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20 years ago ...

@ a tiny and asymmetric spin-flip amplitude in synchrotron radiation opens door
for polarized DIS at HERA:
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20 years ago ...

® a tiny and asymmetric spin-flip amplitude in synchrotron radiation opens door
for polarized DIS at HERA:

"HERA POLARIZATI ON (statzstzcal errors only)
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@ demonstration of lepton polar'lza’rlon at HERA under' realistic running
conditions
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® a tiny and asymmetric spin-flip amplitude in synchrotron radiation opens door
for polarized DIS at HERA:
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@ demonstration of lepton polar'lza’rlon at HERA under' realistic running
conditions

@ October 1992, PRC: "Recommend the DESY directorate to approve HERMES"

@ 9 October 1992: (conditional) approval of the HERMES experiment
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The HERMES experiment (1995-2007)

novel pure gas targets:

@ internal to HERA lepton ring
@ unpolarized (*H ... Xe)
® |ongitudinally polarized: 'H, °H, He r

@ transversely polarized: 'H
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HERMES schematically
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Particle Identification

excellent lepton/hadron
separation

~5
S
ARG

Dual-Radiator RICH
hadron ID for
momenta 2-15 GeV
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The HERA-TI (1995-2000) harvest

4= quark spin
+ \G &= gluon spin

+ L + L - orbital angular

momentum
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The HERA-I (1995-2000) harvest

% = % A2 &= quark spin
+ \G &= gluon spin

+ L + L - orbital angular

momentum

@ Inclusive DIS from longitudinally polarized Deuterium target:

AS = 0.330 + 0.025 (exp) + 0.011 (theory) + 0 028 (evol)
PRD 75 (2007) 012007
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The HERA-I (1995-2000) harvest

4= quark spin
+ \G &= gluon spin

+ L I L = orbital angular

momentum

1
2 = 7 AX

@ TInclusive DIS from longitudinally polarized Deuterium target:

AY = 0.330 + 0.025 (exp.) + 0.01] (theory) 4 0 028 (evol)
PRD 75 (2007) 012007

@® High-pt hadrons at HERMES:

. JTHEP 1008 (2010) 130
AG/G = 0.071 + 00346160 4 0,010 Gys-exp) 0127 (T P08 (2070
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The HERA-TI (1995-2000) harvest

quark spin

gluon spin

orbital angular |

@ Inclusive DIS from longitudinally polarized Deuterium target:

AS = 0.330 + 0.025 (exp) + 0.011 (theory) + 0 028 (evol)
PRD 75 (2007) 012007

® High-pt hadrons at HERMES:
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HERA IT - some highlights

@ transverse-target program

. : : . [PRL 94 (2005) 012002]
@ first demonstration of Sivers effect in DIS [PRL 103 (2009) 152002]

@ first clear evidence for transversity i s 17

[PLB 693 (2010) 11]
@ involving Collins and interference fragmentation
@ sizable transverse target asymmetries in DVCS  17Hep 06 (2008) 0661
@ recoil-detector program

@ high-statistics data set using unpolarized targets

@ measurement of DVCS with recoil-proton detection
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Inclusive DIS




Inclusive DIS

Spin Plane
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Inclusive DIS

Spin Plane

d?o(s, S 2may?
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Inclusive DIS

Spin Plane

d?o( 2ma? y

dz dQ2 B /

Lepton Tensor

WW

Hadron Tensor
parametrized in terms of
Structure Functions

Scattering Plane
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Inclusive DIS

Spin Plane
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Check the details!
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Check the details!

@ two-photon exchange
. can be important!

Xg
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Two-photon exchange

® Candidate to explain discrepancy in form-factor

k

measurements

@ Interference between one-
and two-photon exchange :
amplitudes leads to SSAs
in inclusive DIS off transversely polarized targets

@ cross section proportional to S(kxk') - either measure
left-right asymmetries or sine modulation

@ sensitive to beam charge due to odd number of e.m. couplings
to beam
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Elastic fraction

- 1072

exchange

Beam ASnds SATRYS (stat.) SASYS (syst.) (xp) (Q2)
x 1073 x 1073 x 1073 [GeV?]
et —0.61 3.97 0.63 0.02 0.68
e~ —6.55 3.40 0.63
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e~ —0.85 1.50 0.29
consistent with
+ -
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Front view of HERMES
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Why measure F2 at HERMES?
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7] Fixed Target Experiments:

SLAC, BCDMS
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Collider experiments

