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Nature does not seem to cooperate

Comprehensive review of data by A.D. Panagiotou (Int. J. Mod. Phys. A5 (1990) 1197)
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@ large left-right
asymmetries persist
even to RHIC energies
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what's the origin of these SSA?

® fragmentation effect?

T ®

[J.C. Collins, NPB 396 (1993) 161]

@ correlating transverse quark spin

with transverse momentum
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what's the origin of these SSA?

® fragmentation effect? @ quark-distribution effect?

JE+’ ‘ o @
)/—7—

ya

[J.C. Collins, NPB 396 (1993) 161] [D.W. Sivers, PRD 41 (1990) 83]

° ati < <o @ correlating transverse quark
correlating fransverse quark spin momentum with transverse spin

i
with transverse momentum of nucleon
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Transverse spin
1

) =5 (+H)£1-)
(MO = OWN o< (+ O =) —(—| O |+)

transverse-spin involves helicity flip
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Transverse spin
1

) =5 (+H)£1-)
(MO = OWN o< (+ O =) —(—| O |+)

transverse-spin involves helicity flip
| |

oFs: /- @) «-@ - @ "-@-©

N
NG

need to couple to chiral-odd fragmentation function, i.e.,
dependent on transverse quark-spin
6
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quark polarimetry
@ helicity distribution:
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quark polarimetry

@ helicity distribution: e

@ transverse polarization: .

w need additional "polarimeter” for transversely polarized quarks

G. Schnell - UPV/EHU 7 AFTER13 - ECT*



Transverse SSA and time reversal

@ fime reversal: spin & momentum directions change sign

@if o~8-(kxPy)
then (time-reversal invariance): o ~ —S - (k x Py )

® ;=0 = SSA require interference effectsl!
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Transverse SSA and time reversal

@ non-vanishing S - (k x Py ) structure requires interference
of amplitudes (initial- of final-state interactions) with
different imaginary parts

® fragmentation functions involve interference of many
amplitudes/channels:

= can those interfere constructively and produce such large

effects?
(especially at high energies, when many particles can be

produced)

@ what about leading-twist parton distribution functions?
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Quark distributions

@ distribution function in handbag representation:

R

ANV

PN

@ No interference ™ no T-odd DF possiblel?
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Quark distributions

@ distribution function in handbag representation:
A V A V
- h o

[S. Brodsky et al., Phys. Lett. B530, 99 (2002)]
@ interference of amplitudes with different numbers of soft-

gluon exchanges possible (not 1/Q suppressed!)

@ gluons needed for color gauge invariance
@ represent color field of remnant seen by outgoing quark

@ involves ftransverse momentum -> going beyond collinear fact.
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SSA: beyond leading-twist collinear approach

Infermediate
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SSA: beyond leading-twist collinear approach

Intermediate

M? Q"
TMD
factorization

TMD: transverse-momentum-dependent distributions
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SSA: beyond leading-twist collinear approach

Intermediate

q2
M2 Q2
TMD twist-3 collinear
factorization factorization

TMD: transverse-momentum-dependent distributions
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SSA: beyond leading-twist collinear approach

Intermediate

i q2
M? Q>
TMD overlap  twist-3 collinear
factorization region factorization

TMD: transverse-momentum-dependent distributions
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Spin-Momentum Structure of the Nucleon

1 il i ijgg L il
§T1”[(7++>\7+W5)q)} = 5 fi +S€‘7k‘7gffT+>\A91+>\Skag1T
1Tr [(,er — s7i0 T s) CID} - L 1+ S”eijlcji fir + Sieijkji hi + s'S'h,
2 2 m m
i (97,017 2 cijvai L+ g1 igi L1 _
+ s (2K'K’ — k 59)Sj—zh1T—|—As k"— hip
quark pol. 2m m ]
. v @ each TMD describes a particular spin-
s f momentum correlation
Q.
§ L @ functions in black survive integration
O | over transverse momentum
= i

@ functions in green box are chirally odd

@ functions in red are naive T-odd
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Spin-Momentum Structure of the Nucleon
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TMD fragmentation functions

@ similarly characterize hadronization process:

quark pol.
U L T
é D Hi
1
S| T |Di |Gip | Hy Hi
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TMD fragmentation functions

@ similarly characterize hadronization process:

quark pol.
U L T

-
S

Hi- | relevant for unpolarized final state
T [ L T
Diz|Gir | Hi Hig

hadron pol.

