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Where worlds collide:

® Observation of single-spin asymmetries (SSA)

ES581/E704 (pﬂp — hX): HERMES (Ip~™ — I'hX) :
0.08
B S B
- ] m W=sng
o L % 06 & W= sin2g
L =0 + ]
0= g b ¢ = 0.04 - n
e , + +
I:Im -
< 0 f#teo; =P 002
S e :
—0.2 - —] Y
[ .
s ,{, | 002 -
A W -]
0E R 6 0.8 004 7005 01 015 02 025
Xy X
PLB261, 201-206, 1991 PRL84, 4047-4051, 2000

® Global analysis of:

transverse-momentum-dependent PDF  (TMD)
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h(f (:1:, pTz) - Chiral symmetry breaking in pQCD:

Name:
Key properties:

Measurement:

transversity
leading twist, chiral-odd
survives pp-integration (LI collinear PDF)

® transverse SSA in single-hadron production:

i i sin (¢—¢s)
© Collins mechanism (F' ¢ 57)
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© sin ¢ modulation (I fﬁl(%))

® transverse SSA in di-hadron production
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Fourier analysis of transverse SSA:

* semi-inclusive measurement of DIS : IpT — (A X
® reconstruction of transverse SSA Ayr(¢,¢ s):

P, = z(pr — kr)

do P sin (¢p—¢g) sin (¢p+¢3)
... sin (¢ — F S i F s) .
dz dy dps dz dp dP3 | h sin (¢ — ¢ 5) Fyr,r it sinl(e + & 5) By
Sivers mechanism: sin (¢ — ¢ g)

Collins mechanism: sin (¢ + ¢ )
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The Collins amplitudes for m-mesons:

~ 0.08 ¢
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Published Collins amplitudes:
h{ (z) ® Hi? ()
from 2002—-2005 data:

® positive amplitudes for =™

® large negative 7~ amplitudes

unexpected

HlJ_,unfav (Z) - _HlJ_,fav (z)

ISospin symmetry of
m-mesons fulfilled

Phys.Lett. B693 (2010) 11-16
PRL 94, 012002 (2005)
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The Collins amplitudes for charged / -mesons:

5 0.15F K -

D 01l - | F Published Collins amplitudes:
E | YR e + N
‘50'055_++| T'IE_J.+¢+J[ TE_H' Ly hi () ® Hy ? (2)
@ op s S from 2002—2005 data:

o
© o
= O

® positive amplitudes for K,

0.05¢ larger than those for 7+

®* K~ amplitudes consistent with
zero

® Phys.Lett. B693 (2010) 11-16
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0.1 =
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The (sin (¢ 5)),, , Fourier component:

® calculated at leading-twist and subleading-twist accuracy
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* 1/Q-suppressed w.rt. Fim(?T¢s)

o Finlot9s) p | _suppressed w.rt. Fiin¢s
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The (sin (¢ 5)),, , Fourier component:

=) T : HERMES| PRELIMINARY : :
—~ 0.1 £ 7.3% scalefuncertain sin ¢ g Sin (¢+¢S)
2 - Sy Fog ® ~ Fyog for m-mesons
£
E P oofK - HERMES[PRELIMINARY
- C C 7.3% scale[uncertainty
S ¥ C C
= 00 b b
@ C 4L C 4t
~ 0—+';'*'+""+'*";—+'+"+"t“+‘“‘I'?"‘*+‘+"+""+'
0.1 =
o 0.4 0.6 05 1
X z P,,[GeV]
Integration over transverse hadron momentum:
. 74
sin (¢g) 2 o 2Mp, 214 H (Z)
e (:z:,Q ,z) — —p 0 g e; i () —
q
|
|
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The semi-inclusive production of 77~ pairs:

_ (gxk)-Sp ((qxk) (qgxSr)

?s = Jgxk) Sq (|<qu>\|qxsz~|>

bp. = (g x k) Rr arccos((qu)~(q><RT)>
~  |(gxk)-Rr| (g x k)| |g x Rr|
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Transversity measurement in a collinear approach:

® Fourier and Legendre expansion:

2 <,Ss
Asin(¢RL+¢s) sin 0 N Zq €q h({ (.CIZ) Hl,q p(zaMww)
o Zq €c21 fi(x) D1,q(2,M7rx)

® focus on sp- and pp-interference (M., < 1.5GeV):

