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semi-inclusive DIS

parton  fragmentation

factorization: _
distributions functions
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probing TMDs in semi-inclusive DIS

quark pol.
U in SIDIS*) couple PDFs to:
3| U .
& | 0 Collins FF:  Hi-* ™"
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*) semi-inclusive DIS with unpolarized final state
G. Schnell 3 INT 17-3 week 4




probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS*) couple PDFs to:
_ Collins FF: Hba

nucleon pol.

“?ordinary FF: Diﬁh

*) semi-inclusive DIS with unpolarized final state
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probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS*) couple PDFs to:
CO”inS FF: HlJ—,Q—>h

nucleon pol.

> ordinary FF: Diﬁh

gives rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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one-hadron production (ep—>ehX)
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one-hadron production (ep—>ehX)
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HERMES experiment @ DESY

@ 27.6 GeV HERA e*/e beam
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HERMES experiment @ DESY

@ pure gas targets
@ internal to lepton ring

@ unpolarized (*H ... Xe)
@ long. polarized: 'H, 2H, 3He

transversely polarized: H
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HERMES schematically
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® pure gas targets internal to |
HERA 27.6 GeV lepton ring Particle ID detectors allow for

. : - lepton/hadron separation
¢ unpolarlzefi (H 1 Xze) ! - RICH: pion/kaon/proton
long. polarized: "H, “H, “He discrimination 2GeV<p<15GeV
@ tfransversely polarized: 'H
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hadron multiplicities in DIS

d50_ ( /72 >

o | 1+ {Fvur + efuur

2
drdydzdondPy | 2x
2
+ /2¢(1 S¢h cos op, + €Frrp; 1 cos 20}
pol];ar'ri'gg:ion 2M x
/7/ p—
Fxyz=Fxvyz(x,y,2,Pn1) Q@
_beam virtual-photon [see, e.g., Bacchetta et al., ¢ = Lo 47 Y

polarization polarization JHEP 0702 (2007) 093] 1 —y+ 2y + 47 y?

G. Schnell 8 INT 17-3 week 4



hadron multiplicities in DIS

hadron multiplicity:
normalize to inclusive DIS
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multiplicities @ HERMES

[Airapetian et al., PRD 87 (2013) 074029]

@ extensive data set on pure
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G. Schnell

© a N W

© ama b W

Q? [GeV?]

10

|

IITI

INT 17-3 week 4



"3
> 3 : d‘
o 2
o
S 0
=
<
Q
S,
3 &
21 : N
1 _i
0 ) —f
t
Q?[GeV?]

@ even though having similar average kinematics, multiplicities
in the two projections are different
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@ the average along the valley will
be smaller than the average
along the gradient

@ still the average kinematics can
be the same

take-away message: integrate your cross sections over
the kinematic ranges dictated by the experiment (and
do not simply evaluate it at the average kinematics)
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infegrating vs. using average kinematics

[R. Sassot, private communication]
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infegrating vs. using average kinematics

@ (by now old)
DSSO07 FF fit to
z-Q°¢ projection

® z-x "prediction”
reasonable well
when using
integration over
phase-space limits
(red lines)
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[R. Sassot, private communication]
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infegrating vs. using average kinematics

@ (by now old)
DSSO07 FF fit to
z-Q°¢ projection

z-x "prediction”
reasonable well
when using
integration over
phase-space limits
(red lines)

@ significant changes
when using
average
kinematics
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R Transverse momentum
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giL hf_L

i Loe [t dependence

® multi-dimensional analysis allows going beyond collinear factorization

@ flavor information on transverse momenta via target variation and hadron ID
[Airapetian et al., PRD 87 (2013) 074029]

2 ,[02<2<03 e "?0.62—0-2<<0-3| KT K -
O - e @ + . O - T
—_— . . ® v ¢ g — 04 = ® - .
g‘ 2 9 T ¢ 7 2'02:_ T . g _ -
- ] [ ] - r @ e " :i o |
o ) o Il .. [ ) 1 o A ®___
g 0.3<z<04 0.4 - 0.3<z2<0.4 T h
20 404 T _ ; - 8.
® ) ¢ @ T ]
1—! ® ° . T [~ ¢ - - 0-2:M I .
3] l___:_ ________________________ . ______ [ - 0__ ___________________________ o o _ 1 e i
- e
1:—0.4<z<0.6l | —+ yF . 02E_O.4<z<0.6 I E
L 0e, } I TTE e®®e
05 ¢ ® T ¢ 99 - 0.1F @ T -
_ ~ ™ ™ E ] SR _
__________________________________._______._ _______________________________ o 0_____________________________________Il_ _____________________ _____ W
C | e —
04F06<z<08 T ‘e proton | 01(06<2z<08 I o proton
I o ® il . i O deuteron | ; o e . 1 O deuteron |
0.2r o ° T 9994 1  0.05F aﬁ ° I ]
i 1 . ] I @ — -
()_.!I__E _______________________________ _ 0_!! _______________________________ R .DE _____ @
| 0.|5 IIII 1 “IIII 0.5 . 1 49 0.|5 - 1 IIII 0.5 IIII 1