— |
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TMD fragmentation functions

@ similarly characterize hadronization process:

quark pol.

w relevant for unpolarized final state

hadron pol.
-

2 Collins FF: Hll,q—m
_ yordinary FF: Diﬁh
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Collins fctn. - chiral-odd fragmentation
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Collins fctn. - chiral-odd fragmentation

@ fransverse-spin dependence
in fragmentation
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Collins fctn. - chiral-odd fragmentation

@ fransverse-spin dependence
in fragmentation
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Collins fctn. - chiral-odd fragmentation

@ fransverse-spin dependence
in fragmentation

@ left-right asymmetry in
hadron direction transverse
to both quark spin and
momentum

@ extracted from SIDIS and
e‘e” annihilation data
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Collins fctn. - chiral-odd fragmentation

@ fransverse-spin dependence
in fragmentation
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Probing TMDs in semi-inclusive DIS

quark pol.
U L T
—8“ 3 B PDF FF
§ L gir hiy In SIDIS*)couple PDFs to:
Cé 1J_T gir | hi, hf_T

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

N
(S =

quark pol.
U
= P
S i DF FF
S | L in SIDIS*)couple PDFs to:
s iT —>Collins FF:  H; 97"

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

(E’,p)

quark pol.

POF  FF
in SIDIS*)couple PDFs to:

———Collins FF: Hli»fﬁh

nucleon pol.

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

(E’,p’) =

(E,p)

quark pol.

POF  FF
in SIDIS*)couple PDFs to:

———Collins FF: Hliafﬁh

,;,)ordinary FF: pI~"

nucleon pol.

= gives rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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1-Hadron production (ep—>ehX)

1 1
do = dogy; + cos2¢ dofry + —= cos ¢ doiry + Ae— sin ¢ dos

Q Q

1
+S5T {Sin2¢da4UL+ésingbd0(‘:}L—|—)\e [ ]}

+ST {sin(qb — ¢g) dogr +sin(¢ + ¢s) dojrp + sin(3¢ — ¢s) dogry
1
O x +— (sin(2¢ — ¢s) dopir + sin s dojir)
AN Q
Beam _Tar_get 1
Polarization +Ae [COS( — ¢s) dai‘?p + — (COS bg 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)
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Azimuthal spin asymmetries

1 N\(6,¢5) — Ni (6, ¢s)

AUT(¢7 ¢S) =
([SLD) N (6, 65) + Ny (6, 63)
q q M, 1\4LHy YT 1 T
9 -pTPhJ_ J_ ,q q
T D k
+ sin(Q — ¢g Z Y (pr) (2, T)
S SRR I[. : ] convolution integral over initial (p7)

and final (k1) quark transverse momenta
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Azimuthal spin asymmetries

AUT(¢7 ¢S) —

~ sin(¢p+og) Y e T
: _

| prPn .1 _
sin(¢ — ¢g) Z e; T|—=——= f171(z, p7) D} (2, k)
. I ]

i I[. : ] convolution integral over initial (p7)

and final (k1) quark transverse momenta

Fit azimuthal modulations, e.g., using Max.Likelihood:

PDF(2(sin(¢ & ¢5))ur, .- ., b, bs) = 2{1 + Pp(2(sin(¢  ¢s)) vz sin(é = ¢s) +...)}
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The COMPASS experiment @ CERN

Trigger Hodoscopes

ECALs & HCALs

MWPCs

10_4_ 1 11 IIII 1 lIIlIlll 1 llIIllll 1 IlIlIllI 1 IIlIIII| L1 102
10° 10° 10°* 10° 102 10" x1

SM1
Drift Chambers

LiD target Walls
- ~ 350 planes
el ; ; - 180 mrad acceptance
@@\\ . e o - 11, K, p separation
XS veto (from 2,9, 17 GeV up
to ~ 50 GeV)
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The quest for transversely
polarized quarks



U L T

AR transversity distribution

= G

giL hiLL

[ 7 Lo M (Collins fragmentation)

@ significant in size and

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

opposite in sign for charged .5 ., . -
pilons $ ool -
S P S * ______ NESP
® disfavored Collins FF large & .|
and opposite in sign to 0 *ﬂ+ --------------------- ++
favored one o1kt L
0.2 - + =

o1 02 03 03 04 05 0.6 0.7
X Y4

2005: First evidence from HERMES
SIDIS on proton

@ leads to various cancellations Non-zero fransversity
in SSA Observables Non-zero Collins function

