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HERMES at HERA
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nucleon structure

Air

proton = uud-+ sea + gluons

charge, momentum, magnetic moment, spin, vector
charge, axial charge, tensor charge

7\

(-
</ momentum:

1
/O x(z (9i(2) + Gi(x)) +g(az)) =1

1

u quarks only carry ~ 50%
*_ spin1/2:
B - You think you understand something?
Now add spin... ” - Jaffe -

H iotal quark spin contribution only ~ 30%
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using the spin in NMR

Nobel Prize, 1943: "for his contribution to the
development of the molecular ray method and his
discovery of the magnetic moment of the proton"

u, = 2.5 nuclear magnetons, + 10% (1933)

Proton spins are used to image the structure and
function of the human body using the technique of
magnetic resonance imaging.

Otto Stern

Paul C. Sir Peter Nobel Prize, 2003: "for their discoveries
Lauterbur Mansfield concerning magnetic resonance imaging"

1ol
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where does the proton spin come from

Jaffe and Manohar spin sum rule

-
~

. longitudinal spin structure

S. =3 =3AS+AG+ L + LY
® _AY and AG can be measured in semi-
inclusive deep inelastic ep scattering

Ji sum rule

C
X

. longitudinal spin structure

YL J9 and J9 accessible through exclusive ep
scattering

Bakker, Leader, Trueman sum rule

®__ transversity sum rule (?)
1 _ 1
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where does the proton spin come from

Jaffe and Manohar spin sum rule

*__ longitudinal spin structure

S. =3 =3AS+AG+ L + LY

& _ AY and AG can be measured in semi-

Q A -HERMES Collaboration: Phys. Rev. D 75 012007 (2007) -

Q AG: -HERMES Collaboration: arXiv:1002.3921 (2010)-
@_ orbital angular momentum: relations to GPDs and TMDs
@_ tensor charge: transversity sum rule (?)

YL J9 and J9 accessible through exclusive ep
scattering

Bakker, Leader, Trueman sum rule

oL transversity sum rule (?)
_ 1 _ 1 q g
St = 5 = §5E+LST —I—LST
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guark structure of the nucleon

integrated over transverse momentum

O_ep—>th o ZDF(%) ® oe1—eq ® FFq—>h(z) \
q

unpolarized quarks
and nucleons

longitudinally polarized transversely polarized
quarks and nucleons quarks and nucleons

1hZ
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guark structure of the nucleon

b

o [ ® SLAC © BCDMS A H1
L [ % JLAB % NMC v ZEUS O ¢
L © HERMES O E665

PRELIMINARY

0.008 1.6%°
0011 1.6%
0.015 1.6*
0.019 1.6%
0.025 1.6%
0.033 16%
0.040 1.6%°
0.049 1.6%
0.060 1.6
w0073 167
0.089 1.6%
0.108 1.6*
0134 1.6*
0.166 1.6
0211 1.6%

0273 164

107

EIE dad
b

[
}j?
b P

HH
£

HY
HH
i

et
e

;3
ke

I
HH

unpolarized quarks
and nucleons

f{: spin averaged
(well known)

vector charge

B
E
ks
e

0.366 1.6%°

0509 1.6%°

b —— GDO7fit
B - SMC it

0.679 1.6%

1 10
Q [Gev]

-Ami Rostomyan-




qguark structure of the nuclL.yvr

D | 0 HERMES (Q? <1 GeV?)
> 0.06 2 2
e HERMES (Q° > 1 GeV")
0.05} # SMC (low x - low Q 2 Jf
_ * SMC
0.04F
integrated ove o E 143
@+ E 155

perehX o 5 003

*
. 0.02} % %
0.01} T @g&’l

OF#ete e g Xk
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49— q__ _ x<003F A compass
—_— —_ —>
1 1
0.02}
unpolarized quarks  longitudinally polarized
and nucleons quarks and nucleons 0.01f

f1': spin averaged g1: helicity difference
(well known) (known)
vector charge axial charge
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guark structure of the nucleon