6. Schnell P, [GeV] 13 iNT PialGeVl



AR helicity distribution

-

giL hfL

® extensive data set on collinear extraction of helicity PDF

1 1
17 | 91T hlath

published in PRD 71 (2005) 012003

® here: (not so significant) transverse momentum dependence
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chiral-odd distributions



|« transversely polarized quarks?

giL hiLL

H |5 G

fis | g1 | hay him

@ look at characteristic azimuthal dependence of
single-hadron lepto-production cross section

@ many of the systematics of polarization-
averaged observables cancel in spin asymmety
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U L T o
.+ |« transversely polarized quarks?
L 91L hip
T | fiv | oir | hay Py
@ transverse POIGI"iZGTiOﬂ Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

quarks leads to large effectsl % **[ i

+ 01 —
L g Lt * Ly .

@ opposite in sign for charged § ot e B

. 01 v v v b b b b b
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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?
L 91L hiz
T | fiv | oir | hay Py
@ transverse pOIClr'iZGTiOH Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]
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@ disfavored Collins FF large a1t R ;
. . . 0.2 - B
and opposite in sign to R T A
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2005: First evidence from HERMES
SIDIS on proton

favored one

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

|« transversely polarized quarks?

U
L giL hf_L
T | fir | oir | hay hi7 .08 [Airapetian et al., PLB 693 (2010) 11]
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- Collins effect for kaons

and (anti) protons

[Airapetian et al., PLB 693 (2010) 11]
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@ positive Collins SSA amplitude for positive kaons
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Collins effect for kaons

U L T
fi hi
giL hiLL
T | fix | 17 | ha, hir
[Airapetian et al., PLB 693 (2010) 11]
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@ positive Collins SSA amplitude for positive kaons
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@ consistent with zero for negative kaons and (anti)protons

= vanishing sea-quark ’rransversﬂry and baryon Collins effect?
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Tl Transversity through
70 Lo 2-hadron fragmentation

Agr ~ sin(¢r | + ¢g)sinOhi H{®

Jaffe et al. [hep-ph/9709322]:
‘T " H3%P (2, M2.) = sind sin 61 sin(dg — 61) H P ()

| w / oo (61) — S(P)-wave phase shifts

= P(MZ)H™ (2)

AR, ‘:> Ay might depend strongly on M”I
m(GeV)
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fi
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gir

T | iy

giT

Transversity through
2-hadron fragmentation

Agr ~ sin(¢r | + ¢g)sinOhi H{®

@ not only strong invariant-mass dependence, experimental challenges

also because of

@ transverse-momentum dependence

@ theta dependence

@ 9 vs. 6 (for single hadrons) dependences, too many to analyze
simultaneously (at least with presently available data)

G. Schnell
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U L T
Ul fi hi
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ir | i | hay hiz

Transversity through
2-hadron fragmentation

[A. Airapetian et al., THEP 06 (2008) 017]
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: A 0.45} A & ]
0.06 | R 04l A 06 <" 4 {006
I A 1 F< ]
“““““ e et e | — | —— | .
02 04 06 08 1 0.05 0.1 0.15 0.2 0.4 0.6 0.8
M__[GeV] X z

@ systematics include

@ incomplete integration over transverse momentum (negligible)

@ contribution from higher partial waves in (unpolarized) denominator

@ integration over other variables, e.g., A(<kin.>) z <A(kin.)>

G. Schnell
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U L T

T Transversity through

-

giL hiLL

i Lo i 2-hadron fragmentation

[A. Airapetian et al., THEP 06 (2008) 017]

@ HERMES, COMPASS: COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
. COMPASS 2010: [C. Braun et al., Nuovo Cimento € 035 (2012) 02]
for comparison scaled COMPASS 2007/2010 proton data

e x>0.032&M; <1.5GeV/c? [~

x <0.032
¢ HERMES data mult. by —Dnn

Bacchetta, Radici —

HERMES data by

Ma et al.: SU6
- = = Maetal.: pQCD

changed sign

@ 2H results consistent with
Zero
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A Transversity through
70 Lo TS 2-hadron fragmentation

[A. Airapetian et al., THEP 06 (2008) 017]
COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]

® HERMES, COMPASS:

for comparison scaled

HERMES

data by

Com

[PASS 2007/2010 proton data

® x>0.032&M] <1.5GeV/c?

x <0.032
¢ HERMES data mult. by —DIln

Bacchetta, Radici

Ma et al.: SU6
- = = Maetal.: pQCD

. ~ 0
changed sign
—0.05
@ °H results consistent with .
Zero ~0.155,,,] . - | = | |
- [A. Vdbsen et al. PRL 107 (2011) 072004] 10~ 10” 0 b ook
M- g™ p— e B Z M " (GeV/c?)
e SE— S ® data from e'e by BELLE
b i o