G. Schnell - UPV/EHU 21 AFTER'13 - ECT*



U L T

I Collins amplitudes

[PRL 107 (2011) 072003

-
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| Collins FF and transversity fit
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T kaon Collins amplitudes
L JLL hlLL [A. Airapetian et al, PLB 693 (2010) 11] IA Cz
T | fi5 | 917 | b1, hi 550.155— K*E E_ ks

o . . £ HEH
@ similar behavior for pions Soost  fric ot *;‘.Jr ]
R = .0 O SO 1 L. . SO
° ° ° - B _I_‘_‘_I_'_l_
@ similar behavior for K* A 005 e
: E ] . : .
ifferent trend for 0__+___+_I+_}__|_____ :_+__T__4__+ _________ e ntll
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(opposite sign conventions!) 0.15 jf e o8 05P|_1
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Ul h
L giL
T | fir | oir | B, hir

transversity distribution
(2-hadron fragmentation)

Apgr ~ sin(¢r| + ¢g)sinOhy H{

Jaffe et al. [hep-ph/9709322].
H*P(z, M2_) = sindg sin 6; sin(dy — 51)H1<’8p/(z)

/ 50 (51) — S(P)-wave phase shifts
\\f PMZ)H™ (2)

A ‘:> Ay might depend strongly on M”I
m(GeV)

G. Schnell - UPV/EHU

25 AFTER'13 - ECT*



U L T

f1 hi
L 91L hit

ir | o1 | hay hir

G. Schnell - UPV/EHU

transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., THEP 06 (2008) 017]
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Ul fi hi
L giL hf_L
T | fi5 | 917 | b1, hi
J

HERMES: pion pairs
COMPASS: hadron pairs

(for comparison need to
correct for depolarization
factor and sign change)

@ °H results consistent with

G. Schnell - UPV/EHU

transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., THEP 06 (2008) 017]
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U L T
Ul fi hi
L giL hiLL
T | fi5 | 917 | b1, hi
J

HERMES: pion pairs

transversity distribution
(2-hadron fragmentation)

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

COMPASS: hadron pairs E ooelZ o T T
: T s | |

(for comparison need to iy bty +l 7 b
N 3 |

correct for depolarization | — 1 ] —— =
factor and sign change) Zooa| = ‘oS, R

0.072— - . oﬁg L A A o.ss—?j\g . ) «M_

°H results consistent with zero®® . « = ef * 0 g 0 =

02 04 06 038 1 0.05 0.1 0.15 0.2 0.4 0.6 0.8

M__[GeV] X z

x hi" (%) x h{*(x)/4

0.2}

0.1}

0.0 :

l PRL 107 (2011) 012001

X

[C. Adolph et al., PLB 713 (2012) 10]

@ results from e'e” by BELLE allow
first (collinear) extraction of transversity
(compared to Anselmino et al.)
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transversity extraction

@ combining SIDIS (COMPASS & HERMES) and e*e” data (BELLE):

x hy W (x)-x h,%V(x)/4 x hy(x)+x hyV(x)

0.6 ————
Torino Torino B
extraction from HERMES data +—d#— B extraction from COMPASS data —Jl—
ol N _ 0.4 tract t
) extraction from COMPASS data —Jl—
0.2+
[ |
0.2} + + 00| + + + +
[ | [ |
+ + * % + + + 0.2}
0.0 ! I + 0
~ A. Bacchetta et al., arXiv:1212.3568 [hep-ph] 041
X X

@ promising agreement between collinear and TMD extraction of transversity

@ no obvious sign of difference in TMD (Collins) from collinear (dihadron) FF
evolution
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U L T

J1 hi

giL hiLL

H |5 G

fis | g1 | h1, hip

chiral-odd = needs Collins FF (or similar)
leads to sin(3 ¢ - ¢ s) modulation in Aut
proton and deuteron data consistent with
zero

cancelations? pretzelosity=zero?
or just the additional suppression by two
powers of Ph.