0 Dyq >~ Dyq+ Di" cos@ + Di¥ 1 (3 cos* 0 — 1)

<~ pgLsp <,pp
UHT,~H; "+ H " cost

E * HERMES
2 — Pythia
©
&
0z 04 0e o8 1 1z o1d
M,..[GeV]
° symmetrisation around ¢ = /2 O D;" and H; *” drop out
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Published Results (JHEP 0806:017,2008):

sin( Qz+¢s)sin ©

uo

X[
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* first evidence for chiral-odd, naive-T-odd H,

® transversity can be studied in dihadron production
[1 collinear extraction of transversity
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flLT’q - Probing quark orbitalal angular momentum:

Name: Sivers TMD
Correlation: Leliph L i (v, pr?)
Key properties:  leading twist, naive-T-odd, NTq! — NVl

Measurements: Sivers mechanism:

® orbital angular momentum of quarks:
ux (z,b1)

® final-state interaction: left-right asymmetry of
qguark distribution [ left-right-asymmetry of the
momentum distribution of hadrons :
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2 Bin( @99y

The Sivers amplitudes for m-mesons:

0.1F + - +_— Published Sivers amplitudes:
[ [ [ Lq q
005 , t+ t1[ a++ ST Jir (2) ® Dy (2).
[, DL ; ++ from 2002—2005 data :
] R [ Hememmcacoacaces * significantly positive for 7

0 fiz" <0, L% >0

* significantly positive for 7°

® consistent with zero for 7—
0 fiz% > 0?

® increase with z for 77and 7Y

'_T['I ) N N
0'05; oo : i ® P, — 0.0&V: linear decrease

i T oI [ 43 '

0 ___i'__f_+_f_$ ______ __*-.+----+-+-+-+-__+.H'.+..+ ........ ® P, > 0.4CGeV: saturation for 7+
0055_ + g i * isospin symmetry fulfilled
' B ®* PRL 103, 152002 (2009)
0 0.4 06 05 1
X z P,,[GeV] ®* PRL 94, 012002 (2005) ,

|
3rd Workshop on the QCD STRUCTURE OF THE NUCLEON, October 23rd 2012 — p.12/32



2 Bin( Q-9

The Sivers amplitudes for the pion-difference SSA:

0.4

0.3

0.2}

* remove contribution from exclusive p"-production and decay

0.1

® interpretation in terms of valence-quark distribution  solely:
_ _ 1y 1.d,
grtonm = 1 (ehyeiy)—(efy—ofy) _ _Afie — fir
v STl (o5~ )+ 0T —E) 4 —fld”
.+ _ _
T —T1
3 | 3 3
- | TI A; 1++§‘ +++ 'flTDIS<ODLg>0
| L4 A - .-
—T | T'r+ L 5 ++ ® QCD prediction:
K flTDIS_ flTDY

| '0.5' N '1
P, [GeV]

[1 Drell-Yan measurement
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2 Bin( @99y

The Sivers amplitudes for charged /& -mesons:

Published Sivers amplitudes:

02K EF fir (z) ® Df (2).
AT ‘++T++‘+++* t }|  from 20022005 data :
0:—-T ---------------- —+ --------------- [onnmeeann s * significantly positive for K+
: _ 0 fi* <0, Lt >0
o.1f—K — | + |_ | ® significantly positive for K~
i ] I I ? * increase with 2

® P, — 0.0GV: linear decrease

® P, > 0.4CGeV: saturation for
K—I—
® PRL 103, 152002 (2009)
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The role of higher twist terms:

® Sivers amplitude:

2 (sin (¢ — ¢g))y7 X F(SJI;,(J?_%) + GF(S}I;,([?_%)

sin (¢p— i” " PT
’ FUT,(I? e i flJf_FDll
o F;i;’(f —¢s) _ g (leading twist and subleading twist accuracy)
P2
o _ht -suppressed compared to F;
202 UT,T

© generated by a,-corrections at high transverse momentum
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Examination of other 1 / Q2-suppressed contributions:
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N I 2 2 I
g °Q >@(Xi)D _ #+ n
= 0.1r -
R $ 4 | *
~ : JEI B U &
SEATEEER
Ly o T
——
— 10 — 1 | | 5
> - O [
Q O g |
O, o) °© u o ° u
ND o Ol - o) m .
g 1kt u . M .O ... |
10 « 10" «

hint of Q?-dependence for K tamplitudes
|
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Sivers amplitudes for K Tand 7 :