G. Schnell
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U L T
fi hi
L 91L hiz
fir | oir | ha, hir

® HERMES, COMPASS:
for comparison scaled

HERMES data by A
depolarization factor and : £ v
changed sign -

@ °H results consistent with
zero

x hi* (- x h{*(x)/4

Transversity through

2-hadron fragmentation

[A. Airapetian et al., THEP 06 (2008) 017]
COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]

COMPASS 2007/2010 proton data

—0.1

x <0.032
¢ HERMES data mult. by —D

— I Bacchetta, Radici

Ma et al.: SU6
- = = Maetal.: pQCD

- @ x>0.032&M] <1.5GeV/c? [~

W
0.25- { -
o 1

. l ............. PRL, 107 (2011) 012001 -

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035‘

X
G. Schnell

1I5
z MT™ (GeV/c?)

mv

® data from e‘e” by BELLE allow

P~ T

first (collinear) extraction
of transversity (compared
to Anselmino et al.)

upda’red analysis exists, not part of this talk
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Transversity's friends



U | L T .
v Pretzelosity?
L girL hf_L
f1LT gir | ha th
/5 ot i HERMES{PRELIMINARY
;?_,, 0-04:_ - 7.3% scale_uncertainty |
& 0.02- R | +_ : fl Tk
Q ol L If T 4 q L,g—h
c 0+ ++'+'+' T '|""";—+'$+'+"+"+ """ C hl Hl
@ .0.02F T + - T - [ My, ]
0.05- 0 - N
OET; e ' A It + Jﬁ
T 1= 1" 1T YT 1'1"" =
; +* 1“ AL
-0.05 | - a
015 T;_'_'l—'_'_ll__“‘“ ——
0.04 T - - : » o
0.02 ; } - TR C [2(h-pT)(PT-kT)+p2TAS[f;'AIZ)4(h-pT) (hkr) hl{fq HlL,q—m
°§"‘lr“'+i"l' "?"'*-+-+-+"r'l'§‘rT'T'+ """"" J|‘
-0.02;— | I — I |;—I !
uuEETTTTFT—"°rV—— 777
10~ 0.4 0.6 0.5 1
X z P, [GeV]

@ consistent with zero; but suppressed
by two powers of Pn. (compared to, e.g., transversity®Collins)
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U | L T P . > /,§ 01K ] I;IE;ME?:_PRELtII\_III:\IARY
- 1- I -I- 9 ; : :sca e uncertainty
fl h1 r'e ze OS' y ] -Ie- 0__+". L ‘_"[____" _____ I--|--J. —.-1-+-+--'i'---‘|----+-
L gir | hig < FT% A $
f1LT gir | ha, th € 01F B [
N e — i -
0.1 - : :

— I - - . K | |
=2 - JT i HERMES PRELIMINARY [ + | I l 4+ I | | .
Y 0.04:— - 7.3% scale”uncertainty 0'__+_____J_I_*_l--'_'i!_+_I+_l__|__|____;l.I+-I--T--l----[-
Z 0.02F C C | . +T | - o L 1 !

3 Lt : : |
L] M B .—
c 3 : AL _ | k
%0'02__ ___,_.—Z_ L ] ] T R R R S
S S I BT i SR I -1 04 0.6 0.5 1
0.05 0 l | - | l:— | LA z P, [GeV]
C - i * = 25 ¢ 3
ottt 2=, HEEs [nE ARy
o00sf 1 \ : —+| S o . B
: : : I Bk S . ~-IF--*--!'--#-+ ----- . =
B —|_|_|_|_'_ — ~ -0.05 — = =
'01_|'_'_'_||-_I_'_'—|| N?OOJ 5 5
0.04 7 - - o — \
0.02 W } - T '8;%5 . é
- - - af SE = a
0y +------f*+++r TR ¥ + "t P g
i 4| | LF ++ 5 E 2 | 3
0.02¢ b I3 or + ] | :
'0-04__| Ll ._I'f__l N T __l T 0'(;5 ;l X * ; + |
10 1 04 0.6 0.5 1 002 Jirt++ """ } """ } "L'l"+ """ } """ ++1:'|L
’ = = |
X V4 PhJ_ [GeV] 01 - = | - |
® consistent with zero; but suppressed A S A (e

by two powers of Pn. (compared to, e.g., transversity®Collins)
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U L T ® ®
fi hi O B O

giL hiLL

-

1 1
17 | 91T hlath

@ again: chiral-odd

@ consistent with zero both for
proton and deuteron

Meson Deuterium target Proton target [2,3]

AR gt 0.00440.00240.002 —0.002 40.005 40.003

7% 0.0094+0.005+£0.003 0.006+0.007 +0.003
7~  0.0014+0.003+0.002 —0.005 %+ 0.006 & 0.005
KT —0.00540.006+0.003 :

[PLB 562 (2003) 182-192]

G. Schnell 25

Worm-Gear 1

[PLB 562 (2003) 182-192]

