

Bl pure

10 15
M2 [GeV?]
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ep — e'vX

(without recoil detector)

e ™~
m . X=p
Z‘n‘ 0.3 . ej‘ data ~ 7
CE, o € data //
S — MCsum //
S ----- 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 — ¢ 7X  pg= background contamination from semi-
}- USE missing mass technique

e~ fOr comparison only

Ami Rostomyan

)

v pure sample: ep — €'p’
me~ all particles in the final state are detected

DVCS measurements

0.05

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

ep — e’ vp'

(with recoil detector)

----- unresolved

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

Bl pure

10 15
M2 [GeV?]

inclusive and associated processes less than
0.2%

Hadron structure 2013



ep — €'7X GPD H: unpolarized hydrogen target

(pre-recoil data)

-HERMES Collaboration- : JHEP 11 (2009) 083
o (¢, Pr,eq) = ouu (@) x [1+ PrADy ©°(¢) + €ePeA2U(Q§) + epAc ()]

— Z A(gs(mﬁ) cos(no)

Z AT sin(ng)
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ep — €'7X GPD H: unpolarized hydrogen target

(pre-recoil data) .
-HERMES Collaboration- : JHEP 11 (2009) 083
o (¢, Pr,eq) = ouu (@) x [1+ PrADy ©°(¢) + €ePeA2U(ﬁ) + epAc ()]

— Z Ag)s(mb) cos(no)

Z Air&(?(b) sin(ng)

beam charge asymmetry

| rstrong t-dependence

- no Xxg or Q? dependences

— —_— = = s o — i
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ep — €' X GPD H: unpolarized hydrogen target

(pre-recoil data) .
-HERMES Collaboration- : JHEP 11 (2009) 083
o (¢, Pr,eq) = ouu (@) x [1+ PrALy 2 () + ecPrALy (8) + epAc(d)]
3

_ cos(ne)
- c(¢) = Z A" cos(ng)
Ac(d) = (et 4+ )= (677 +017) ,{:O,S;gb
~_ Z Asm(nqb) sin n¢)
— : LU,
- m —— VGG Regge, no D e+p—=e-+p+y
o 02 !
2 o beam charge asymmetry
< ) | = strong t-dependence
' w10 xp or Q2 dependences
overall
Loves, (07T =0t ) (o7 — 077 renur O . .
A ) S e T o T o= o) QSLI?J? x Im[F,H] “charge-difference beam helicity
021 — m  HERMES — & VGG Regge — e +p—>e*+p-|;y asymmetry
o O[T A +++ ------- T m large overall value
3 -02¢} - - ' i - :
< 1 e | % -_ &,&W -_ W - no kin. dependencies
02| - " HERMES A S A t charge-averaged beam helicity
T N SRR ..
eg O[T g + T T ++ """ asymmetry
< 02 [ [ + f m consistent with zero
-2 -1 1 sin sk %k
overall ® -t [G::RIZ] 1)(()B 1 Q% [GeV] ® ALU DvVCSs & Im[H% —HH ]
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ep — e'yp'

GPD H: unpolarized hydrogen target
(recoil data)
o(¢, Pr,ee) = ouu(9) %

- HERMES Collaboration-

1+ PLADG ©7(9) + ec PALy (9) + ecAc(9)]
JHEP 10 (2012) 042

ALU Z Asm(ngb) sin ngb)

m extraction of single-charge beam-helicity asymmetry amplitudes for elastic (pure) data sample

m no separate access to DVCS and interference terms
0.2

% unresolved
A unresolved-reference
- Wl e pure
= 0 e e eeeccesccsssssssssssssssssssssssssssssm=—--- e eiissessssssssssssssssssssssssssssEEss==. e iiieessssssssssssssssssssssssssssssss—an.--
£2 |
< . _
0.2 e % ]
| Fob = } R %
| : | | | i
0.4 F B + "t +
= o2l ! I -
ED _ _ j _
(7))
Y 7 Y V— —*# -------- # --------------------- E— %#& ------------------------ *#* ------- # -------------
I I | I *
ool — [ ——r——— | — | ——
107" 107" 1 10
overall -t [GeV?]

