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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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IC 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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going beyond leading-twist collinear approach
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going beyond leading-twist collinear approach

TMD
factorization

TMD: transverse-momentum-dependent distributions
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Spin-momentum structure of the nucleon
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Spin-momentum structure of the nucleon
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Transverse spin [t}) = % ()£ =)
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transverse-spin asymmetries involve helicity flip
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need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)

@ 2-hadron fragmentation
G.S. @ Collins fr'agmenTm‘ion 8 IWHSS 2013, Erlangen
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TMD fragmentation functions
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TMD fragmentation functions

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

@ spin-dependence in fragmentation
into unpolarized final state:

left-right asymmetry in hadron
direction transverse to both
quark spin and momentum
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Probing TMDs in semi-inclusive DIS

(E’,p’) =
e =
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quark pol.
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*) semi-inclusive DIS with unpolarized final state
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Probing TMDs in semi-inclusive DIS

G.S.

(E’,p’) =

(E,p)

quark pol.

POF  FF
in SIDIS*) couple PDFs to:

—> Collins FF: ~ H;~7"

,;,)ordinary FF: DI~"

nucleon pol.

= give rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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1-hadron production (ep—>ehX)
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The quest for transversity
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A Collins amplitudes
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Collins FF from e‘e

® analyzed in different frames:

@ Collins-Soper

= different convolutions over transverse momenta:
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Collins FF from e*e"

@ analyzed in differen’rjrqmes:

/ﬂ:ih vs. Gottfried-Jackson
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Collins FF from e‘e
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* nonzero AUl and AY¢
= only modest dependence on (p,;,p,,)
= AUC < AUL; complementary information on H,* v and H,+ 4

= A, < A,,, but interesting structure in p,
slide taken from [I. Garzia, DIS 2013]
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Tl Transversity through
7o o D 2-hadron fragmentation

Apgr ~ sin(¢pr | + ¢g)sin Ohy H{®

Jaffe et al. [hep-ph/9709322]:
‘T I H3%P (2, M2.) = sindg sin &1 sin(dg — 61) H P ()

| /N\K / oo (61) — S(P)-wave phase shifts

= P(MZ)H™ (2)

e B ‘:> Ay might depend strongly on M”I
m(GeV)
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Transversity distribution
(2-hadron fragmentation)
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to Anselmino et al.)




collinear extraction of valence transversity
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collinear extraction of valence transversity
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collinear extraction of valence transversity
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d,-transversity Soffer bound

[A. Bacchetta et al. THEP 03 (2013) 119]
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Transversity distribution
(2-hadron fragmentation)

COMPASS 2007/2010 proton data
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AR First signal of transversity
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@ forward region -> valence effect from polarized (beam) proton?

@ previous mid-rapidity preliminary data from PHENIX consistent with zero

@® dependence on cone cut; due to underlying pt dependence?
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"Wilson-line physics”
naively T-odd distributions
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Sivers amplitudes for pions

2<Sin (¢ o ¢S)>UT -

7.3% scale uncertainty [PRL 103 (2009) 152002]
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scattering:
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AR Sivers amplitudes for pions
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ot _7.3% scale unce_rtainty [PRL 10?1 (2009) 152002]
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AR Sivers amplitudes
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@ cancelation for D target
supports opposite signs of
up and down Sivers
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@ cancelation for D target
supports opposite signs of
up and down Sivers

target

G.S.

new results from JLab 0
using 3He target and from
COMPASS for proton

Sivers amplitudes

[PRL 107 (2011) 072003]
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AR Sivers amplitudes
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= Tl o [ Q° dependence?
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AR Sivers amplitudes
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giL hiLL

™ PN Q¢ dependence?
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Process dependence

simple QED $
example . ______ On

DIS: aT’rmc’rive]

L A —

G.S. 34

Drell-Yan: repulsive
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Process dependence

simple QED
example

add color:
QCD

G.S.

result: Sivers|prs

= - SiversIDyl

34
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Process dependence

y*
simple QED
example

+ . Y -

b L

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

add color:
QCD

G.S.

result: Siver‘Slbxs = Siver'Slbvl

34 IWHSS 2013, Erlangen



Process dependence

need Drell-Yan experiments with transverse polarization:
COMPASS, transverse SeaQuest, RHIC, .. @ C. Ried|

add color:
QCD

result: Siver‘S|DIs = Siver'S|DYI

G.S. 35 IWHSS 2013, Erlangen
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no rigorous TMD factorization!
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no rigorous TMD factorization!
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@ Sivers fit to HERMES data
nicely described An in pp