Fixed target experiments

HERMES

complementary kinematic
coverage compared to colliders
direct info at HERMES kinematics
higher statistics compared to

other fixed target experiments:
» HERMES: 58 million DIS (P+D)
» NMC: 9 million DIS (P+D)
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Agreement
with world

data in the
overlap region
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proton

New region
covered by

HERMES

Agreement
with world

data in the
overlap region
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Results on A2 and xg2

A.Airapetian et al. [HERMES], EP] C72 (2012) 1921 A.Airapetian et al. [HERMES], EP] C72 (2012) 1921
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@ consistent with (sparse) world data
@ |ow beam polarization during HERA IT = small f.o.m.
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Results on A2 and xg2
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@ |ow beam polarization during HERA IT = small f.o.m.
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Semi-Inclusive DIS




Helicity density - valence quarks
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Helicity density - valence quarks
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Helicity density - valence quarks
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Helicity density - valence quarks
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.. going 3D



Spin-Momentum Structure of the Nucleon
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Spin-Momentum Structure of the Nucleon
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TMDs - Probabilistic interpretation

Proton goes out of the screen/ photon goes into the screen

U nucleon with transverse or longitudinal spin flj_T — —C)} —_ —@}

=) (® parton with transverse or longitudinal spin

parton transverse momentum

i

©
s

Wi = _
[courtesy of A. Bacchetta] 1T
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Probing TMDs in semi-inclusive DIS

quark pol.
U % in SIDIS couple PDFs to:
slul A
S| L
= I
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Probing TMDs in semi-inclusive DIS

quark pol.

U in SIDIS couple PDFs to:
S| U :
SR R Collins FF:  H{* "
o | L >
2
)
= i
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Probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS COUpIe PDFs to:
| Collins FF: H1"

nucleon pol.

> ordinary FF: Djl_’h
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Probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS COUpIe PDFs to:
CO”inS FF: HlJ—,Q—>h

nucleon pol.

> ordinary FF: Djl_m
gives rise to characteristic azimuthal dependences
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1-Hadron production (ep—>ehX)

1 1
do = dopry + cos2¢ dojry; + — cos ¢ dogry + Ae— sin ¢ dos ¢

Q Q

1
+5T {Sin2¢da4UL+ésingbd0(‘:}L—|—)\e [ ]}

+ST {sin(qb — ¢g) dogr +sin(¢ + ¢s) dojrp + sin(3¢ — ¢s) dogry
1
Ox +— (sin(2¢ — ¢s) dopir + sin¢s dojir)
AN Q
Beam _Tar_get 1
Polarization +Ae [COS( — ¢s) dai‘?p + — (Cos Og daﬁr + cos(2¢ — ¢g) daf})} }

Q

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron production (ep—>ehX)

1 1
do = dopy +lcos2¢ dairy b g o8 ¢ doprr + Aeé sin ¢ dos ¢
1
+S7 {[SiﬂZgde?]L—l—asingbdagL—l—)\e [ ]}

+ST {Ein(qb — ¢5s) da?fﬂj"‘ sin(¢ + ¢s) dUzngj +[Sin(3¢ — ¢s) dallfofa
1
)0}(& +é (sin(2¢ — ¢g) dcf(lle sin ¢ g dallfT)
Beam _Tar_get 1
Polarization +Ae [[COS( — ¢g) dopi+ — (Cos ¢s dotr + cos(2¢ — ¢g) daf})} }

Q

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron production (ep—>ehX)

1 1
do — + 0326 dabult- - cos 6 dofy + he ; sind oy

1S, {[Sin 26 do 1 |+ % sin ¢ dody; + A D } }

+ST {Ein(qb — ¢5s) da?fﬂj"‘ sin(¢ + ¢s) dUzngj +[Sin(3¢ — ¢s) dallfofa
1
)0}(& +é (sin(2¢ — ¢g) dcf(lle sin ¢ g dallfT)
Beam _Tar_get 1
Polarization +Ae [[COS( — ¢g) dopi+ — (Cos ¢s dotr + cos(2¢ — ¢g) daf})} }

Q

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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|« Transversely polarized quarks?

giL hiLL

H |5 G

fis | g1 | hay him
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U L T

giL hf_L

H |5 G

fis | g1 | hay him

@ transverse polarization of
quarks leads to large effects!

gunar.schnell @ desy.de

24

T
uT

2 (sin(¢ + ¢g))

0.2

0.1

-0.1

-0.1

-0.2

|« Transversely polarized quarks?