5 Q? [GeV?]

m indication for slightly larger magnitude of the leading amplitude for elastic process compared
to the one in the recoil detector acceptance (unresolved-reference)
Ami Rostomyan
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assoclated DVCS

sing
LU

sin(2¢)
LU
o

sing

LU

sin(2¢)
LU
o

0.5

-0.5 '
0.5 '
-0.5 '
05

-0.5

0.5

-0.5

| PRELIMINARY |

ey

| HERMES I * + I I L Scale Unc. 1.96% *

- e'p—efynat || T

L e

| HERMES [ - ‘ . ‘ \ | Scale Unc. 1.96%
PRELIMINARY | + i i

0 1w 10 1 - 10
overall -t [GeV?] Xg Q? [GeVY]

consistent with zero result for both channels

ep — €' vA

(recoil data)

associated DVCS is mainly dilution in the analysis using the missing mass technique

in agreement with the DVCS results on pure sample
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ep — e X GPD H: longitudinally polarized hydrogen target

(pre-recoil data)
- HERMES Collaboration- Nucl. Phys. B842 (2011) 265

o (P, P., ¢,e0) = ovu(p,er) |1 + P, Aur(¢) + Py P, Avn(¢) + Pr ALy (@)

- nO separate access to DVCS and interference terms

Auvr (¢ Z Asm(m) sin(no) AL (¢ Z Acos(n(b) cos(ng) .

== \/GG Regge

e ol R

sin¢
UL
=)

sin (20)

cos (0¢)

0.6 i i I I I I i ' — VG(; Regge |
0.4} \ - \
Szt f—t
< L] LA SO .o SR Wt
0 02 04 0.6 0 01 02 03 O 5 10
integrated -t [GeV?] X g Q?[GeV?]
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ep — e v X

(pre-recoil data)

sin¢
UL

sin (20)

UL

cos (0¢)

LL

-0.2

-0.2

0.6
0.4
0.2

-0.2

Auvr (¢ Z Asm(m) sin(no) AL (¢ Z Acos(n(b) cos(ng) .
in DVCS : twist — 3
| T Ay’ o { I : twist — 2
I B T T Sl
- - N : C A?}%qﬁ x F 1ImD
- ;+++ ;|+|| 0K
[ ] — | I __I | | __I —VG(; Regge
At P bt
i b $ N
o 02 04 06 0 01 02 03 0 5 10
integrated -t [GeV Y] X g Q?[GeV?]
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GPD H: longitudinally polarized hydrogen target

- HERMES Collaboration- Nucl. Phys. B842 (2011) 265
o (P, P, ¢,ep) = ouu(@,er) [1 + P, AuL(¢) + P P, AvL(¢) + Pr Avu(¢)]

- nO separate access to DVCS and interference terms




ep — e v X

(pre-recoil data)

sin¢
UL

sin (20)

UL

cos (0¢)

LL

-0.2

-0.2

0.6
0.4
0.2

-0.2

Auvr (¢ Z ASln(n¢) sin(no) AL (¢ Z Acos(n(b) cos(ng) .
_ E——=m— qine DVCS : twist — 3
................ M UL I: twist — 2
] T |
i ! N i Azl_nﬁb o Fllm)
IIIIIIIIIIIIIIII | | o I: quark tW1st—3 o
T S R f " ? "" } """""""" ? """""""" A ?}%2 X or gluon twist — 2
i ¢ '_ + + + '_ '_ ++ + DVCS : twist — 4
L | | - unexpected large value
R i | | | | __I —VG(; Regge
Rl e S A R
i t t !
o 02 04 06 0 07 02 03 0 5 10
integrated -t [GeV Y] X g Q?[GeV?]
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GPD H: longitudinally polarized hydrogen target

- HERMES Collaboration- Nucl. Phys. B842 (2011) 265
o (P, P, ¢,ep) = ouu(@,er) [1 + P, AuL(¢) + P P, AvL(¢) + Pr Avu(¢)]

- nO separate access to DVCS and interference terms




ep — e'vX

(pre-recoil data)

sin¢
UL

sin (20)

UL

cos (0¢)

LL

-0.2

-0.2

0.6
0.4
0.2

-0.2

Auvr (¢ Z ASln(n¢) sin(no) AL (¢ Z Acos(n(b) cos(ng) .
_ R—ver— qine DVCS : twist — 3
________________ e UL I:twist — 2
v BY R .
] N A >
IIIIIIIIIIIIIIII | | N o I: quark tW1st _ 3 o
R S f " ? "" } """""""" ? """""""" A ?}%2 X or gluon twist — 2
] ¢ + + + ++ + DVCS : twist — 4
L | | w unexpected large value
R i | | | | __I —VG(; Regge
: : H : cos 0¢ DVCS - twist — 2
-+ ------------------ n)/* ............. M ........... App { [:twist — 2
| — | | — — | . . cosch
o 02 04 06 0 07 02 03 0 5 10 AL QCFlReH |
integrated -t [GeV Y] X g Q?[GeV?]
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GPD H: longitudinally polarized hydrogen target

