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The HERMES experiment

data taking 1995-2007
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 lepton-hadron PID:

transversely pol. H
longitudinally pol. H, D, He
unpol. H, D, He, Ne, Kr, Xe

- high efficiency (>98%)
- low contamination (<1%)
e hadron PID: RICH 2-15 GeV



Measurement of quark spin contribution

* longitudinally polarised proton, deuteron, ...
* longitudinally polarised e*, p* beam



Measurement of quark spin contribution
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longitudinally polarised e*, u* beam



Measurement of quark spin contribution
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Measurement of quark spin contribution

longitudinally polarised proton, deuteron, ... flip spin
longitudinally polarised e*, u* beam

number of quarks with spin aligned - anti-aligned with proton spin




Measurement of quark spin contribution

* longitudinally polarised proton, deuteron, ... flip spin
* longitudinally polarised e*, p* beam
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Measurement of quark spin contribution
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Measurement of quark spin contribution
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Measurement of quark spin contribution
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Measurement of quark spin contribution
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Phys. Rev. D 75 (2007) 012007

From deuterium data:

(Q? =5 GeV?) =0.330+ 0.011(theo.)+ 0.025(exp.)+ 0.028(evol.

)



Disentangling quark flavours
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Disentangling quark flavours
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Disentangling quark flavours

Data from

e ep — €eX, ehX
e pp —» hX

e efee—»hX
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Transverse momentum dependent
semi-inclusive DIS




Transverse momentum dependent
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Transverse-momentum-dependent (TMD) PDFs
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Transverse-momentum-dependent (TMD) PDFs

Only PDFs to survive integration
over transverse momentum
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Semi-inclusive DIS
single-hadron production




Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions Fyxy :
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions Fxy :
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Fxy ! C[TMD PDF( x,k; )" TMD FF ( z,p )]
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions Fxy :
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions Fxy :

nucleon polarization
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TMD PDFs and fragmentation functions (FFs)

nucleon polarization

Azimuthal amplitudes related to structure functions Fxy :
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions Fxy :
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TMD PDFs and fragmentation functions (FFs)

nucleon polarization

Azimuthal amplitudes related to structure functions Fxy :
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Semi-inclusive DIS cross section
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Seml mcluswe DIS Cross section
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Presented amplitudes
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Presented amplitudes

e Unpolarized and longitudinally polarized e+/e- beam
e Transversely polarized H target: fit all amplitudes simultaneously

' » Results for charged pions, kaons, (anti-)protons, neutral pions
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Collins amplitudes

Phys. Lett. B 693 (2010) 11-16
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Artru model

X. Artru et al., Z. Phys. C73 (1997) 527

0"#4)$&* $"%'0",9"%-%0. $%0'#-9." %' &O*..-) $%6+'0#*%%-)-<-)&-3'4="9;"."*4&")9.$"%1
O

Os = @S:WXQ/‘:\

w P Y Sy » 1
L e LT T o
i o l:-__-"'

s ot Sy
o \J |

&.)$%+'4)-*56'7/%)58%%.$7/+)5'9+$) $.;'<*0//,'%/,4-)&1
& L=

ﬂ ;

VAS AR+ " -%./,'0)-* -& )V %&<-)&," -%.1,1

L=1

I

5
y
5
f 3
[ = | ’
3 i L w HNEEEEEEEEEEEE * I -
I s ’
' ]
L i
- ’
% .

"

L

5

i
HIELETELT R R E R T

']

i

¥

e

left

= = X L 2
- - ™
; ~ up , \
& 4 i 5
[ L ¢ 4 1
| I r e I-
i i i s ]
'
i EEEEEEEEEEEE | L I T TR -
1 ! ! T I
L) i ¢
5 ’
% ¥
]
s
-

’
&

ety b =7/)2 b =0

Courtesy U. Elschenbroich



Collins amplitudes
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Collins amplitudes
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* Pretzelosity

e requires non-zero orbital angular momentum
* models:
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e suppressed as th! compared to Collins amplitude