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

III|IIII|III+ | 1| III|IIII|IIII|IIII|IIII
01 02 03 03 04 0.5 0.6 0.7
X Y4

2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity
Non-zero Collins function
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U L T o
s |« Transversely polarized quarks?
L 91L hiz
T | fiv | oir | hay Py
@ transverse pOlClr'iZC(Tion Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

quarks leads to large effectsl % **[ i

+ 01 —
L = b * L .

@ opposite in sign for charged 5 ot B

. 01 v v v b b b b b
plons 0*.---552 _____________________ ISR

-0.1—4I+ + - = +
-o.2—mlm | +|—| -

01 02 03 03 04 05 0.6 0.7
X Y4

2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity
Non-zero Collins function
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U L T o
s |« Transversely polarized quarks?
L 91L hiz
T | fiv | oir | hay Py
@ transverse pOlClr'iZC(Tion Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

quarks leads to large effectsl % **[ i

+ 01 —
L = b * L .

@ opposite in sign for charged 5 ot B

0 01 =+ el bbb b b e
plons 0*.---55: _____________________

: [
@ disfavored Collins FF large o1ty R ;
. . 4 -0.2 - -
and opposite in sign to T
favor.ed One 0.1 0.2 0.3 0.3 0.4 05 0.6 0.7

X Y4

2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity
Non-zero Collins function
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U L T

|« Transversely polarized quarks?

U
L girL hf_L
T | fir | oir | hay hi7 .08 [Airapetian et al., PLB 693 (2010) 11]
B2 B +E E
r 1o S S
@ transverse polarization of %:0:02; tf | SRR AT
N - 3 TR ' B Th 4
quarks leads to large effects! &  of#-t+5---0- R 2 A
N-O.OZﬁI_II; — T
@ opposite in sign for charged 0.05¢ 1“0? | 3
. SRR I SN A S S
pions °;++f++* +|+{%||++ J.
005F | ! i |
- R
@ disfavored Collins FF large 011 i
and opposite in sign to el g
favored one 0020 4Ty b Ty
-0.04 - | +— toe
-0.06 |- o -
------- &—)-------- -0.08:_. )| . .. :_. T T _.T_.‘_.‘_“T: -
10'1 04 0.6 0.5 1
X z P, [GeV]
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U L T o 7
v+ |« VTransversely polarized quarks
L 91L hip
T | fir | oir | hay hi7 - 0.08 [Airapetian et al., PLB 693 (2010) 11]

. $ 0.0a- T L LF
@ fransverse polarization of £ o002k AN R Y |
= WL Ty 1] ST

quarks leads to large effects! R.m/ ok T - I

-O'OZﬁl_. I'_ - - ."....
@ opposite in sign for charged 0.05¢ l“°§ +
pions °“*T"+'Tf+'+'*""]'"T';"+"{"'+|"|"+"+""I'
005 f} AN
@ disfavored Collins FF large 011 i s T
and opposite in sign to T i T §_I----+ -----------
favored one 0020 4 4T F gt l?T++ b
-0.04:— ~ | | C ! T
-0.06 - bk -
------- @_) -0.08:_ | L | | _|_|_|_|_||_' |
101 | III0.4III0.6I 051
X z P, [GeV]

- _
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A@* - @, Sivers effect

naively T-odd distributions
"Wilson-line physics”

Boer-Mulders effect @ — @



o= = 0=l e Sivers function
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o= =0 el e

@ correlates transverse momentum
of quarks with transverse spin of
proton

@ candidate for large (30-50%)
asymmetries in p'p->hX

gunar.schnell @ desy.de 26

Sivers function
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o= =0 el e

@ correlates transverse momentum
of quarks with transverse spin of
proton

@ candidate for large (30-50%)
asymmetries in p'p->hX

gunar.schnell @ desy.de

26

2 <Sin(¢'¢s)>UT 2 <Sin(¢'¢s)>UT

2 <Sin(¢'¢s)>UT

o
o o
;] Y

o

o
-

o

_O 1
o ©
A =

-0.05

Sivers function

o

SETINRTL ]
] + g ! [+ L -
o I I T 2
- : :
4 * - +:_ + §
__+__+__+_f_+_+_____+ +__+__f__+_-+---~+___+_+__+___+__--+- z
ﬁﬁ—.u_'_— ........
__+__+__+_f_*_f_;__+ L+_-+ +-Jt-jr-_+_fi+..+.-+-__f_
10 X - 0'62 P:f[Ge\;]
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o= =0 el e

correlates transverse momentum
of quarks with transverse spin of
proton

candidate for large (30-50%)
asymmetries in p'p->hX

HERMES: u-quark and d-quark
Sivers have opposite signs

0@ |_. Pappalardo (SI—VI)