G.S.

p'p—=nX

p+p — T +X ¥t vs=200 GeV
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Phys.Rev.Lett.101 (2008) 222001.
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@ Sivers fit to HERMES data
nicely described An in pp

@ may also originate from
Collins effect or twist-3

effects

G.S.
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AR arXiv:0801.2990v1 [hep-ex]
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Phys.Rev.Lett.101 (2008) 222001.
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@ Sivers fit to HERMES data 0151
nicely described An in pp |

@ may also originate from
Collins effect or twist-3

effects

@ only sizable in forward

direction

G.S.
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----------

Sivers fit to HERMES data

nicely described 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:
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p'p—nX - pt dependence

p+p—> n°+X at vs=200 GeV

oosl <x>=0.28 [ <x>=0.32
_® FPD data n
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@ clean approach: collinear twist-3

G.S.

—IIlIIIlIIIIIIllllllllllllllllllllllllll|IIIIIIIII

n® Ay Vs p, (0.16 < x_<0.24) (Isolation 70 mR)
\/s = 500 GeV n° Energy 50 GeV (x_ ~ 0.20)
STAR Run 11 PRELIMINARY

@ but expected pr fall-off not seen; or at least it's very slow

38
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.. hot quite Drell-Yan yet: jet SSA

@ no sensitivity to fragmentation details: pr — jet + X

G.S.

@ Sivers-type mechanism (-> use Sivers fctn from SIDIS fits)

data from [ANDY Collaboration, arXiv:1304.1454]
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Boer-Mulders
spin-effects in unpolarized reactions

®- @



Unpolarized Drell-Yan

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

200
2V""( 1_)) lepton plane (cm)
009 1—A—2v =0
v 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)]

o C. Riedl|
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Unpolarized Drell-Yan
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0.00 150 300 relation observed in DY
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[NA1O ('86/°88) & E615 ('89)]

@ "failure” of collinear pQCD

o C. Riedl|
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Unpolarized Drell-Yan

o )las)-

200

3
4Jr

1+2.cos’0 + psin 260 cos ¢ +%sm Hco<;2¢}

2V""( 1_)) lepton plane (cm)
s 1—-A—2v=0
~2.00 : G‘: ;(is ; UC i Large deviations from Lam-Tung
0.00 300 prelation observed in DY
p, (GeV/c)

[NA1O ('86/°88) & E615 ('89)]

@ "failure” of collinear pQCD

@ possible source: Boer-Mulders effect @ C. Ried|
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Signs of Boer-Mulders
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Signs of Boer-Mulders
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i Signs of Boer-Mulders
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AR Signs of Boer-Mulders
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Modulations in spin-independent
SIDIS cross section

8%

d°c 2 ~2
= 1+ | {A(y) F B(y)F
dz dy dzd¢y, dP2, xygp( + 233){ (y) Fuu,r + B(y)Fuu.L

+C(y) cos on Fi Pr B(y) cos 20, Fi 2¢h}

BOER-MULDERS
EFFECT

. 2(Eu ET)(EL ' }_jT)_ET '
MM,

CAHN EFFECT

Interaction dependent
— “|terms neglected

—C PhJ_'pTxhlJ_HJ_ PM-kalel_l_./

— . = .o

M, M

(Implicit sum over quark flavours)
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Modulations in spin-independent
SIDIS cross section

8%

d°c 2 ~2
= 1+ | {A(y) F B(y)F
dz dy dzd¢y, dP2, xygp( + 233){ (y) Fuu,r + B(y)Fuu.L

+C(y) cos on Fi Pr B(y) cos 20, Fi 2¢h}

BOER-MULDERS
EFFECT

. 2(Eu ET)(EL ' }_jT)_ET '
MM,

CAHN EFFECT

Interaction dependent
— “|terms neglected

—C PhJ_'pTxhlJ_HJ_ PM-kalel_l_./

— . = .o

M, M

(Implicit sum over quark flavours) 3 = B Parsamyan
G.S. 43 IWHSS 2013, Erlangen



@ _ @ signs of Boer-Mulders

[Airapetian et al., PRD 87 (2013) 012010]
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@ not zerol

@ B. Parsamyan
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@ _ @ signs of Boer-Mulders

G.S.