19



X
—

s

s

2 !sin(3

2 !sin(3

o
o
=

.
o
N O

0.05}

-0.05

0.1k
0.04F

0.02

-0.02

O
=

-0.1
0.1

-0.1

: Pretzelosity amplitudes

2009
s % - HERMESEPRELIMINARY
n 7.3% scaletuncertainty |
3 3 LAE T
R ARAR R RN ,f"+""'*"*n'r$+'+"+"+ ------
37 R S -
gt *“?'1,"+"+"+";'+'§—'T1'¢-1"+""Jﬁ
RN 1
-0 - 3
_:_+____+_| _____ }__;-*-1'.. : .+ é__ TI_+______+____L-
2 X {+}’ e
_0_04:. e e e e e
KT ol ol
. " b i C ¥ }
.__---*-*'*'*'*'1":—'-'----i----+--+-:—+-i-!---* _______ +-
F L N
Ky HE |
I (R __w. ' L C - ___+ ________
et MU
- - IE
10 -1 04 0.6 0.5 1
X z P.g[GeV]

Chy* 1 Hy ]

* Pretzelosity
e requires non-zero orbital angular momentum
* models:

%) = gl ()1 hir(x)

—» Mmeasure for relativistic effects

e suppressed as th! compared to Collins amplitude

19



: Pretzelosity amplitudes
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* Significant non-zero signal for ! -,
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Structure of the nucleon
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Structure of the nucleon

Wigner distributions W (x, kt,% )
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Structure of the nucleon

Wigner distributions W (x, kt,% )
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| . 1 Fourier
transform

generalized parton
distributions (GPDs)

semi-inclusive deep-inelastic scattering (DIS)
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Structure of the nucleon

Wigner distributions W (x, kt,% )

de K /dQET
®. XP,
| ’ ..................... >
transverse-momentum - b P, Impact-parameter
dependent PDFs (TMDs) «@ . .._ - - —F distributions
| . 1 Fourier
transform

generalized parton
distributions (GPDs)

semi-inclusive deep-inelastic scattering (DIS) hard exclusive reactions

e h

e /TMD%
Y R

s

2
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Generalized parton distributions (GPDs)

e x=average longitudinal momentum fraction
e 2&=average longitudinal momentum transfer
e t=squared momentum transfer to nucleon
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Generalized parton distributions (GPDs)

e x=average longitudinal momentum fraction
e 2&=average longitudinal momentum transfer
e t=squared momentum transfer to nucleon

Four quark helicity-conserving twist-2 GPDs

H(x,!,1) E(x,!,t) spin independent

H(x,!,t) E(x,!,t) spin dependent

proton helicity non flip| proton helicity flip
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e t=squared momentum transfer to nucleon

Four quark helicity-conserving twist-2 GPDs

H(x,!,1) E(x,!,t) spin independent

H(x,!,t) E(x,!,t) spin dependent

proton helicity non flip| proton helicity flip

Four quark helicity-flip twist-2 GPDs
HT(X, g,t) ET(CB,!,t)

HT(X,!,t) E~T(X,!,t)
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Generalized parton distributions (GPDs)

e x=average longitudinal momentum fraction
e 2&=average longitudinal momentum transfer
e t=squared momentum transfer to nucleon

Four quark helicity-conserving twist-2 GPDs

H(x,!,1) E(x,!,t) spin independent

H(x,!,t) E(x,!,t) spin dependent

proton helicity non flip| proton helicity flip

Four quark helicity-flip twist-2 GPDs J=lim = dxx[H(x !0+ E(x !, 0)]

Ht (X, &, 1) Et(x,!,1) th 02 g

X. Ji, Phys. Rev. Lett. 78 (1997) 610

HT(X,!,t) E~T(X,!,t)
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Hard exclusive processes

* Deeply virtual Compton scattering (DVCS):
theoretically cleanest probe

e Exclusive meson production

e probe various types of GPDs with different
sensitivity and different flavour combinations:
also access to quark-helicity-flip GPDs

e complementary to DVCS

e Target polarization state: access to different GPDs

23



GPDs and DVCS
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GPDs and DVCS
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GPDs and DVCS

Bethe-Heitler
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GPDs and DVCS

Bethe-Heitler

n 2 n 2 ! !
d ! |"sp |+ ["oves |+ 'oves ey + 'oves 'eH
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DVCS cross section

d ! |"gn |+ "'bves |7+ 'oves ey + 'byes 'BH

Unpolarized nucleon
Longitudinally polarized lepton beam
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DVCS cross section