006 - ed—>enX

[ AVAVAVAVAVAVAYA AVAVAYA AVAVAYA AVAVAYA hVAY4 A~ |

| 1 1 1 1 I 1 1 1 1 I

006 - ed—>eK'X
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cross section without beam/target
polarization

0 ( WQ )
x [ 1+ {Four + efvur
2 : :
drdydzdondPy | 20
COS @p, Ccos 20y,
+ 1/ 26(1 — ©)IF35 %" cos o, + eFyrys - ®" cos 2¢, }
poltlctl"linggjrrion 2Mx
’y p—
Fxyz =Fxy z(x,y,2,Pn1) @
1 I S
) e R R

[see, e.g., Bacchetta et al,,
JHEP 0702 (2007) 093]
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cross section without beam/target
polarization

d° o ] ,72 {F y .
X | c
alxdyalza@halP}?L 9 Uu,T UU,L

+1/2e(1 — ) ES% %" cos ¢y, + €FFo5 2" cos 20, )

BOER-MULDERS

oS¢ 7 EFFECT
D 5D . \(D = T = 2M x
WS 2B By Pk P E -
/e MM hi H; CAHN EFFECT
h 1 = % 72y2
o pwist Interaction dependent S = 1,2 , 1.2.9
<\ 10 \e-a(hﬂ 2M I }3 _ . — “Jterms neglected vt - v 47 J
C 5 X
“F, L?l(}wh < o (| ——t= Pr X hllH ll — Fis kT x D, + .77 - [see, e.g., Bacchetta et al,,
M, M _ JHEP 0702 (2007) 093]

(Implicit sum over quark flavours)
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extraction I - event migration

[courtesy of H. Tanaka
case of transverse target polarization]
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IWile G 2Al ‘4 IS

200

160 —

140

120

100

,,,,,,7777777———;;. 10000
- - I
- . .
o o o ol
- 8 ﬁ 1 8000
-
-~ al
Ll S
F.F- .f.#.... - — 6000
- o i L3
- - 'E'J"I
R X -
i L
r__ﬁi" e -
o
._.-':.-." . 2000
- g -
- -
-'-.rll L \ \ \ 0

Born bins

- migration correlates
- can't be corrected properly in bin-by-bin approach

G. Schnell

(oth 1.:
e Xl bin)

X g j-bin)

- ﬁ@d§>=~

= T -
5 .-
<02

o _: ]
o M‘E’F&tioﬁ
0]

-0.1

_
N
o

»
© N\
o o N o
% A0\
Q) 10 WY
o NN
O NN
s NN\
AN
NN
AN
8
R
6
g N
4
AN\
NS NNN
DN\
N
NI
N NN
RRRNRNN
5 N
N
O | |
0 2 4 6 8 10 12

Born bins

yields in different bins
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extraction I - event migration

VP (Q;) o Z S /dﬂ do(£2) + B(€);)

j=1 J
experimental yield in i™ bin depends on all Born bins j ...
.. and on BG entering kinematic range from outside region

smearing matrix Sij embeds information on migration

determined from Monte Carlo - independent of physics model in limit of

infinitesimally small bins and/or flat acceptance/cross-section in every
bin

in real life: dependence on BG and physics model due to finite bin sizes

@ inversion of relation gives Born cross section from measured yields
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extraction IT - unfolding

@ fully differential analysis
in (X,Y,Z,PhJ_,(l))

@ multi-dimensional unfolding:
correction for finite
acceptance, QED radiation,

kinematic smearing, detector

resolution

G. Schnell

29

N | === xbin=l

.....

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

..........

.....

,,,,,

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

First y bin

probability that an event generated with
a certain kinematics is measured with a
different kKinematics

into the acceptance

includes the events smeared
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extraction III - projecting

P, . .
N | e=—=> xbin=l

I I I > X b;(nblf1 _
e I I [i — n=_
Wl | I I I
T S : : : ——>> x bin=5
N T
f_¢¢o.*'—i‘_-l'.-"_ _I L
L b T g - 3 1o
SN Y SRRy SOSCRETP | ORI | U | S 08
i’t_t“_—f— o F FL o a2 0.6;—
:'_'_L:_r t“‘_i ‘‘‘‘ ) 0.4;—
S T > v [E. 3 - 0.2
_I_I_LI_»"-*“ _I o _I B - - 0—
o - : 0.2
: I TN | SO | S g 04
Firsty bin 77 e T 06E-
-QBEE_
Oy, S

50 100 150 200 250 300 . _ _350. 400
Kinematic bin number

Lo af arto" @ feo,.,
(cosg)(x,) = J'OSS dyJ'O75 F dE 0" (®,_, )
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U L T o
o[« Lwie (%) - (&) signs of Boer-Mulders
L giL hf_L
= | g1 | h1, bt . .
17 1T [Airapetian et al., PRD 87 (2013) 012010]
3 fem tep—enX ;o -
=_ o o=l O 1 1 1
ﬁ' 0.05; i I 3 I 3 I I 3 I
S : i E ! " ¢
B DS SR
o [ | [ & I D O
~— i ] ! 1 I | ﬁ I
y : : I y u g I y . ZZ? - .
-0.05¢ T T 1 2
L T e R T B T B R A
10 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
X y Z Phi [GeV]
@ cos2¢ modulations are not zero!
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U | L T .
o e (%) - (&) signs of Boer-Mulders
L giL hf_L