integrated over transverse momentum

O_ep—>th o ZDF(CE) ® oe1—eq ® FFq—>h(z) \
q

transversely polarized
guarks and nucleons

hi: transversity
(unmeasured for long time)

tensor charge

*._ chiral-odd r? involves
qguark helicity flip

L"._ need to couple to chiral-

odd FF: Collins FF
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guark structure of the nucleon

integrated over transverse momentum

O_ep—>th o Zh%(x) ® oed—eq R Hlj_,q—>h(z)

transversely polarized
guarks and nucleons

h{: transversity
(unmeasured for long time)

tensor charge

) *._ chiral-odd r? involves

quark helicity flip

Fy / ' - *__ need to couple to chiral-
odd FF: Collins FF
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quark structure of the nucleon

transverse-momentum-dependent (TMD) DF

O_ep—>th x ZDF(ZU,Z?T) ® oe4—€q ® FFq_)h(Z, kT)
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1-hadron production x-section (ep — eh.X)

1 1
! !, do = do¥y + cos(2¢9)dotr; + ) cos(p)dory; + Py ) sin(¢)dos

beam: | |target:

] 1 1
+ S _ sin(2¢)dogr; + 0 sin(¢)doy; + P (dU%L + Q Sin(@dUZL) ]

+ St sin(¢ — ¢s)dod + sin(¢ + ¢s)dody + sin(3¢ — ¢s)dotl+

é sin(2¢ — ¢s)dogip + é sin(¢s)dor +

P (Cos(qb — (bs)dalL?} + % Cos(qﬁs)dag%p + é cos(2¢ — (bs)dai‘r{p) ]
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“Collins-effect ”

“

1 1
do = do¥y + cos(2¢9)dor + ) cos(p)dory; + Py ) sin(¢)do?

beam:

P,

target:

S.Sy

—

+ S sin(2¢)dogr; + ésin(qb)dO?]L + B (dUgL + ésm(ﬁb)dUZL) ]

: sin(¢ — ¢s)dod . + +sin(3¢ — ¢s)dofrp+

_ “Collins-effect ” accounts for the correlation between the transverse polarization c lthe
fragmentlng qguark and the transverse momentum of the produced i
unpolarized hadron

sensitive to quark transverse spin

generates left-right (azimuthal) asymmetries in the direction of the outgoing parto
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Collins amplitudes
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005l 3 3 final results!!!
- : L -HERMES Collaboration: arXiv:1006.4221 (2010) -
- - non-zero Collins effect observed!

ﬁ:, 0.1F *__ both Collins FF and transversity sizeable
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Collins amplitudes for pions

\ h{(x) ® Hy" %(z) \|

*__ positive amplitude for 7+

*__ compatible with zero amplitude for 7°

*__ negative amplitude for 7~

*__ large 7~ asymmetry
B role of disfavored Collins FF:

Hlj_,dzsfav

u =TT d= 7" (fav)

U= 7 d = 71 (disfav)

F._ positive for 7T and negative for 7~
Mo
M <o
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Collins amplitudes for kaons

TE

4,
hd(x) ® Hy " %(z)
K+

& KT amplitudes are similar to 7+ as
expected from u-quark dominance

f._ KT arelarger than 7™

K

. K~ consistent with zero

-~ K~ (us) is all-sea object
differences between amplitudes of = and K

*_ role of sea quarks in conjunction with
possibly large FF

®__ various contributions from decay of
semi-inclusively produced
vector-mesons

"L the kr dependences of the fragmen-

tation functions

-Ami Rostomyan-



“Sivers-effect ”

1 1
“ do = do¥y + cos(2¢9)dor + ) cos(p)dory; + Py ) sin(¢)do?

beam: | |target:
Pl SLST

+ S sin(2¢)dogr; + ésin(qb)dO?]L + B (dUgL + ésm(ﬁb)dUEL) ]

+ sin(¢ + ¢s)dodp + sin(3¢ — ¢s)dopp+

*__ Sivers distribution function fqu(a:, p%) gives the correlation between parton transverse

momentum and transverse spin of the nucleon

®__ non-zero Sivers function implies non-zero orbital angular momentum

*__ generates left-right (azimuthal) asymmetries
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Sivers amplitudes for pions