" 2 " 2 ! !
d ! |"su |“+ |"oves |+ 'oves gy * 'oves 'BH
Unpolarized nucleon
Longitudinally polarized lepton beam
K T2
BH " : : :
lgn |° = ; - ccH cosn") calculable with knowledge Pauli & Dirac form factors
P1(")P2(")
1 T2
loves 5= = cOVES cos") + #s2V 3 sin(") coefficients: bilinear in GPDs
Q n=0
T on3 n
| = | ' C, cos(n! ) + S, Sin(n!)  coefficients: linear in GPDs
Pl( ) P2( ) n=0 n:].
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DVCS cross section
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d ! |"su |“+ |"oves |+ 'oves gy * 'oves 'BH
Unpolarized nucleon
Longitudinally polarized lepton beam
K T2
BH " : : :
lgn |° = ; - ccH cosn") calculable with knowledge Pauli & Dirac form factors
P1(")P2(")
1 T2
loves 5= = cOVES cos") + #s2V 2 sin(") coefficients: bilinear in GPDs
Q n=0
T on3 n
— ! eI KI I I (1] I . .. . .
| = OO C, cos(n! ) + S, Sin(n!)  coefficients: linear in GPDs
1\ 2\ n=0 n=1
beam
polarization
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DVCS cross section

" 2 " 2 ! !
d ! |"su |“+ |"oves |+ 'oves gy * 'oves 'BH
Unpolarized nucleon
Longitudinally polarized lepton beam
K T2
BH " : . .
lgn |° = ; - ccH cosn") calculable with knowledge Pauli & Dirac form factors
P1(")P2(")
1 T2
loves |2 = o2 cOVES cos") + #s2V 2 sin(") coefficients: bilinear in GPDs
n=0

T on3 n o
]
| c cosp!)+ " s sin(n!)

coefficients: linear in GPDs

P.(')Pa(!)

n=0 n=1

beam
polarization
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DVCS cross section

) |l<| w3 " "o | .
| = NOLXD c cosp!) + si sin(n!)

n=0 n=1

@ f1r

MU = Fi(OH(E 1) + 5=~ (Fi(t) + Fa() () -

t
2
] 4Mp
CFF H, H, £ =convolution GPD x hard scattering amplitude

FQ (t) E(€7 t)

At LO: < direct access to GPDs at X = *££
R convolution integral over z;
+ access to D-term
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Beam-charge asymmetry

||3
SN Y S c cos(ng)
_ dot — do” B P(")Pa( )n:O "
Py G cos(Ng) + Cr - cos(ng)

N2
n=0 Q n=0
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Beam-charge asymmetry

||3
_ K| -
_ dot — do” B P1(")Pa( )n:O
Py G cos(Ng) + Cr > cos(ng)

N2
n=0 Q n=0
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Beam-helicity asymmetry
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Beam-helicity asymmetry

Unpolarized nucleon
Longitudinally polarized lepton beam

T2
K
lgn |° = ; oA - ccH cosn") Calculable with knowledge Pauli & Dirac form factors

Pa(")P2(")  _

n=0
1 T2

loves |2 = o2 cOVES cos") + #s2V 2 sin(") coefficients: bilinear in GPDs

n=0

T on3 n o
]
| c cosp!)+ " s sin(n!)

coefficients: linear in GPDs

P.(')Pa(!)

n=0 n=1

beam
polarization
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Beam-helicity asymmetries

Charge-difference beam-helicity asymmetry

14" + ( dll I#I +
BT #
K |
PPty SnSin(n?)

— n=1

- no 1 no

K BH DVCS
s )BFI)-|2(") c, cos(n!)+ @ Cr cos(!)
n=0 n=0
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Beam-helicity asymmetries

Charge-difference beam-helicity asymmetry

no
K BH CBH
P1(")P2(") n

1
cos! )+ = V¢

2
n=0 Q n=0

cos(n!)
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Beam-helicity asymmetries

Charge-difference beam-helicity asymmetry

no
K BH BH
Cn

1 DVCS
PLC)P2(") cosPi)* 5z G
n=0 n=0

Charge-averaged beam-helicity asymmetry

(do™~ —do™) + (do™— —do™ )

cos(n!)

ALy > (¢)

(dot= 4+dot—) 4+ (do=— +do—)

é S?VCS sin ¢
n 2 1 n 2
K H
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n=0

C, ¥ cos(ng)

n=0
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Beam-helicity asymmetries

Charge-difference beam-helicity asymmetry _

(! d Ty @ d )

L (1)1
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! #
na
" K
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Charge-averaged beam-helicity asymmetry bilinear access to GPDs
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Charge-difference and charge-average
beam-helicity asymmetry
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Charge-difference and charge-average
beam-helicity asymmetry

HERMES, JHEPL1 (2009) 083
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3 twist-2 GPDs
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'%<3 02 | +

0.2 F -
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target-spin asymmetries
(JHEP 06 (2008) 066, Phys. Lett. B 704 (2011) 15-23)
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transverse target-spin asymmetry
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