[courtesy of A. Bacchetta] -

gunar.schnell @ desy.de
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-0.05

ky (GeV)
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o

Sivers functio

o

05
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:J'li +:
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— !
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- -05
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[PRL 103 (2009) 152002]
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o= =0 el e

@ correlates transverse momentum
of quarks with transverse spin of
proton

@ candidate for large (30-50%)
asymmetries in p'p->hX

@ HERMES: u-quark and d-quark
Sivers have opposite signs

@ (naive) T-odd structure:
Sne(pi X PN) -- requires ISI/FSI

[courtesy of A. Bacchetta] -

gunar.schnell @ desy.de
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2 <Sin(¢'¢s)>UT 2 <Sin(¢'¢s)>UT
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©
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Sivers function
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o= =0 el e

Sivers function

o
-

. _Tﬂ ++++E_ +++E_ TR
® correlates transverse momentum = %%Fy THTTE Gt | 0
of quarks with transverse spin of &  of-r e —+£§
proton N R +i%
;‘;, 0.1 __TC B - 9
@ candidate for large (30-50%) % 0__*____+_“_J{_U_+__+__f__+__+____+_ﬁ_+__+___+____+_ §
asymmetries in p'p->hX e | B
o L e
® HERMES: u-quark and d-quark QE 0.05 -7 2 :
Sivers have opposite signs L T
s o
@ (naive) T-odd structure: N oosh g
Sne(pr X Pn) -- requires ISI/FST Tt o4

1.0/ 1.0},

@ |eads to peculiar calculable
universality breaking (DIS vs.
Drell-Yan)

05 0.5

0.0

ky (GeV)
ky (GeV)

ool -
-

-0.5 -0.5

—

.0} . ' : : : : -1.0 ==
-1.0 -0.5 0.0 0.5 1.0 -1.0
k. (GeV) ky (GeV)
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Process dependence

simple QED 4
example . ______ On

DIS: aT’rmc’rive] Drell-Yan: repulsive

RSN —
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Process dependence

simple QED |
example A ______ On

add color:
QCD

result: Sivers|prs = - SiversIDyl
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Process dependence

y*
simple QED
example

+ . Y -

'y Y
/ :
: ¢ :
| N | ---15 ------ [ | [ | --13 -------

: e :

— f :
- ’ L |

~

DIS: attrac*’

add color:
QCD

gunar.schnell @ desy.de

result: Sivers|prs = - SiverS|D\/I

27
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Unpolarized Drell-Yan

o))

200

3

A5

2

1+ 2. cos” 0 + psin 26 cos ¢ + L sin? Hcos2¢}

zy_( 1"’%) lepton plane (cm)
N 1—A—2v=20
=T e oo el T A Large deviations from Lam-Tung
0.00 150 300 relation observed in DY
pr (Gev/c)

[NA1O ('86/°'88) & E615 ('89)]
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Unpolarized Drell-Yan

o)

3

A5

1+ 2. cos” 0 + psin 26 cos ¢ +%sin2 Hcos2¢}

2.00
zy_( 1"’%) lepton plane (cm)
N 1—A—2v=20
=T e oo el T A Large deviations from Lam-Tung
0.00 150 300 relation observed in DY
pr (Gev/c)

[NA1O ('86/°'88) & E615 ('89)]

@ failure of collinear pQCD
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Unpolarized Drell-Yan

3

A5

2

5 )(3a)-
200
20—(1-))

1+ 2. cos” 0 + psin 26 cos ¢ + L sin? Hcos2¢}

lepton plane (cm)

0.00 »1—)\—2V:Oﬂ

Large deviations from Lam-Tung

relation observed in DY
[NA1O ('86/'88) & E615 ('89)]

@ failure of collinear pQCD

@ possible source: Boer-Mulders effect
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Boer-Mulders effect

Sivers effect:

1L _ _ Boer-Mulders effect:
JiT =

Sq*(p. X Pn)
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Boer-Mulders effect

Sivers effect:

1 _ 3 Boer-Mulders effect:
fir =

Sq*(p. X Pn)

@ spin-effect in unpolarized reactions
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Boer-Mulders effect

Sivers effect:

1 3 Boer-Mulders effect:
fir =

Sq*(p. X Pn)
@ spin-effect in unpolarized reactions

@ "QCD Sokolov-Ternov effect” - transverse polarization of
“orbiting" quarks
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Boer-Mulders effect

Sivers effect:

