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TMDs

The nucleon fomography
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Mother Wigner function:

describes full phase-space distributions of partons, but not accessible experimentally
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The nucleon fomography
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Now focus on pr dependence
Depend on x and pr e Transversity accessed only recently in SIDIS, still poorly
known (differs from helicity due to relativistic effects)

Describe correlations between pr
and quark or nucleon spin (spin-
orbit correlations)
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The nucleon tomography
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Depend on x and pr

Describe correlations between pr
and quark or nucleon spin (spin-
orbit correlations)
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Momentum and Helicity well known from inclusive DIS
Now focus on pr dependence

Transversity accessed only recently in SIDIS, still poorly
known (differs from helicity due to relativistic effects)
Sivers and BM: T-odd — require non-trivial (process-
dependent!) gauge-link. Recently probed in SIDIS.

Non zero and strongly flavour dependent

w-g g17: hint of non-zero signal. Very preliminary
access.

w-g hq;: zero at HERMES and COMPASS, significant
amplitudes at CLAS!

pretzelosity consistent with zero (HERMES, COMPASS)
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Accessing the TMDs
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The SIDIS cross-section
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The SIDIS cross-section
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The SIDIS cross-section
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Selected results (1)
The Naive-T-odd TMDs
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Boer-Mulders function h;"
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Boer-Mulders function h;"
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Boer-Mulders function h;"
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[Interaction

dependent terms
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The cos2¢ amplitudes [och%@H%
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Create your own projections of results through: http://www-hermes.desy.de/cosnphi/
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- Amplitudes are significant
— clear evidence of BM effect

- similar results for H & D
indicate h; " ~ hy?

- Opposite sign for t™ /™
consistent with opposite signs
of fav/unfav Collins

- K* /K~ amplitudes are larger
than for pions, have different
kinematic dependencies than
pions and have same sign

- different role of Collins FF for
pions and kaons?

- Significant contribution from
scattering off strange quarks?
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weekly flavor dependent)
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- Different Py, dependence of
nt& m~ indicates contributions
of flavor dependent effects (e.g.
BM) for m™

- K* amplitudes larger than ™

- K~ ~ 0 different than K (in
contrast to cos 2¢)

- Significant contrib from
interaction dependent terms?
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Sivers function fir— :
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Sivers amplitudes |« @D, | :
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Again unexpected pion-kaon differences!
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The kaon puzzle in Sivers
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The kaon puzzle in Sivers G
L
roduction dominated by u-quarks, but: .
0.2FK* T oas| R T
i 5 01F - + % -
0.1 1-+H. LL 0.05F | ++ S + | - i
- ror =2 F IN; |{ - 11
SRANL p ookt
) 5-0.05| : 5 |
‘ - : Lol > L M | S | - | M | - L L
10" x 10" < 10 X 10" x 107" x
_ Each x-bin divided into 2 Q%-bins
+ + =
m T z‘ud>, K E‘US> —> - _—
- . Significant deviations observed only
different role of various sea quarks ? at low Q2
x [ 4 HERMES Preliminary with [D¢(z,Q%)dz=1.27 = | E " YN "
Roaq [ @256V _ Fit ] = T Q< (Q(x) | K
It - .. CTEQSL g ° Q"> (@(x)) | +
e x4 Z 0.1 i {
--------- Sl IR TRTINEA AN
\.\. ) 0 % % + i % % %
- \_\ _ 0- ............................................. .. ..........................................
: 1:"--....““:‘3::‘.‘ 1 S E————
: . , < 107 —
P S E———— W : PE——— 3 o ° 0 g
0.02 0.1 0.6 k] o % " o O
Na o : - " - o .O " )
> q= f ‘ . |
10" 10"

m Flavor dependence of k; in fragment. Hint of sys‘rema‘ricx diff. only for K+

m Higher-twist contrib. for Kaons

L.L. Pappalardo — MENU 2013 — Roma — Sept. 30 - Oct. 4 2013 20

— impact through convolution integral




Selected results (2)
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Worm-gears h*y; & gi7 :
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+esin (o + @ 5)Fyp Y+ esin (3¢ — d5)F oS
2¢ (1 + €) sin (¢ C,}Fﬂ“ (¢5) » requires interference between wave funct.