1 1
L fix [orir | s Mir [Airapetian et al., PRD 87 (2013) 012010]

> fem jep—enX __ Il |

= 0.05 77T T 3 T g ! 1 ;

£ T | oty

7 [ ] I 5 I
o
o 0 m| = E 1 1 g : [ ® g GO G T ? o ©
N g i - ﬁ :: 3 3
-0.05} T T T .
AAANl NN naaw :?,2\?\?\?\?\\\\\\\\\ :m\\\\\\\\ \>\§‘\\\\ NN \\\\;&2‘ S XXX :
~ 407 04 06 08 04 06 02 04 06 08 1
X y y 4 Phi [GeV]

@ cos2¢ modulations are not zero!

@ opposite sign for charged pions with larger magnitude for m
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| e (v - (&) signs of Boer-Mulders

giL hf_L

H |5 G

1 1
17 | 91T hlath

[Airapetian et al., PRD 87 (2013) 012010]

AT NI T

L

'0-2-_.e.p.?.ﬁh).(...:'..|...|...|."...|...|...'.' | |.|'

10" 0.4 0.6 0.8 0.4 0.6 0 2 0 4 0 6 0 8
X y y 4 P, [GeV]

@ cos2¢ modulations are not zero!
@ opposite sign for charged pions with larger magnitude for m

@ intriguing behavior for kaons
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| e (v - (&) signs of Boer-Mulders

giL hf_L

H |5 G

i | gir | h1, hip

[Airapetian et al., PRD 87 (2013) 012010]

AT RNV AN YL

LT

'0-2-_.e.p.?.ﬁh).( A IR BT A B R B | |.|..|'

10" 0.4 0.6 0.8 0.4 0.6 0 2 0 4 0 6 0.8
X y y 4 P, [GeV]

cos2¢ modulations are not zerol!
opposite sigh for charged pions with larger magnitude for m

intriguing behavior for kaons

available in multidimensional binning, e.qg., before projecting:
http://www-hermes.desy.de/cosnphi/
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http://www-hermes.desy.de/cosnphi/
http://www-hermes.desy.de/cosnphi/

G. Schnell

BOER-MULDERS CAHN EFFECT 7
EFFECT
yrd Aeraction dependent Ca h n e f f e C T s
= = - terms neglected
BB gy Bk g ﬁa
M [Airapetian et al., PRD 87 (2013) 012010]

+ T t wep venX ;
1 Ded -enX

T e A ;
= T f I I
s ! ._
SRS S E--------::—j ----------------- I SR -;-%—
~ | i S i | ' 5z§r L %
o1 1 ! *
02} : ¢ .
' T S - - J— TR
X y z P., [GeV]

@ no dependence on hadron charge was expected for Cahn effect
= flavor dependence of transverse momentum
= signh of Boer-Mulders in cos¢ modulation

= additional "genuine” twist-3 contributions?
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U L T
ST 4 Worm-Gear
1 _ _ _
L g | i ed 020 ~ HERMES[PRELIMINARY
T flLT T hi, hf_T ’_;"_’ 010 | 3 8.0% scale __uncertamty
i . 4 C C
= 0+ *_+_+__I_L_T__:_!._*__+__+__+_.|_i-:_.+_!_+_+_li__+___+..
. I : :
’ Chlr'al even \c,/ -0'1 :|6||||| L1k T | Lo |
N gqLT ! s

@ first direct evidence
for worm-gear giton

@ 3He target at JLab » ),
® H target at HERMES : f
[PRL 108 (2012) 052001] ¥4 o5[K' i 3 |
— e B Y DRTRRE SRR PR
oo “He ! O T L R S
[ ] S 02— = e
g 0 T | | ~ 02K o |
< S N +
| | l | | LT T |
0050 B R 0_—;'l"{ril.""'?"'"T'"4.|.‘i‘ I'I,i,tjr """
0.02j: | H—IALL:C:Or:re(I:ti:on: T '0'2:_. ...T'T_'_.I_.:_. ———— .|. - :_. .T . —— .J|I|
0 10" 04 0.6 0.5 1
B T X z Py [GeV]
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Z L :% — & Worm-Gear

giL hiLL

H |5 G

i | giz | h1, him

@ chiral even

Fufp [ erussEneey
@ first direct evidence % 3
for worm-gear giton N o +++_+_+ ; Pt ++++++ +++++++
@ 3He target at JLab N
® H target at HERMES v P | + +
@ results for protons and anti- Tﬁ“ ------ - +¢+T..+++++
protons consistent with T
zero e —
X Z P, [GeV
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vlL] T . . .
AR Sivers amplitudes for pions
L 91L hiz
- i 1,
e (6~ bs)),, = D Calit" (@) ©w Di(z, k)
— g _
- I Zq 6gff($vp2T) ®D(11(Z7k52r)