G. Schnell - UPV/EHU 28
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U | L T .
I Pretzelosity
L girL hiLL
T | fir | gir | b il S o0 ™
£ 002 SL: +
| | oty
@ chiral-odd = needs Collins FF (or similar) S°e o . _
0.05_—31:0 — C
@ leads to sin(3 ¢ - ¢ <) modulation in Aut T T‘-—ﬁ—-+--+--+--+—-{-+-;—-n-+--+--+—- %
-0.052— : + } —+ —+ I
@ proton and deuteron data consistent with  .o1——===mt — —
0.04 T s -
zero ot2f } -
o+ TN S LA |
. . ro + | C ! ++r . + |
@ cancelations? pretzelosity=zero? Y T A
or just the additional suppression by two =i i o6 s 1
X z P, [GeV]
powers of P, “
|
sin (3 P4-0 s) P osith_;e all hadrons 2002-2004 data
Ay 0 - megative \ COMPASS
= _ 4 _
o%‘ﬁ%ﬂwﬁiﬁé é
_ _ 5 _ ﬁ
102 10" x-z 0.4 0.6 0.8 zo 0.5 1 1.5P¥ . V/i)
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naively T-odd distributions
"Wilson-line physics”



@» - @, Sivers effect

naively T-odd distributions
"Wilson-line physics”

Boer-Mulders effect @ — @



. =9m-<tm» Sivers function

= G

gir hiLL
T | fis | 917 | h1, hip
<

@ naive T-odd quark

quark jet

@ requires FSI via non-
perturbative gluon
exchange(s) ("Wilson line")

final state
interaction

spectator
system

11-2001
8624A08

[S. Brodsky et al., Phys. Lett. B530, 99 (2002)]

proton

@ |eads to opposite sign in DIS
and Drell-Yan (firm QCD
predictionl)

@ relation to GPD E + FSI
yields opposite signs of
Sivers fct. for up and down

quarks
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. =9m-<tm» Sivers function

H |5 G

gir hiLL
fis | gi7 | h1, hip
<

@ naive T-odd uark

quark jet

@ requires FSI via non-
perturbative gluon
exchange(s) ("Wilson line")

final state
interaction

spectator
system

11-2001
8624A08

[S. Brodsky et al., Phys. Lett. B530, 99 (2002)]

proton

@ |eads to opposite sign in DIS
and Drell-Yan (firm QCD
predictionl)

@ relation to GPD E + FSI
yields opposite signs of
Sivers fct. for up and down

quarks
G. Schnell - UPV/EHU
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U | L T . . .
nl Sivers amplitudes for pions
L g1L hip
T flJ_T gir | ha, hf_T 2<Siﬂ (¢ - ¢S)> _ _Zq 63 1J_'I:q(aj7p’_2r) ®W D%(’Z? k%)

N >, e2fi(x.p7) ® Di(z,k7)
- 04 7.3% scale uncertainty [PRL 10?1 (2009) 152002]
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AR Sivers amplitudes for pions
L 91L hip
T | fiv | o1r | ha, hip (i B Zq 63 ffq(xap?r) Ow D%(Z,]C%)

SO oo = TS e 03 ® DYz )
- 0.1 _7.3% scale uncertainty [PRL 103 (2009) 152002] !
= ] ] . :
Toos, 4, 0h0, s pH e T dominated by u-quark
i:a/ 0: y * E+++ %e\rms SCGTTeriHQ:
AN T T T T T
i Ofﬁ—ffwg —— N Fit(@, p2) @y DY (2, k2)
E R i {(e,ph) @ DY~ (k)
%e’ : * +++ oy + ' :+ . { :
G Oty LA S | & u-quark Sivers DF <O
o el
= 0.05-" : : |
Z byt by + E++j. ‘
z  ofl b LG R SRS W SR
A S A S T A
~ 0.05- I
101 | - I0.4I | I0.6I III I0.5I N I1
X z P, [GeV]
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AR Sivers amplitudes for pions
L 91L hiz
T | fiz | 17 | b, iy 2<Sin (¢_ & )> B _Zq 63 1J_T’q(x7p’_2r) QDw D%(zvk%)

Slvr TS e fl(x,p%) ® D (2, kZ)
- 0.1 _7.3% scale unce_rtainty [PRL 10?1 (2009) 152002]
2 M :  domi
Toosi, 0, s bE e b T dominated by u-quark
s | * i tdd| scattering:
L e e fo(z, p2) ®w DY (2, k2)
2 J'IJO o 2 — 2
Y e i@, pg) @ DY (2 i)
? :* +++ :+++++:+ +++ .
. B S @ u-quark Sivers DF <O
A - __'_‘—'—|_|—I_:L
0.1 —= T e N ————
S 00507 E £
S 0__f__f__g,_*_f_____+_!,__+__+_+_+_+__+_H_+__+__+____Jf_ ® d-quark Sivers DF >0
> . : : (cancelation for m°)
-0.05 - . - B
101 | - I0.4I | IO.GI - I0.5I - I1
X z P, [GeV]
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Sivers function

O"""#"?"%'%"*"%"E"ﬁ"'ﬁ[' .