1 3 Boer-Mulders effect:
fir =

Sq*(p. X Pn)
@ spin-effect in unpolarized reactions

@ "QCD Sokolov-Ternov effect” - transverse polarization of
“orbiting" quarks

@ QCD: sign change for DIS vs. Drell-Yan
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Boer-Mulders effect

Sivers effect:

1 3 Boer-Mulders effect:
fir =

Sq*(p. X Pn)
@ spin-effect in unpolarized reactions

@ "QCD Sokolov-Ternov effect” - transverse polarization of
“orbiting" quarks

@ QCD: sign change for DIS vs. Drell-Yan
@ up to now little data from DIS

= HERMES with most comprehensive data set
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Cross section without polarization

o (142 (Fyur +¢F
dedydzdendP2, "oy ) VUUT T UL

+\/2€ 1 — ¢) UU¢]COS¢}L—I—€ COSZ% cos 2¢p, }

target
polarization 2Mx
V= 0
Fxyz =Fxvz(x,y,2, Pn1)
1—y— 7%y
_beam  virtual-photon €= 1. 9, 1.2 9
polarization polarization l—y+35y*+ 377y

[see, e.g., Bacchetta et al,,
JHEP 0702 (2007) 093]
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Cross section without polarization

d°o
drdydzdondP? |

2
X (1 | ;$> {Four + €Fuu.L

+/2e(1 — ) ES% %M cos ¢y, + €F95 2" cos 20, )

BOER-MULDERS

o EFFECT
- . 2Mx
2By k)P P~k BT V=
— hiH. CAHN EFFECT @
MMh 1 11—y — i,y2y2
Interaction dependent - 1—y+ ly2 + 12y
}3 _ —~ - “|terms neglected ¢ 4
Ly Pr X hl 1 _ Phi 'kT X lel _|__(a [see, e.g., Bacchetta et al,,

Mh M 1 JHEP 0702 (2007) 093]

(Implicit sum over quark flavours)
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U L T

R Signs of Boer-Mulders

L giL hf_L
fir | giv | P1, hip
Ai ' l. iv:1204.4161
— All contributions _ [Airapetian et al., arXiv 61]
- I ] I HERME liminary ]
........ Boer-Mulders ;\\z 005 ;£+ ) ep—enX I : ;o1 S preliminary
...... Cahn (twist 4) ol [ . ; . I
T HERMES 8 : I - $ :
2 R 8 oot . CBPE R
V -0.05- L '0-05__ '-' -- -- § _
‘ . . : : ' ' - (SN e — 1 - s B Ssece: |
s | = 10" 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
§ X z P [GeV]
v -0.05}

| I I | | I
0 01 02 03 04 0.4 0.6 0.8

X z
[V. Barone et al., Phys. Rev.D78 (2008) 045022]

@ Cahn effect only does not describe data
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AR | B |d
" -
o Signs of Boer-Mulders
L giL hf_L
f 1LT gir | ha, hf_T
i i : iv:1204.4161
All contributions i _ [Airapetian et al., arXiv:1204.4161]
........ Boer-Mulders ;\\: : ;&Jr tep—enX 1 : ;o1 HERMES preliminary
. o= 0.05¢ 1 3 1 $ 3 I
...... Cahn (twist 4) & . P, . g
T HERMES 8 : I - $ :
A 0.5 T e o 0 £ I ﬁ ﬁ =
A T ~ Q = =) 0 g
o | rrresessas A 1 1 }
V ool f -0.05[ T T T '
< T—— 10 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
g T ] X 2 P, [GeV]
v -0.05F

| I I | | I I
0 01 02 03 04 0.4 0.6 0.8

X z
[V. Barone et al., Phys. Rev.D78 (2008) 045022]

@ Cahn effect only does not describe data

@ opposite sign for charged pions with larger
maghitude for m" (as expected)

-> same-sigh BM-function for valence quarks
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AR | B |d
1 -
o Signs of Boer-Mulders
L giL hiLL
fiv | o1 | ha, hir
' ' . iv:1 4161
Al conteibutions _ ] [Airapetian et al., arXiv:1204.4161]
........ Boer-Mulders ;“\2005:—';'%’ _;;_epeenx : ; ! HERMES preliminary |
...... Cahn (twist 4) S : : : I
. @ [
| | HERMES o ol I n 5 $ $
g_ e \c,/ i 5 - - ﬁ . 5 ﬁ ? o U
Q | e . { ] ] .
V oo f -0.05[ T T T 3
< T—— 10 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
g " x y 2 P, [GeV]
v -0.05-

| I I | | I I
0 01 02 03 04 0.4 0.6 0.8

X z
[V. Barone et al., Phys. Rev.D78 (2008) 045022]