* wu-quark dominance: 2(sin (¢ — qﬁs)ﬂﬁ ~ 2 (sin (¢ — ¢S)>5T+

* difference in KT and wT Sivers amplitudes:

L=S: Fm Q7 <@Q(x)0F ® Q%> *(x,)0

& 0.15F - -

A i :

S 0.1F e L 4 F

fg 0.05F th, - l||T : |

S UF T 1|TTl [\'”

g 0?+ """""" T e 2R i

§-0.05F 3 - |
10 y 107 y 10~ y

® significant role of other quark flavors?
® higher twist effects in kaon-production?
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h729 - What is the shape of the nucleon?:

Name: pretzelosity
Correlation s (sz'Tng _ p%gij) S B (,p2)
Key properties:  leading twist, chiral-odd, NT¢! — N{¢!

Measurement: ° Fls‘]i;(3¢_¢5) sensitive to pretzelosity i
F(S]i;(3¢h_¢8) _
C [2 (R'PT) (pT'kT)—i_p%” (i:l”kT) —4 (F”'pT)2 (ﬁ'kT) hJ_ HJ_
2M?2 M, 7P

° Fg;(¢+¢s) x P, |, Fls}i;(?’ﬁb—CbS) x Pf?J_
[1 suppressed w.r.t. Collins amplitudes

|
3rd Workshop on the QCD STRUCTURE OF THE NUCLEON, October 23rd 2012 — p.18/32



The (sin (3¢ — ¢ 5)),, | Fourier component:

] L& L [
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D 0.04 - - 7.3% scalefuncertainty Suppressed_ W.rI.L.
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h7? - Boost relations within the nucleon:

Name: worm-gear distribution
- = 1,
Correlation Ashpl L b (2,07 )
Key properties: leading twist, chiral-odd
Measurement: ® small longitudinal target-spin component with

respect to virtual-photon direction:
2 (sin (2 + ¢s))y,. o 5 sin (6 -)2 (sin (29,
o Sin (957*) ~ O.].

sin(2¢) 2(’Al'kiT)(’Al'kiT)—k?T'P 1, 1,
¢ FUL =C |- M M, Thquﬂlq
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The (sin (2¢ + ¢ 5)),, | Fourier component:

HERMESHPRELIMINARY
7.3% scalefuncertainty

2 [$in(2 cp+(pS)QJD

expected to scale as:

1
5 sin O~ (sin (2¢)), ~ 0.01

FK” : HERMES} PRELIMINARY
015 + i 7.3% scaleuncertainty
; 1 E* | E. +
FENTL TR 4
O_“".‘---'FI\I ' e + ++“‘+++#'+
O'l:_ ——— .ﬁ. . | |
01K . s
~ o R iy ol — ]
DRI T
0.1 N -
10 -1 04 0.6 0.5 1

X z P.,[GeV]
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(L))

g1 ! - Boost relations within the nucleon:

Name: worm-gear distribution
Correlation ASEpl - 9129 (2,p%)
Key properties: leading twist, chiral-even and naive-T-even

[ not affected by final-state interactions

Measurement:  reconstruction of double-spin asymmetries:

FLC_I?S(QD—CbS) —C [_ Fb'ﬁhJ_ hiLI_’q Hf—;Q}
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The (cos (¢ — ¢ g)),,, Fourier component:

2 [dos(@-¢5) L],

2 [@os( -¢g)-

©
[EEN

o
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o
I
——
I |
+ :
—
1
—e |

il HERMESIPRELIMINARY
C 8.0% scale [uncertainty
0.1 + - -
C L C . C
of4-#4+ 11 :J'L—*—a'—ﬂ*—ﬂ‘—;r—f:—*—*ﬁ—*—-*---‘r
-0'1 ; 1 1 1 I 1 : 1 1 I I IIIII I 1 1 1 1 I
0.1 I—T[O |

01rf

01F

Preliminary DSA amplitudes:
L,
g1z (z) ® Di (2).

from 2002—-2005 data :
® positive for 7~
* slightly positive for K+
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hf’q - Spin effects in unpolarized reactions:

Name: Boer-Mulders TMD

Correlation: siepl L9 (z, pr?)