[Airapetian et al., PRD 87 (2013) 012010]
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@ not zerol

@ opposite sign for charged pions with larger magnitude for m
-> same-sign BM-function for valence quarks?

@ B. Parsamyan
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G.S.

signs of Boer-Mulders

[Airapetian et al., PRD 87 (2013) 012010]
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opposite sigh for charged pions with larger magnitude for m

-> same-sign BM-function for valence quarks?

intriguing behavior for kaons

@ B. Parsamyan
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signs of Boer-Mulders

®

[Airapetian et al., PRD 87 (2013) 012010]
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x Y z P, [GeV]
@ not zero!
@ opposite sign for charged pions with larger magnitude for m

-> same-sign BM-function for valence quarks?

intriguing behavior for kaons

@ available in multidimensional binning both from
soon from COMPASS

G.S. 44

ERMES and

@ B, Parsamyan
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signs of Boer-Mulders

COMPASS °LiD (25% of 2004 data)

o+
o
o
o
G
ol
o
o
o ¢
—
[ pl

oyt |

¥ by H;
Y ¥
L/ t B 4 ¥ tx ¥ }t ........ ’ ?t {
X X X X X

sys = 2 - stat

@ B. Parsamyan
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signs of Boer-Mulders

@ @ COMPASS °LiD (25% of 2004 data)
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@ available in multidimensional binning both from HERMES and

soon from COMPASS

G.S.

@ B, Parsamyan
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@ transverse spin - a challenge to both experiment and theory
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Conclusion

@ transverse spin - a challenge to both experiment and theory

@ TMD factorization applied to SIDIS:

@ 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

worm-gear git iS hon-vanishing
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Conclusion

@ transverse spin - a challenge to both experiment and theory

@ TMD factorization applied to SIDIS:

@ 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
@ worm-gear git is hon-vanishing
@ hadron production in pp:

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

@ preliminary signals of dihadron fragmentation (and of Collins effect)
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Conclusion

@ transverse spin - a challenge to both experiment and theory
@ TMD factorization applied to SIDIS:

@ 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
@ worm-gear git is hon-vanishing
@ hadron production in pp:

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

@ preliminary signals of dihadron fragmentation (and of Collins effect)
@ hint of a non-zero valence Boer-Mulders function from DY and SIDIS
® |et's prepare for

@ precision measurements at ongoing and future facilities

® fundamental QCD tests in Drell-Yan experiments
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@ significant non-zero signal
observed for negatively charged
mesons also at COMPASS

@ must vanish after integration
over Pn. and z, and summation
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Subleadmg twist - sin(¢s)

@ significant non-zero signal

observed for negatively charged
mesons also at COMPASS

must vanish after integration
over Pn. and z, and summation
over all hadrons

@ various terms related to
transversity, worm-gear, Sivers

etfc.:

(XhT HJ_

~

M,,. H
h
M 1Z

GL

M

2D hg1T>
7

DL>}

T W(pTakTaphJ_) M
Z
IWHSS 2013, Erlangen

My,

] (mﬁf My,



2-photon exchange signal from JLab

—e— BigBite stat.

| | & 008 — Preliminary
@ non-zero inclusive A
LR asymmetry on T | esiesys
neutron 0.04r . :
0.02}
@ goes beyond single- o ;
photon exchange 2
inTer'pr'eTa’rion _0.02; 000 O AN
D04y
W (GeV)
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G.S.

transversity extraction

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

0.4 r

0.2

0.0

x hyUV(x)-x h,%V(x)/4

Torino
extraction from HERMES data +—de—s

extraction from COMPASS data —Jl—

{1 +H+++ ++

~ A. Bacchetta et al., arXiv:1212.3568 [hep-ph]

0.01 0.10
X

0.6 —————
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-0.2

0.4 F

x hy(x)+x hyV(x)

Torino

extraction from COMPASS data —Jl—

KRN

0.0

010

@ promising agreement between collinear and TMD extraction of

transversity

@ no obvious sign of difference in TMD (Collins) from collinear (dihadron)
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http://arXiv.org/abs/arXiv:1212.3568
http://arXiv.org/abs/arXiv:1212.3568

Inclusive hadron electro-production
ep! — hX

virtual photon going

into the page

G.S.

¢ >~ Op — Ps

w "Sivers angle”
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lepton beam going
intfo the page
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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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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 ¢
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