__ﬁ; L SPURN. T N —— -
oY i;§ i;f? l{

w%;*#%%%*ﬁ ----- 4o *% e +%
- % -
-KOI I I I I I
L } } Ao I I L1
iy * i . 1 A T
1 +

| L5
P ;’, (GeVic)

PLB 673 (2009)127

Jti

KO

U L T
U | f1 hi
L giL hf_L ﬂ%;:
T | fiz | 917 | h1, Py |
@ cancelation for D target
supports opposite signs of
up and down Sivers |
G. Schnell - UPV/EHU 32
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; o Sivers function

U
L 911 hlLL ‘150'2 - PLB 673 (2009) 127
T | fiz | 917 | ha, Py | .
0—-----#--#-%-%—-E--iﬁ"g-}%-#- ey *;--------;----—-%%*@-i;---%?---;@--------------{{"-- T
@ cancelation for D target -
supports opposite signs of - - - +
pports opposite sig TS RO | ORI
up and down Sivers N
@ new results from JLab using| | st Lo Ke
SHe target and from IO SN S *
COMPASS for proton : : S

target

[PRL 107 (2011) 072003]

1;; [ @ TC+ % Phenomenological Fit [ 4 7T
5 0.2+ ===21 Light-Cone Quark i}
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> b B
Te -0.2 RS, )
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£ ]
@ -04f TTITTTTITTY SIS
& R 77 27777777777
||||||||||||||||||| I ! S I
0.1 0.2 0.3 0.4 0.1 0.2 0.3 04
Xy, X

G. Schnell - UPV/EHU 32 AFTER'13 - ECT*



U L T

; o Sivers function

L gir, hiLL 202 -
= o PLB 673 (2009) 127
1 L 0.1+
fiz | o117 | hi, hip

Jti

0"“"#"?"%'%“ﬁ“iﬁ“ﬁ“ﬁ“'ﬁ[' w2 ; -;----—-%%ﬁ-i;---%*--;@---------------{{----

@ cancelation for D target
supports opposite signs of | I
up and down Sivers LT T

______________

0
S i K

@ new results from JLab using| |+ i1
3He target and from

Ll L | | | | | |
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COMPASS for proton x : b o

~ [C. Adolph et al., PLB 717 (2012) 383] COMPASS proton data
.ra r'g eT 2;:' 0.1- i t positive hadrons 2010 run preliminary

positive hadrons 2007 run PLE 692 (2011
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L 91L hiz
i | i | by hip

G. Schnell - UPV/EHU

Sivers amplitudes

COMPASS 2010 proton data

~ _,: e COMPASS positive hadrons x>0.032 preliminary
=~ 0.1 & HERMES =" PRL 103 (2009] |
1 1
P % &
. N Y T
0.0 ‘?é&é‘% - o L ¢ Py %.
T ;;ii } §§'§¢0+ ¢
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smaller h* amplitudes seen by COMPASS
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P Sivers amplitudes

J1 hi
L giL hiz | COMPASS 2010 proton data
= A e COMPASS positive hadrons x>0.032 preliminary
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I Sivers amplitudes
T hi =
N L n 0:15 TMD evolution
| gir | ha, hip ? arXiv:1112.4423
o5 HERMES o
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<
difference from 0.05
evolution?
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the other naive-T-odd distribution
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Modulations in spin-independent
SIDIS cross section

8%

d°c 2 ~2
= 1+ — | {A(y) F B(y)F
dx dy dz dgbh dP}%J_ ijQZ ( T 2£E> { (y) Uu,T T (y) UU,L

+C(y) cos pp FEU3 " + B(y) cos 20, FE5 770 )