4,
Zq 63 1Tq(x7p%) Rw D(lz(za k%)
> g e2fi (@, p7) ® Di(2, k7))

2(sin(¢ — ¢s))uT = —

O
[EEN

*._ significantly positive
clear rise with z

2 Bin(¢g9)
o
o
ol

rise at low P;, | , plateau at high P, |

o

dominated by u-quark scattering:
01 it (=p%)®w D} (2,k2)
Fu(2,p2)@DY =T (2,k2.)

of - : - *_ w-quark Sivers DF < 0

non-zero orbital angular momentum

-M.Burkardt (2002)-

*_ slightly positive

consistent with zero

*_ u- and d-quark cancellation
d-quark Sivers DF > 0
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2 Bin(@-eg)r

Sivers amplitudes for kaons

0.1F

0051, H*H:—_ '

significantly positive

clear rise with z

rise at low P, | , plateau at high Py, |
7T /KT production dominated by
scattering off u-quarks:

> 0.2fk* N n
$ P Lue, 9y e pu—mt /Ko
S o1b ! o s . _f1T (z,pT) @w Dy (2, k7T)
L LIV TR TR s
R AR fi@,p3) @ DY (2, 3)
e o A ,

' L . & 7t = ud), Kt =| u5) = non trivial

role of sea quarks

o=
*__ slightly positive
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“Pretzelosity”

1 1
dodri; + cos(2¢)dot + ) cos(p)dory; + Py ) sin(¢)do?

beam: | |target:
Pl SL ST

SL[ sin(2¢)dod, + ésin(qb)dagL + P (dagL n ésin(gb)dazL> ]

St [ sin(¢ — ¢s)dosrr 4 sin(¢ + ¢s)dodr + I

@) “pretzelosity’DF h - (x) gives a measure of the deviation of the “nucleon shape” from a

sphere

7
L. correlation between parton transverse mo hentum and parton transverse polarization in a
transversely polarized nucleon

®__ itis expected to be suppressed w.rt. fZ, g2, h?
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the sin(3¢ — ¢,) Fourier component

o
o
=

-0.02

2 [$in(3 -0 )L

0.05"

1
h;;3(x) @ Hy 9(2)

0.02F

i T[+ HERMES| PRELIMINARY
- n 7.3% scale funcertainty

SR LAAR S AR R AR
__|_l:_ | |_‘_| -
214 3 -

P 01 K* g HERMES|PRELIMINARY
D T i 7.3% scale:uncertainty
S T L M
c\v)/ O__"'*'*f'+'*""__"+""$""+"|'__+'$ e R *'
c - + B [
A o01F - R
AN e e r—— —u ————
0.1F - - -
:lf b i + J|. i +
O_|++1Hi+++—+ﬂ'l++ ______

suppressed by two powers of P, |
compared to Collins and Sivers
amplitudes

compatible with zero within uncertainties

hfqzq(x) might be non-zero at higher Py, |
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extraction of transversity and Sivers function

X Ar u(x)

X Ar d(x)

127

Ip - I'hX

Id-»IhX

0.2 04 06 0.8 1
X

-Anselmino et al. Phys. Rev. D 75 (2007)-
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TSA in inclusive hadron production in p!p

Np — N :
measurements of Ay = H in plp — X
R L
ANL (1976) BNL (2002) FNAL (1991) RHIC (2008)
Vs = 4.9GeV 6.6 GeV 19.4 GeV 62.4 GeV
60 PRL 36, 929 (1976) 60 PRD 65, 092008 (2002) 60 [ PLB 261, 201 (1991) 60 PRL 101, 042001 (2008)
a0} ® af % T R + 40| BRAHMS
[ @ @ [ ®
2} o1 o® 20} b 20 o0 20 o?
9\';2 0._(_)_1_.5_____._?_0___ oF------- & _______ 0 ___é? __________ J 0----._._ ___________
< 5 & i v
20 20} % -20 e -20 o
-40 -40 {) -40 Q f} -40 - %
-60 .u.Inal‘}..I..ajznlnai.éulu.o.ta..l.n.1 _60 ...1...oli‘i..luafinl..atéul..oi.s...l...." _60 ..ul..all.z.ul..Bii.d..61.6...l..6f.é..lnu1 -w n..l..aia..l-.aji..l..aié..l..all.su.l....1
X¢ X X %

suggest:
interpretations: _
_ Y/ increase of A with increase of x g
. TMDs (Sivers effect) _