T [A_l_mpe‘rlan et al.,PI_:B 693 (2010) 11]
Raos|, 444l 44! ses | 7 dominated by u-quark
N S o scattering:
Pl espownr e
= 01T * N N o U 2 u—mt 2
z i - i ++ fl ($7pT)®D1 <Z7kT)
£ 0_+++++_++++++_+++++
~ ol —Lir S /= u-quark Sivers DF < O
;.g 0.05 -7 g g +
z byt E
E o__f-___+_!r_*___Jr___+_!r____+-+-+-+__+_H.+..+.-+ ______
~ 0.05- I —__ﬁl——j——____ B

'1”0-1 " 04 06 05 1

X z P, [GeV]

G. Schnell
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L T

hi

giL hiLL

H |5 G

gir | hi, hip

2 (sin(¢-dg))yr 2 (Sin(P-dg))yt

2 (Sin((l)-(l)s)>u-|-

o
—t

o
=)
o

o

o
—t

o

S
—t

0.05

-0.05

2(sin (¢ — ¢s))yr =

Sivers amplitudes for pions

1
> eafit(z,p7) @w DY (2, k7)

[Airapetian et al., PLB 693 (2010) 11]

o

G. Schnell

> g €af1(x,p7) ® Dy(z k)

n* dominated by u-quark
scattering:

1L,u u—m
7 (7, p7) @w Di (2, k)

fi(z,p7) ® DY~ (2, k7)
/= u-quark Sivers DF < O

/= d-quark Sivers DF > O
(cancelation for ©-)
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Sivers amplitudes for mesons

1L
>_q €a i7" (2, p7) ®w Di(2, k7)

U | L T
Ul h hi
L 91L hiz
T | fiz | 17 | b1, Iy
2(sin (¢ — @5))yr =

- 0.1 [Airapetian et al., PLB 693 (2010) 11]
2 tat F F
Toosk, #+ t4f Lt [ 4 +
O[T, ot [t X
L2 i i r
AN 0__ """""""" Ittt _—+ ---------------

: 1
= 017 * - -
=
e | i ti : +++ }
R TR
o [ i i
o L
= 00517 s : +
= - - L
1 - + L
E 0—-f——+---f_*_+______+__+____+_.+._+-+__+_T.+_+__+__.+ ______
2 - + : :
™ 0.05] I S

101 " 04 06 05 1
6. Schnell X P, [GeV]

>_q€af1(x,p7) ® Di(z, k1)

S 0.2 g+ : "
2 i . | +
! - | ]
= | . - |
:%/ 01: | + +T | + : ‘ + + + | + + TN +
AN 0__ _________________ L e e e e mmmm e L oo
K [
0.1F L | ‘ -
i i l -]
:|++l+||:|I'TlI:|Tl+|| +
0:—‘|L-----1- TT*'f” ------- e
10'1 04 0.6 0.5 1
X z P, [GeV]

/= |arger amplitudes for
positive kaons vs. pions
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Sivers amplitudes for baryons
»

e2 f11% (2, p%) @w Di (2, k3)

U | L T
Ul h hi
L 91L hiz
T | fiz | 17 | b1, Iy
2(sin (¢ — ¢5) ) yr =
- 04 [Airapetian et al., PLB 693 (2010) 11]
2 tat i F
Toos|, 4 4PL bt Lo et
< ¥ : ‘ T ++
9 r [ [
N O o e
= Ol ..‘:...|...|.:.'.“._.'|....|
= 017 * - -
=
= 3 + + : ' _ +++
B oottt
" orEme L —
;.g 0.05-7 s : +
= - - L
i i + i
_‘ff O—+++IF+_*+++++_+H'+++ ______
2 - + : :
™ 0.05] I S
101 III0.4IIIO.6I IIIIO.5HH1
X P, [GeV]

G. Schnell
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%) ® D{(z, k7.)

HERMES | PRELIMINARY
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01 -

similar amplitudes for posmve
pions and protons m u-quark

dominance (and not a FF effect)?
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gir

H |5 G

giT

2 (sin(¢-0g))y,

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.20<z<0.28

0.28 <2< 0.37

0.37<z<0.49

0.49<z<0.70

HERMES

PRELIMINARY

runcertainty

G. Schnell

¢L0°'0>Xx>¢€200

860°0 > X>2.0°0

8€1'0>X>8600

009°0>Xx>8€L0

Sivers amplitudes - 3d binning

3d analysis: 4x4x4 bins in (x,z,
PhL)

much reduced systematics
disentangle correlations

isolate phase-space region with
strong signal strength
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H || C