BOER-MULDERS

eSS . EFFECT
o D _ -
m/mn oc 2(B,, kp)(B, - Pr)—ky-
UU — MM CAHN EFFECT
h —
o St Interaction dependent
<L 10 \e A >\ - ﬁ - _ ]g “Jterms neglected
C S . .
S0 o 2 | S P gt B K ep T
M, M ]

(Implicit sum over quark flavours)
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R Signs of Boer-Mulders

L giL hf_L
fir | o | ha, hip
Al conteibutions [Airapetian et al., PRD 87 (2013) 012010]
) = :
........ Boer-Mulders =2 [ ;% jep—enX I 7
| —=0.05} 1 1 g !
...... Cahn (twist 4) S : r . " : ¢ I
T HERMES 8 : I - $ :
T e § ol T e
P e N i ] T R 2 g
= S I — i 1 | |
3 -0.05| i '005' T T T §
‘ L : : : : C - (SN S | — N ~ G B Ssece: |
<1 e—— 10 04 0.6 0.8 04 0.6 0.2 04 06 0.8 1
§ 0 X 4 PhJ_ [GeV]
v -0.05F
1o .x . a o .Z
[V. Barone et al., Phys. Rev.D78 (2008) 045022]
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R Signs of Boer-Mulders

L giL hfL
f 1LT gir | ha, hf_T
' ' : 1 1201
— All contributions _ ) [Airapetian et al., PRD 87 (2013) 012010]
........ Boer-Mulders f\\: i ;£+ jep—en X I I I
. o 0.05¢ T 3 I § i ]
...... Cahn (twist 4) & . P, . g
T HERMES 8 : I - $ :
A 0.5/ F e O 0 £ I ﬁ o uW
A P = o O a g 0 &
o | rreeeess | 1 i i
V .0.05} - -005_ _- “ “ i -
s | == | ~ 10" 04 06 08 04 06 0204 0608 |
g | X Z P, [GeV]
v -0.05F

| 1 1 | |
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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1
L giL hlL
1 1
Tir | o1 | h1, hip
—— All contributions
-------- Boer-Mulders
------ Cahn (twist 4)
g HERMES
A ooy I
s | e
N .................. M__
o | e
V .0.05
-
A 005~ T e
= — | T
N e e T P ] i
7] 0 =
0
(&)
Vv -0.05}

0

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

Signs of Boer-Mulders

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

35 fem lep—enX i
—=0.05] O g !
N s g ) $ I
7 | ] : : : I
o 0 [m| I
3 [ O 1 7 o o
SO R I LR
[ W ]
-0.05} 1 il g
10" 04 06 0.8 04 06 0.2 0.4 0.6 0.8 1
X y z P, [GeV]

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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T | fiz | o117 | h1, hip
—— All contributions
-------- Boer-Mulders
------ Cahn (twist 4)
g HERMES
A 0.05- T S
=
N .................. M__
o | e
V .0.05
-
A 005~ T e
= — | T
N e e T P ] i
(7)) 0 =
0
(&)
Vv -0.05}
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| I I
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Doy

2 (cos(2¢

0.1}

Signs of Boer-Mulders

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

0.2}

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

@ Cahn effect only does not describe data
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@ opposite sign for charged pions with larger
maghitude for m (as expected)

-> same-sigh BM-function for valence quarks

@ intfriguing behavior for kaons
6. Schnell - UPV/EHU
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R Signs of Boer-Mulders
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preliminary results by COMPASS confirm non-vanishing cosine
modulations
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transverse spin in
hadron collisions



process dependence of T-odd TMDs

simple QED |
example . ______ On

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

R —
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process dependence of T-odd TMDs

simple QED
example

add color:
QCD

G. Schnell - UPV/EHU
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process dependence of T-odd TMDs

-'}; :

simple QED | !
example S O A On

DIS: attracr” xe=#* \Drell-Yan: repulsive]

add color:
QCD

result: Siver‘Slbxs - - Siver'S|DYI
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Unpolarized Drell-Yan
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Large deviations from Lam-Tung

relation observed in pion-induced DY
[NA1O ('86/'88) & E615 ('89)]
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Unpolarized Drell-Yan
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@ not explainable using collinear pQCD
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Unpolarized Drell-Yan
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@ not explainable using collinear pQCD
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Large deviations from Lam-Tung

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

@ possible source: Boer-Mulders effect
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Unpolarized Drell-Yan
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0s [ 4 7 +Wat194 GeV/c T
@ not explainable using collinear pQCD ;
0.6 - -

@ possible source: Boer-Mulders effect ..