@ Cahn effect only does not describe data

@ opposite sign for charged pions with larger
maghitude for m" (as expected)

-> same-sigh BM-function for valence quarks

& F. Giordano (51V)
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U L T
J1 hi-
giL hf_L

i | gir | h1, hip

-

—— All contributions

=
=
-------- Boer-Mulders = i
. o 0.05
...... Cahn (twist 4) N !
» '
Tt HERMES o [
-g- 0.05 I \c,/ 0-
& | e et I
7)) 0 T\ Pt N
8 """""""""""""""
V .0.05} 3 -005
P
A 008 LT T
= — | T
N LT o P R
w 0 =
o]
3]
VvV -0.050

| I I | | I I
0 01 02 03 04 0.4 0.6 0.8

X z
[V. Barone et al., Phys. Rev.D78 (2008) 045022]

@ Cahn effect only does not describe data

@ opposite sign for charged pions with larger
maghitude for m" (as expected)

Signs of Boer-Mulders

[Airapetian et al., arXivi1204.4161]

o tep—enX 1 o HERMES preliminary |
[ Om* 1 I 3 5 [ '
) 1 ) I
) & I I
I £ 0 3 I - : : .
1 0
R I LA
a I

[ y T T -
10" 04 06 08 04 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV]

T T T T ===
« 1 7 ///'_,\\\\ «

o A/ ///'_,\ <

, /) / //_,\\\\ : .

L 4! f / /o~ - < \\‘ \ .

SEERREERN R

T R T U SN Y vyl D

N \\\\«/ /o j o

, > X \\\\4_/555 y I

v N \\\\4_/// Ly s
-> same-sign BM-function for valence quarks . ..~ ..
, R Pl

b F. Giordano (SI;V) |

[M. Burkardt and B. Hannfious, PLB658 (2008) 130]
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BOER-MULDERS CAHN EFFECT 7
- EFFECT ‘Aemﬁon S e ( :a h n ef f e C 'l' .

—~ — 5 terms neglected
I Pt Bk ep oy
X nr, — it

[Airapetian et al., arXiv:1204.4161]

"_epeenx I 1 HERMES preliminary ]
* ;
® [ [ ] ) I
Q
3 E 0 3 P |
0 0 O g
0 0
0.6 0.8 0.4 0.6 0.2 04 0.6 0.8 1
y Z PhL [GeV]

@ no dependence on hadron charge expected for Cahn effect
= flavor dependence of transverse momentum

= sigh of Boer-Mulders in cos¢ modulation
(indeed, overall pattern resembles B-M modulations)

= additional "genuine” twist-3?
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BOER-MULDERS CAHN EFFECT 7
- EFFECT ‘Aemﬁon S e ( :a h n ef f e C 'l' .

—~ — 5 terms neglected
I Pt Bk ep oy
X nr, — it

[Airapetian et al., arXiv:1204.4161]

"_epeenx I 1 HERMES preliminary ]
3 I f
® [ T [ ] ) I
D 1
3 § ° 3 i ¥ o
B 0 T g
= i u
0.6 0.8 0.4 0.6 0.2 04 0.6 0.8 1
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@ no dependence on hadron charge expected for Cahn effect
= flavor dependence of transverse momentum

= sigh of Boer-Mulders in cos¢ modulation
(indeed, overall pattern resembles B-M modulations)

= additional "genuine” twist-3?
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i i "S‘l'r'ange" r'CSU“'S

U
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T | fi5 | 917 | b1, hip [Airapetian et al., arXiv:1204.4161]
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U| fi hi
L giL hf_L
T | fi5 | 917 | b1, hip

2(cos(y ),

intriguing behavior
for kaons

gunar.schnell @ desy.de

"strange” results

[Airapetian et al., arXiv:1204.4161]
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i i "S‘l'r'ange" r'CSU“'S

giL hf_L

H |G

fir | o | ha, hip [Airapetian et _al., ar'Xiv:1204.4161]
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Hadron multiplicities in DIS

d°o
drdydzdondP? |

2
X (1 | ;x> {Fvur + €Fuu.L

+/2e(1 — €)F555 %" cos ¢, + €F595 27" cos 20 )
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Hadron multiplicities in DIS

hadron multiplicity:

normalize to inclusive DIS
cross section

L 1 Lk (Fyur + €F
o |1+ .