- HERMES Collaboration- Nucl. Phys. B842 (2011) 265
o (P, P, ¢,ep) = ouu(@,er) [1 + P, AuL(¢) + P P, AvL(¢) + Pr Avu(¢)]

- nO separate access to DVCS and interference terms




ep — e 7X GPD E. transversely polarized hydrogen target

(pre-recoil data)

- HERMES Collaboration- : JHEP 06 (2008) 066, 24
o6 bmen L) = ou(@] 1+ edo() + AARLOS(O) + er AL (0
+S1L AP C5 (0, 05) + eSLA (9, 05)
+ ASLAZHTPVES (6, 05) + e AS L AL (9, ¢s)}
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ep — X GPD E: transversely polarized hydrogen target

(pre-recoil data)
- HERMES Collaboration- : JHEP 06 (2008) 066, 24

o(¢, s, e0,51,\) = 0UU(¢){1 + e Ac(9) + ANALY 7 (d) + e AL (0)
+S1 ABYCS (¢, 5) + e0SLAL (9, ¢5)

+ _ 4+t (T 4+
(O- g )_ (O' o ) —+ )\SJ_AE@ZE[+DVCS<¢7 ¢S) + eﬁ/\SJ_AiT(¢7 ¢S)}

AL DVCS(Cb Ps) = (0T £ 079 & (0T + o b)

1 . T
AUT,'DVACS o1

] x ~« Im[HE™ — EH +EEH — H EE]
] Asm(¢ ¢s) €08 ¢ found much more

sin(¢-¢ S)COS(I)
—
)

-
< 1 ] sens1t1vr£ %0 GPD E than others, and
-0.2 T thus to Ju
04 1 1 m with a good model, allows a model-
- SR ' dependent constraint
B

e el ——— e T ———

Ami Rostomyan 26 Hadron structure 2013



ep — X GPD E: transversely polarized hydrogen target

(pre-recoil data)

- HERMES Collaboration- : JHEP 06 (2008) 066, 24
o6 bmen L) = ou(@] 1+ edo() + AARLOS(O) + er AL (0
+S 1L AR % (9, ¢5) + eeSLAL (0, ds)

+ _ 4+t (T 4+
(O- g )_ (O o ) —+ )\SJ_AE@ZI?+DVCS(¢7 ¢S) + eﬁ)\SJ_AiT(¢7 ¢S)}

(O-+TT _|_ O'+U') —|_ (O'_TT —|— O'_U')

I DVCS(¢ ¢S)

g o2 I AIUT,'DVAC/SC.)_EE_ x Im/H TEH + fgﬁ* ﬁfg*]
%S 0 i ] - ASI%(CIb ¢s) €98 ¢ found much more
< 1 sensitive to GPD E than others, and
-0.2 T thus to Ju
04 1 1 m with a good model, allows a model-
SR ' dependent constraint

- HERMES Collaboration- Phys. Lett. B 704 (2011) 15-23
(GH £ G G G (P L G - e
(CH + T+ T LT+ (TH + T+ T+ 4 T+

Apr P (¢ ¢s) =

o5k e S A%%(Qf $s)sin¢ could provide a

similar constraint to the real part

sin(¢-¢s)sin¢

m due to different kinematic pre-

. e T T, factors, this amplitude is suppressed
overall -t [GeV?] Xg Q? [GeV?]
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given channel probes specific GPD flavour
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given channel probes specific GPD flavour

Y*(q)
=y

p(p) =~ ~~p(p’) — ~

Y*(q)
7—? -

p(p) =~ ~~p(p’)

—

— ~—

v see the talk by W. Augustyniak
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® Hydrogen 0

HERMES DVCS A Deuterium

® Hydrogen Pure

AZOS(0¢) H#'i

A" iy
AZOS(Z(P)
A:-:OS(3¢)
S | Im H
Aillf; (2¢) |_§.._|

Aiil.r;,ql)JVCS H—M

A T

sin(o- o) '
AUT,I '-?-'-._H

[y

sin(¢- ¢,)
A UT,DVCS

sin(¢- ¢_)cos ¢ ——@—— I
AUT,I ) : (C/’ \
Acos(q)- ¢)sing :l lm ,H - )
uT,l :
cos(¢- ¢ ) i, L
ALT,I o ® .
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢s)sin ¢
LT,
cos(¢- ¢s) cos ¢
LT,I

A = ~
Azilr_n(2¢) H——H,_, Im 7—[

cos(0¢) ey ——
ALL !

1

Re (7—[—8)

A

AEEW — @ :: A —
ar e Re
-04 -03 02 -0 O 01 02 03
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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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