0.37<2z<0.49

049<2<0.70

02
01

0.1

2 (sin(¢-dg))y,

02 |

PRELIMINARY

02
01

-0.1 i—
02
= 1

0.2 i—
01

01

02 |
= 1 | | | | | | |

0.2 i—
0.1 i—

01

02

G. Schnell

> €200

cL00>X

>clLo00

8600 > X

> 8600

8€L°0>X

>8€L'0

0090 > X

37

Sivers amplitudes - 3d binning

3d analysis: 4x4x4 bins in (x,z,
PhL)

much reduced systematics
disentangle correlations

isolate phase-space region with
strong signal strength

allows more detailed comparison
with calculations (e.g.,

“unofficial” results from Torino
10.1103/PhysRevD.86.014028 fit

- courtesy M. Boglione)
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U L T o o o o
i [ Sivers amplitudes - 3d binning
L giL hf_L
T 1J_T git hlath

Sesoee e f.,eeég:ﬁ":';m o
él_bo.zsl ) ’—I — . ’—I . %
E | B e e REEat | L :
= 025 - S = o
(7)) - N
o~ 05 = _ = AN
. 0.25+ ) | | | | o + ; - | + %
@ large K" amplitudes O(20%) oo A
seen at large values of (x, z) °°
@ region of purest "u-quark L R O L S
probe” P R S T :
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TMD factorization scale @2 > pP?, /27

0.2< z < 0.28 0.28< z < 0.37 0.37< z < 0.49 049< z < 0.7

Q2 [GeV?]

’

T,
€20 > 'd >00

T
9’0 > d > €20

T
¥5'0 > 'd >9€0

T
0z > 'd >S50

@ |ess stringent requirement fulfilled in basically all bins

@ more stringent requirement violated at low z & large Py, (especially @ low x)
G. Schnell 39 INT 17-3 week 4



TMD factorization scale Q% > p?, /22

0.2< z < 0.28 0.28< z < 0.37 0.37< z < 0.49 049< z < 0.7

Q2 [GeV?]

T,
€20 > 'd >00

T
9’0 > d > €20

T
¥5'0 > 'd >9€0

T
0z > 'd >S50

P2 /2% [GeV?]

@ |ess stringent requirement fulfilled in basically all bins

@ more stringent requirement violated at low z & large Py, (especially @ low x)
G. Schnell 39 INT 17-3 week 4



subleading twist



Subleading twist I - <sin(¢)>uL

@ in experiments: target polarized w.r.t.
beam direction

[Diehl&Sapeta EPJC41 (2005)]

@ small transverse component w.r.t.
ritual-photon direction when
longitudinally polarized

@ mixing of transverse and longitudinal
target-spin asymmetries

/ <Sin¢>(|]L| \ [ cost- ) ( <Sm¢>; \
< sin(¢—¢5)>UT = | 2sinf,«  cos 0. 0 < sin(¢—¢5)>UT
| (sinoros)),, ) NEmOr 0 et S\ (ano4o0),

(cosO~ ~ 1, at HERMES energies)
G. Schnell 41 INT 17-3 week 4



Subleading twist I - <sin(¢)>uL

< sin gb)SL — < sin qb)(IJL + sin 0.« << Sin(¢+¢5)>:ﬁ —- < Siﬂ(gb—gbs))lI]T)

[Airapetian et al., PLB 622 (2005) 14]

E J'I:+ | = -2sind *(<Si“(¢+¢s)>lm +
%) v . |
I3 0.05'_ # # * B <sm(¢'¢s)>uﬁ1' )
14 {4 1
0 _'I.. """"" + """" L I . """
-0'05-_....|....|....|.._|. IR A |
./Ee-\ ﬂ:- A 2(sing)
\m/ [ UL
“ 0.05F fl * 2(sing)y,
T LA | G & ..om ] o
1} ] byt
-0'05_....|....|....|.._|...|...|...|...|...
0 0.1 0.2 03 02 03 0. 05 0.6 0.7
X y 4
G. Schnell 42

@ experimental Ay dominated by
twist-3 contribution

@ correction for AuT
contribution increases purely
longitudinal asymmetry for
positive pions

@ consistent with zero for -

INT 17-3 week 4



Subleading twist IT - <sin(¢s)>ut
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<Sin((|)s)>u1‘
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Subleading twist IT - <sin(¢s)>ut
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@ hint of Q? dependence seen in
signal for negative pions
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Subleadlng twist IT - <sin(¢s)>ur
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@ positive amplitudes at low Ph,
also for positive pions
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Subleading twist IT - <sin(¢s)>ut
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0.2
0.1

-0.1

2 (sin(g))y,

-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.00<P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54<P, [GeV]<2.00

- . = —  HERMES PRELIMINARY
. TU | = | =3 7.3% scale | “uncertainty
- [ - -
. S L ST O
AN A A
?\ | | | | } | | | ;7\ | | | | ; | | ?; | \#Tﬁ
- - - -
- T i | A 0
Y I . J I, Y N - - - - - - - - [ ——
ST Y
: 'E : ! : 1
S SN T
VYUY LA
1 1 1 1 ; 1 | | | | | | ; | | % | | | | | | | | | |
T*"’"'+""+"+"+'"'+'"T*";'"Jf"'J"r"{"',f"'
0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5