@ much smaller effect for pp and pd DY ™
=valence BM effect? N
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® Sivers fit to HERMES data  °'°
nicely describes An in pp

@ may also originate from
Collins effect or twist-3

effects

@ only sizable in forward

direction
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@ Sivers fit to HERMES data
nicely describes An in pp

@ may also originate from
Collins effect or twist-3
effects

@ only sizable in forward
direction

@ after early success of linking
twist-3 with Sivers, sign
mismatch discovered:

O.15H (Jp'm

0.05
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. -05 0 0.5

AR arXiv:0801.2990v1 [hep-ex]

Phys.Rev.Lett.101 (2008) 222001.

do/dq, 1

\

q, ~ Q coll.fact.

[

A

)

ko |?
gTq,F(-T, x) — —/koJ_% f‘ﬁ(a}, k’i) ‘SIDIS iql<Q: TMD fact.
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pieces in the An puzzle

Collins Asymmetry A=2 <sin(<|>s - q>h)> \" Collins Asymmetry A= 2 <sin(¢s - ¢h)> vs. jT
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Inclusive hadron electro-production
ep! — hX
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Inclusive hadron electro-production

@ scattered lepton undetected GpT — hX
= |epton kinematics unknown
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@ dominated by quasi-real
photo-production (low Q%)
= hadronic component of
photon relevant
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Inclusive hadron electro-production

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

@ dominated by quasi-real
photo-production (low Q%)
= hadronic component of
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SN (k X pn) ~ sing

AUT(pTa Lr, ¢) —

Azi%b (pr,zF)Sing

G. Schnell - UPV/EHU 43 AFTER13 - ECT*



Inclusive hadron electro-production

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

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

@ cross section proportional to
SN (k X pn) ~ sing

AUT(pwaEFa ¢) —
J27d¢ oyrsing — [T d¢ oursin ¢

A?Ji’r# (pr,zF)sing AN = p-
J27de ouy

. EASiIl gb
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Inclusive hadron electro-production
ep! — hX

virtual photon going

into the page

G. Schnell - UPV/EHU
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w "Sivers angle”
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lepton beam going
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Don't forget these hyperons?

Comprehensive review of data by A.D. Panagiotou (Int.J.Mod.Phys.A 5 (1990) 1197)
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combining all these data
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combining all these data

o n ® interpretation using
impact-parameter

dependent PDFs
qualitatively describe
many experimental
00k findings
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combining all these data

0
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P ® M @ interpretation using
o P L impact-parameter
o % "W ET dependent PDFs
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o, " many experimental
; M 10,0, K+ findings
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more hopes for hyperons?

@ when TMD approach to pp better understood try polarizing FF:

quark pol.

U L T
Zlu[D| | Hf
§ L G HlJ_L
ST | Dy G| Hy Hiy

@ but first check with e*e” people: can measure FF much better
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Conclusion

G. Schnell - UPV/EHU 49 AFTER'13 - ECT*



Conclusion

@ SSAs are a challenge to both experiment and theory

G. Schnell - UPV/EHU 49 AFTER'13 - ECT*



Conclusion

@ SSAs are a challenge to both experiment and theory
@ TMD factorization applied to DIS:

@ non-zero correlation between quark transverse momentum and nucleon
transverse polarization (Sivers effect)

@ non-zero transversity, and correlation between transverse hadron momentum
and transverse spin of fragm. quark (Collins effect)

@ dihadron fragmention as tool fo measure transversity

® rich phenomenology  details ® S. Melis
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Conclusion

@ SSAs are a challenge to both experiment and theory
@ TMD factorization applied to DIS:

@ non-zero correlation between quark transverse momentum and nucleon
transverse polarization (Sivers effect)

@ non-zero transversity, and correlation between transverse hadron momentum
and transverse spin of fragm. quark (Collins effect)

@ dihadron fragmention as tool to measure transversity
@ rich phenomenology  details ® S, Melis
@ hadron production in pp:  details ® M. Anselmino

@ no clear interpretation of An (sign mismatch between Sivers and twist-3,
large asymmetries even at high pT, ...)

@ signals of Collins and dihadron fragmentation

@ hint of a non-zero valence Boer-Mulders function from DY
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