0

Y. decrease of Ax with increase of pr at fixed z g

® _ twist-3 gg correlators

®)

YL Ayn — 0Oathigh pr
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TSA in inclusive hadron production in p!p

interpretations:
*__ TMDs (Sivers effect)

*__ twist-3 gg correlators

suggest:

Y/ increase of A with increase of z g

*)_ decrease of A with increase of pr at fixed z

.
(™)
()

Y. An — 0athigh ppr

Ay o+p—> 4 X at vs=200 GeV
008  <x>=0.28 L <x>=0.32
"7 | e FPD data | s Sivers (E704 fit)

— twist=3
o wis . 3

L)
L
.

0'02\\‘\\\\‘\\\\

5 4
or, GeV /¢

-STAR collab, PRL 101, 222001 (2008) -

better test of models needed!
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TSA in inclusive hadron production ep!

* _ upto date: all data coming from pp-scattering o .

\ ]
spin vector : scattering
up / : plane
/ :

can be also measured in ep — 7wX

-Anselmino et al. (2009)- JEEEEE=

_ Nrp—Np
N — — - —
0.2 0.2 0.2
045 [ PrelsGev Sivers effect 015 [ Pr725Gev Sivers effect 015 [ Pr725Gev Collins effect
0.1r \ ] 01k ] 01k ]
0.05 [ T ] 0.05 | B 0.05 ]
£ O [ . (O S
< g o & 0 imssesasssca ——TTTTT
005 F ]
_________ -0.05 | ] -0.05 | ]
01 Ff ]
0.1 F ] 0.1 F ]
N
-0.15 | L
I -0.15 | ] -0.15 | ]
-0.2 I I I I I I
06 -05 -04 -03 -02 01 0 01 02 e 0.2 e
Xe 06 -05 -04 -03-02-01 0 01 02 03 06 -05 -04 -03-02-01 0 01 02 03
Xg Xg

“ The measurement of these predicted asymmetries allows a test of the validity of the TMD factorization, largely accepted for SIDIS processes with two
scales (small P~ and large QQ), but still much debated for processes with only one large scale (P ), like the one we are considering here. A test of

TMD factorization in such processes is of great importance for a consistent understanding of the large SSAs measured in the single inclusive production

of large P~ hadrons in proton-proton collisions. ” -Anselmino et al. (2009)-
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Sln 0)

TVF

7 DT&XF

sin¢

5 o.08

< 0.06

0.04f

0.02

of

-0.02
-0.04

0.08

0.06}
0.04

0.02

-0.02
-0.04

0.08
0.06
0.04
0.02

-0.02
-0.04

ep—>n+X

et p - +X

etp' 5K +X

E HERMES preliminary

0.20 < x. < 1.00
8.8% scale uncertainty

B

] 0.08 < x_< 0.20

-0.10 < x,. < 0.08

* _ 7t and Kt asymmetries decrease at high Pr

*__ sign change for 7~

B A, inp'pislarger than in ep!

R | u-quark dominance in ep! may explain the smaller size of 7~ asymmetry

positive K~ for xp = 0
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GPDs are 'hybrid’ objects

form factors

parton density

pib,) fix)

parton’s longitudinal
momentum distribution
q(x) at resolution scale

1/Q?

parton’s transverse localiza-
tion b, for a given longitudi-
nal momentum fraction x

parton’s transverse local-

ization b |

-Ami Rostomyan- —p. 22



GPDs are 'hybrid’ objects

form factors

parton density

ep — e/Z)/

1

[ dette gt ®) = Fi
—1

1

[deEi@etn®) = F©
—1

1

[dsfite gt n®) = G4
-1

1

/dﬂ?Eq(x,ﬁ,t,HQ) = G%(t) _ parton’s  longitudinal
n's transverse localiza- S
—1 momentum distribution