Z

8€1'0>X>8600 860°0>X>2L0°0 ¢L0°'0>X>¢€e00

009°0>X>8€L0

0.2
0.1

-0.1

2 (sin(¢g))y,

-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

0.2
0.1

-0.1
-0.2

-+ = ~  HERMES | PRELIMINARY
3 T 2 | = 7.3% scale ;uncertainty
o 'IL e T | |E & | S iy
e R R et J|'---1----1L--1-----J--+ ------
- E | E -
3
3 3 = =
R FRARE SRS R
-~
- VO - o
A B T | B
2 2 re -t
?\ | | | | ; | | ?} | \#} | | ?\ | | | | ; | | ?\ | | | | } | |
= T - L F .
B [ ] ¥y - E 4 - + ] 1
S ""i"*"j"”.i.'*"‘.* """ T -1
: - - !
;7; 1 1 1 1 1 1 | ;7} 1 | | | ; | | %} | | 1 \%;\ 1 | | | ; | |
0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5

4

@ nonzero amplitudes mainly at large Pn, @ positive amplitudes at low Py,
in case of negative pions

G. Schnell
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also for positive pions
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Subleading twist IT - <sin(¢s)>ut
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@ indeed different roles of various
contributions in different Pn. regions

W
@ nonzero amplitudes mainly at large Pn, @ positive amplitudes at low Py,

in case of negative pions

46
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also for positive pions
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Subleading twist IIT - <sin(¢)>wu
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@ significant positive amplitudes for (in particular positive) pions
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Subleading twist ITT - <sin(¢$)>Lu
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@ mostly consistent w/ zero for other hadrons (except maybe K*)

G. Schnell 48 INT 17-3 week 4



Subleading twist ITT - <sin(¢)>Lu
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@ opposite behavior at HERMES/CLAS of negza’rive pions in z projection due
to different x-range probed

@ CLAS more sensitive to e(x)Collins ferm due to higher x probed?
G. Schnell 49 INT 17-3 week 4



Subleading twist IIT - <sin(¢)>Lu
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@ consistent behavior for charged pions / hadrons at HERMES / COMPASS
for isoscalar targets

G. Schnell
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Subleading twist IV - <cos(d)>LL
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@ “polarized” Cahn effect largely consistent with zero
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Semi-inclusive hadrons




¥mi-inclusive hadrons

click here if (likely) out of time



Inclusive hadron electro-production
ep! — hX

virtual photon going

intfo the page

G. Schnell

-

b~ dp — ds

w "Sivers angle”

|

J

53

lepton beam going

intfo the page

INT 17-3 week 4



Inclusive hadron electro-production

@ scattered lepton undetected BpT — hX
= |epton kinematics unknown

@ dominated by quasi-real
photo-production (low Q?)
= hadronic component of
photon relevant?

@ cross section proportional to
Sn (kK x pr) ~ siny

Aur(Pr,xp, ) =

sin fjﬁ dy) oy siney — fo7T dy oyt siny
Apr (Pr,zrp)sing

AN — -
JZT Ay ouy

L g ASin 7,0
T UuT
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1D dependences of Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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1D dependences of Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Inclusive hadrons: 2D dependences

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Asymme’rr'ies of subprocesses

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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the other inclusive SSAs

/S =4.9 GeV 62.4 GeV
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the other inclusive SSAs

\/S =49 GeV 62.4 GeV
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the other inclusive SSA

in SIDIS (large Q?) proportional to
polarizing FF DfT (naive T-odd, chiral-even)
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the other inclusive SSA

ep — ATX
WO 771 71
in SIDIS (large Q%) proportional to 08 - 5= 400 GeV? -
l;=2.0 GeV
polarizing FF DfT (naive T-odd, chiral-even) o8- hiraoddee2) ]
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|
[Y. Koike, hep-ph/0210434]
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the other inclusive SSA

[PRD9O (2014) 072007]
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@ clearly positive for light target nuclei

@ consistent with zero for heavy targets
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the other inclusive SSA

05 S [PRD9O (2014) 072007 ] ‘0.
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@ larger in backward direction w.r.t. incoming lepton

@ consistent with xF dependence of twist-3 calculation
(note: opposite sigh conventions for xg!)
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the other inclusive SSA

02 [PRD90 (2014) 072007]
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@ larger in backward direction w.r.t. incoming lepton

@ distinct pt dependences in forward and backward directions:
rising with pr in backward direction as in pp
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conclusions before the summary

® HERMES conceived almost 3 decades ago in order to solve
the "spin crisis”

@ measure precisely the quark-spin and somewhat the gluon
spin contribution to the proton spin

@ no orbital angular momentum on the menu
@ no real transverse-spin physics

® up to g2 and the Burkhardt-Cottingham S.R. ...
.. and that mainly to have a more precise g1 measurement
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