Key properties: leading twist, chiral-odd, naive-T-odd
Measurements: ® unpolarized SIDIS:

® |leading-twist cos (2¢) modulation, arising from
Boer-Mulders-Collins mechanism;

FLcjfL)Js(Z(b) —_C _Q(h-kT)(J\’Z]’:ZL)_kT'pT hlJ—,q HlJ—aq

® subleading-twist cos (¢) modulation, related to

Cahn effect
|
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Final 2 (cos (2gb)>ﬁu and 2 (cos (gb))ﬁu moments:

® Fully differential analysis  (z,y,z,P ) of:
© 2 (cos (2¢))1, and
© 2 (cos (¢))y, amplitudes

® corrected for finite acceptance, QED radiation, detector smearing
via five-dimensional unfolding procedure

® for SIDIS off unpolarized hydrogen and deuterium targets

® available on http://www-hermes.desy.de/cosnphi/
© not only archive for data files but also

© web tool to specify a kinematic region and to calculate
one-dimensional projections of the fully differential amplitudes
In the specified kinematic region
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Final 2 (cos (2(b)>7j amplitudes for pions:

g _O_OﬁH%%FH%fH& Fity :

eﬁ TR !

: % ........ W% ......... ﬁf{l%%ﬁ% ........ .
o ] 04 06 o;; 04 'o.'e'z' OZMF?hGD?(‘feV]l

* rTtamplitudes consistent with zero, positive amplitudes for 7,
consistent with opposite sign of favored and unfavored Collins FF

® evidence for non-zero Boer-Mulders function

* similarity between p and d O same sign for h;* and by~ ¢
|
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Final 2 (cos (2¢)>Ki amplitudes for kaons:

Uu

TS R
% € s ittt tubuiuty ittt Wittty
& | % ! % 3 3 |
NI S SRS AN S AR
-0.2F 1 % ! %
S o m——e
S K |
T e o S % ----------------------
e b H“M
ol ] ! !

ot 04 05 06 07 04 05 06 03 04 0506

X y z P.o [GeV]

* large negative K tand K~ moments
[1 same sign for strange favored and unfavored Collins FF?

® similarity between p and d
(1 similar contributions from » and d quarks but also substantial
contribution from strange quark fragmentation |
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Final 2 (cos (gb))pi amplitudes for pions:

Uu
& o : fachsem
8 ob g
[ 1 1 1 E ]
N-o.lj—f*ﬁijé—:e*fiﬁ;'gﬁ IS
| ;; " P Vg
02p | [ P 1 ]
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il
Tt 04 06 08 04 06 02040608 1
X y z PhD [GeV]

® z-dependence can be interpreted in terms of Cahn effect

® but other contributions, e.g. Boer-Mulders-Collins effect, required
to explain difference between 7="and =~ results
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: K* :
Final 2 (cos (¢)),,, amplitudes for kaons:
2 o ! .ff. R
S I ] __
N """ é_"___"""_"""""""___"""""""""""__"; __________________
L 4 1 é 1
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uu
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BN
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* large negative amplitudes for K+
® K ~amplitudes compatible with zero
* flavor dependence of the Cahn contribution?

® significant other interaction-dependent contributions? |
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HERMES contribution to the global TMD analysis:

® pioneering measurements of the azimuthal distribution of
hadrons produced in DIS off:

© transversely polarized proton target
© unpolarized proton and deuteron targets

® non-zero transversity TMD via Collins mechanism and study of
the s — p Iinterference in dihadron production

® non-zero Sivers TMD
[ fundamental QCD prediction of sign change

® non-zero Boer-Mulders TMD
® so far no evidence for non-zero pretzelosity TMD
* first evidence for the worm-gear TMDs

® rich phenomenology and various interesting facets of the data
[1 an extremely active field will remain active
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Backup:

Backup

3rd Workshop on the QCD STRUCTURE OF THE NUCLEON, October 23rd 2012 — p.31/32



Comparison of twist-2 and twist-3 transversity signals:

Collins amplitudes (sin (¢ 5)),, amplitudes
leading twist subleading twist
Soufrt o<l 2| SEMESTREARY
g Tt o Q%> M*(x;) | g: 0.1F 0 QE > [QZ(xi)E
& | " ﬁ) + ﬁ @ i ] = Q" < Q(x)L
= IR L S-S, S X Q...] Q . 1 I o ) EUUS SRR - S
& ofgtpdd T - ,
& ; p 0° 'F SR +<:>
++ 0.1 "
-0.1¢ - :
T 10 —F ;i <0 o
) r - © m ) °© u
9, | o n U o (o] n
NEI o ™ . o - . N@a O g ™® "
g 1c .o . ) 1 L .O . . : 1 S P |
o 1 PP 10 '
10 X 10 x X
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