. for a given longitudi- g(x) at resolution scale

1£auor o | :
nal momentum fraction « 1/Q2
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Exclusive reactions, GPDs

% th_% drx[HY(x,&,t) + E(x, &, t)]
1

1

1
5 Jim [ de [HO(2,6,0) + B9 (x,€,0)
0

x,& longitudinal momentum fractions

t squared four-momentum transfer

#_ an experimental evaluation is complicated

® _ get convolutions of GPDs (F : H, E, H, E) and
hard scattering functions

1
Fen =3 [ daCyea) P

-
-

. the only presently known way
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deeply virtual compton scattering (DVCS)

e
e

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < |Taul? + | Toves)® + TeuThves + ThiaTpves

z

P, ' Bethe-Heitler contribution:

*)_ calculated in QED

T DV Cs
do ~ do +  evdopy + doy DVCS contribution:
— engdai + Py dO'DVCS ®) : 2 2
U ®._ HERMES: |Tpvcs|? << |7BH]
T DVOs
+ eSpdoy  +Spdog interference term:
I DVCS = . . .
+ eStdoyr  + Stdogr ®_ depend on a linear combination of
+P,SpdoPH 4+ e,P)Spdot, + PySpdoPY 5 Compton form factors
+P;SrdoBE  +  eyPySrdol + PpSpdoPY S *)_ access to GPD combinations

through azimuthal asymmetries
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beam helicity asymme

try

sin @
LU,DVCS

A

sin (2¢)
LU,

A

Assoc
fraction

overall -t[GeV?] Xg

model predictions:

*__ overshoot the magnitude of A

sin ¢

LUI by a factor of 2

A%?J%VCS x sPVCS gin ¢

sin ¢
ALU,I

& twist-2:

*._ large overall value

*._ no kin. dependencies
sin ¢ sin 2¢

Arupves: ALu

& twist-3

*_ overall value
compatible with O

*_ no kin. dependencies
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beam charge asymmetry

cos (09

A

cos @

cos (29

A

cos (3¢)

C

A

Assoc
fraction

overall

-Ami Rostomyan-

twist-2 GPDs: A% ?, A%0°0¢
*._ strong t-dependence

*_ no zp, Q2 dependen-
cies

Acgscb X FlReH

~ 0: twist-3 GPDs

~ 0: gluon helicity-
flip GPDs

theoretical predictions:

*._ does not describe the
beam-helicity data, but
in good agreement with
this data

—n. 26



GPDs, DVCS and HE

RMES

cos(0q)
AC

cos @

Ac

cos(2q)
AC

cos(3¢)
AC

sin @
ALU,I
sin @
ALU,DVCS
sin(2 @)
ALU,I
sin(e-9)
AUT,I
sin(e-¢)
AUT,DVCS
sin(cp—cps)cos 0]
uT,I
cos((p—cps) sin @

uT,I
sin @
AUL

sin(2 )
AUL

cos(0)
ALL

cos @
ALL
cos(29)

ALL

® Hydrogen
HERMES DVCS A Deuterium
O A Preliminary
Lo,
At
} Clen _
¢ H grXivi0909.3587
g arXiv:0911.0095
H-‘I-O—I
O
Y
WO arxiv:0909.3587
H—k—+ arXiv:0911.0095
-—0—-.:
¢ H—A—H
H-8——
arXiv:0802.2499
H—:.—H
arXiv:1004.1077
e H—A—H
W A " —@—H
! arXiv:1004.1077
————
! ———
. h——O—H

-03 -02 -01 O

0.1 0.2 0.3
Amplitude Value

beam-charge asymmetry:
f_ ReH
beam-helicity asymmetry:
L ImH

transverse target-spin asymmetry:

& Im(HE)

longitudinal target-spin asymmetry:

®)_ Imﬁ

double-spin asymmetry:
*_ ReH

towards global fits!

12
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