+/2e(1 — €)F555 %" cos ¢, + €F595 27" cos 20 )
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Hadron multiplicities in DIS

hadron multiplicity:
normalize to inclusive DIS

cross section y d*M"(z,y, 2, P?)) N (1 N 72) Fuour +€eFuu.r
. — g drdydzdP? 22 Fr + €l
2 _incl.DIS Y hl T L
d — m
/ Y,k fi(w,ph) ® DT (2, K7)
* >3 fi(z)
d° o v?
x | 14 Four +€Fuur
drdydzdondP? | 27 tFuv, ’

+/2e(1 — €)F555 %" cos ¢, + €F595 27" cos 20 )
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Multiplicities @ HERMES

@ extensive data set on pure
proton and deuteron targets
for identified charged mesons

T T T T T T T T T ]
ERMES PRELIMINARY T -

Multiplicity

@ extracted in a multi- |

. . . - T t
dimensional unfolding : I * CTEQBL+DSS
- T CTEQ6L +Kretzer
pr‘ocedur'e - T ----HERMES LundMC

@ fair agreement between DSS
and positive mesons

@ poor description of negative
mesons

10°¢ E3 E
® p/d differences due to flavor BT | (L T AR TP ATEras
dependence of fragmentation
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Multiplicities @ HERMES
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Multiplicities @ HERMES

multi-dimensional analysis allows exploration of new kinematic dependences
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Multiplicities @ HERMES

multi-dimensional analysis allows exploration of new kinematic dependences
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Exclusive reactions



Another 3D picture of the nucleon
X7 \
WA
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bx[fm]

Form factors:
transverse distribution
of partons
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Another 3D picture of the nucleon
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Form factors:
transverse distribution
of partons
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Parton distributions:
longitudinal momentum
of partons
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Another 3D picture of the nucleon
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Probing 6PDs in Exclusive Reactions

x: average longitudinal momentum fraction of active quark
(usually not observed & x # xz)

£: half the longitudinal momentum change % xg/(2-xg)
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Probing 6PDs in Exclusive Reactions

gunar.schnell @ desy.de

39

X+E - X-§

4 N\

P —_— P
i
no quark quark
helicity flip | helicity flip
no nucleon Y
helicity flip H H
nucleon —
helicity flip E S

(+ 4 more chiral-odd functions)
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Probing 6PDs in Exclusive Reactions

/dxHq(X,E, t) = F{(t)
/deq(X,E, t) = FJ(t)

gunar.schnell @ desy.de

X+E - X-§

4 N\

P —_— P
i
no quark quark
helicity flip | helicity flip
no nucleon 1
helicity flip H H
nucleon —
helicity flip E S

(+ 4 more chiral-odd functions)
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Probing 6PDs in Exclusive Reactions

e *
Y
X+E - X-g
P —_— P’
i
no quark quark
helicity flip | helicity flip
l ‘ no nucleon Y
helicity flip H H
/dXHq(X'E' t) = F(1) Hi(x,£=0,t=0) = q(x) nucleon = E
helicity flip

/deq(x,g, t) = F5(t) ﬁ"(x,g =0,t=0) = Aqg(x)
(+ 4 more chiral-odd functions)
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Probing 6PDs in Exclusive Reactions

/

o —

Ji relation (1996)

1t
5 lim [ dxx (Mo, €. 0) + Eql,,0)

| =»Moment of GPD H and E relate directly
to the total angular momentum of quarks |

4

¢

/dxHq(X,ﬁ, t) = F{(t) /_/Q(X’g — 0. t= O) _ q(x)
/deq(x,g, 0 = F9() H(x,€=0,t=0) = Ag(x)
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no quark quark
helicity flip | helicity flip
no nucleon Y
helicity flip H H
nucleon —
helicity flip E S

(+ 4 more chiral-odd functions)
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Real-photon production
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Real-photon production

DVCS o Bethe-Heitler

e e e e’
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Real-photon production

DVCS o Bethe-Heitler

d*o Y2
>
dQ2 dxg dtdd 122m) \/1 e

(IToves|® + | Tenl* + Z)
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Azimuthal dependences in DVCS/BH

» beam polarization Pg -
* beam charge Cg
* here: unpolarized target

Fourier expansion for ¢:

calculable in QED
(using FF measurements)
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.........

» beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for b

2 KBH BH
TeH|” = 731(<b)772(<b) Z ¢ cos(ng)

Toves|? = Kovcs Z cy "> cos(ng) + P ZSDVCS 5'”(”@
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Azimuthal dependences in DVCS/BH

* beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for b

KBH
PL@IP:) Z " cos(n9)

Ten|® =

Toves|? = Kovcs Z cy "> cos(ng) + P ZSDVCS 5'”(”05)

CBKI

L= 5P ; e cos(ng) + P ,;S% Sm(”d))_
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Azimuthal dependences in DVCS/BH

» beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for ¢:

KBH

> BH
TeH|” = 731(<b)772(<b) nz::o ¢ cos(ng)

Toves|® = Koves Z cy ' > cos(ng) + Ps
- n=0 |

CeK1
P1(¢)P2(9)

bilinear (* DVCS") orlmear in GPDs
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Exclusivity: missing-mass technique

%W

ermes
Zcé) 0.3 e e"data
E o e data
8 —— MC sum
2 ----- elastic BH
0.2 associated BH
--------- semi-inclusive
0.1
0
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Exclusivity: missing-mass technique

%W
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0.2— associated BH

by e semi-inclusive
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Exclusivity: missing-mass technique
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Exclusivity: missing-mass technique
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A wealth of azimuthal amplitudes

HERMES DVCS © Hydrogen
A Deuterium
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Beam-charge asymmetry:
GPD H

Beam-helicity asymmetry:
GPD H

PRD 75 (2007) 011103
NPB 829 (2010) 1
THEP 11 (2009) 083
PRC 81 (2010) 035202

PRL 87 (2001) 182001
THEP 07 (2012) 032

Transverse target spin asymmetries:

GPD E from proton target

JHEP 06 (2008) 066
PLB 704 (2011) 15

Longitudinal target spin asymmetry:

GPD H THEP 06 (2010) 019
Double-spin asymmetry: NPB 842 (2011) 265
GPD H
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A wealth of azimuthal amplitudes

® Hydrogen
A Deuterium

HERMES DVCS
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Beam-helicity asymmetry:
GPD H

Transverse target spin asymmetries:

GPD E from proton target

JHEP 06 (2008) 066
PLB 704 (2011) 15

Longitudinal target spin asymmetry:

GPD H THEP 06 (2010) 019

Double-spin asymmetry: NPB 842 (2011) 265
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A wealth of azimuthal amplitudes

® Hydrogen
A Deuterium

HERMES DVCS
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[Airapetian et al., THEP 07 (2012) 032; arXiv:1203.6287]
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Beam-charge asymmetry

constant term:
COS @

X RG[F1H]

[higher twist]

| [gluon leading twist]

Resonant fraction:

‘ep — eA+7|
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A wealth of azimuthal amplitudes

HERMES DVCS © Hydrogen
A Deuterium
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Transverse target spin asymmetries:

GPD E from proton target
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Longitudinal target spin asymmetry:
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Beam-spin asymmetry

[AIF‘GPCTIGH et al., JHEP 07 (2012) 032; arXiv:1203.6287]
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[higher twist]

Resonant fraction:

‘ep — eA+fy|
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[Alr'ape’rlan et al., JHEP 07 (2012) 032; arXiv:1203.6287]
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Resonant fraction:
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HERMES detector (2006/07)

detection of —

recoiling proton
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HERMES detector (2006/07)

kinematic fitting

"9

&

Z 0.15F

Z
< L i er unresolved

o

8 ---------------- unresolved-reference

0.1 F E--: B pure
0.05F: " i T,
O v.r. ] 1
0 5 10 15
M2 [GeV?]

— All particles in final state detected — 4 constraints from energy-momentum conservation
— Selection of pure BH/DVCS (ep—ep v ) with high efficiency (~83%)

— Allows to suppress background from associated and semi-inclusive processes to a negligible
level (<0.2%)
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sing
LU

A

process fractions

DVCS with recoil detector
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Associated DVCS with recoil detector

study background process for traditional analyses
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- asymmetry amplitudes consistent with zero

- consistent with pure DVCS results (e.g., dilution in traditional analysis)
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Conclusions



If you want to understand
the proton, look at it from

various perspectives! [Givps | — -

kT = xPT

[.

-x’kﬁ:mP*‘

e.g. SIDIS

i
i

— kT = PT

—>— =0

——  [dz

[Charges] . %,

e.g. weak decays [Cédric Lorcé]
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first observation of non-zero <sings>ut amplitudes

first evidence for worm-gear “trans-helicity” in ALt on proton target

spin transfer for lambdas and anti-lambdas m DIS
- S. Belos’ro’rskl (53 II)

transverse single-spin asymmetries in inclusive hadron leptoproduction
spin-density matrix elements for exclusive phi and rho production
helicity-amplitude ratios for exclusive rho production

longitudinal- and transverse-spin asymme’rmes in DVCS |
L M Mur'r'ay (53 II)

nuclear DVCS |
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