/26 (1+ ) sin (26 — & S)Fi_i% 2@—@)} components that_dlffer by 1 unit of OAM

— related to orbital motion of partons
.llllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII. > Canbeaccessed”’] LTDSAS

+ E;T /\{ |:\ 1 — {:2 COB (l’__."l') — (‘) s Ff%b (O_QS

_ - | cos(dg) -

2¢(1—€)cos(¢ps)Fyp 7 \E\

- _ . cos (20— g) X ng ® Dl
2¢ (1 —€)cos (20 — ¢ S)FLT
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U K
The sin(2¢) amplitude | xrh® | ]
e
Deuterium target Hydrogen target
0.06 [ ed—enX AT T @ AP 1/ (b)
0,04_—:iij L 0.06_—I|III ] 0.04_—IIIII )
& 1 0.04 - 4 002 i
§ I | }P l 0.02 B | 0 4//_
< JER AT el ] [ ]
< g Tr_‘#;;;;;;%';;;;; ____%___________Tw 0 _ TL%\L 0.02 - f T .
b0z ] -0.02 - 4 -0.04 | .
ooep 004 - A 006
0.06 [ ed—ek X 0 01 02 03 x 0 01 02 03 x
0.04 0o K A. Airapetian et al, Phys. Rev. Lett. 84 (2000)
= 0.02 —
PSa Lée | | Amplitudes consistent with zero for all mesons
A % T T and for both H and D targets.
0.02 -
b Similar observations by COMPASS on deuterium
T CLAS reported sighificant amplitudes for pions on

A. Airapetian et al, Phys. Lett. B562 (2003)

a proton targeft.
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2 (cos(d-0g)) |

K
LL

2 (cos(d-¢g))

The cos(¢-¢s) amplitudes [ocgn ® D, J e
0.2 P ] L—I(I)EO/RMES:_PRELI_MINARY - -
01k - .0% scale f_uncertalnty

0-_+_**ﬂ_+__+__-_”_i_i_i_}_}_-_*_+ﬁ_+__;,___+_ (@ slightly positive ?

01
| - |

o—*\lH”}HHM—lH}'* (@ consistent with zero

0.1 - S A—

) A S _ |
oftastilyast i dity H o positiven  simller obsersatons from

01F 5
0'2;K+ } _ } + _ } +

o:_$-$--+1T--_|_-}_+____+_4___{.:_j'_+_+_+_+____. i@ slightly positive ?
02 e =
020K - -
o_--f.+.+ _+.++ ; * _HJL ------ @ consistent with zero
107" 0.4 0.6 0.5 1
X z P, [GeV]
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Selected results (3)

The higher-twist F, ;5™ ?+erm
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The higher-twist F,;,*™ ?term

doh a? 'y2 1 ’}'2
dedydpgd=dodP?, — ayQ? 2(1 — ) * 2

“

{ {FUU,T +eFuuL

2¢ (1 +€)cos (c‘;)FCDS(d’} +ecos (20)F O (%)}
+ Al _ 2¢ (1 — €)sin (¢ FEE (¢) .
+ 5 [VeF sin(@) P @ + esin 20) P @]

+ Sp A V- e2FLL + v/2¢ (1 — €) cos (@)FEES(C&')}

+Sr [sin(¢—os) (Frfli%ﬁtrﬁ_%) n Fsm(eb c;bs))
:H sin (¢ + ¢S)F§¥(¢+¢S} + esin (3¢ — ¢ )Fsm(3‘3’ )
+1/2¢(1 4+ €)sin (¢ S)F#&}(és)
2¢ (1 + €)sin (2¢ — @S)F{'ﬁ%tgé_ég)}
+ St A {\/ﬁcos (60— ds)Fip (6—¢ )
2¢ (1 —€)cos(ds)F COS (05)
2¢ (1 — €) cos (2¢ — ".DS)FE%S (26.*5—:355)} }

gj!

hi

u ~ J
Lf /

/]

Sensitive to f; , Boer-Mulders
+ higher-twist DF and FF
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The £y " *term (gigleaienedaeninierl -~

gl
H target, 2000-2007 data 0.2<z<0.7
_|_ HERI‘V‘IESPRELII\/’IINAI%YZODD—2DO7 _ HERMESPRELIM\NAéY2000—2007
= T Scale uncertainty 2.4% ep — ehX = s Scale uncertainty 2.4% ep — ehX
=002 : ++4{' = 002 %qT i
S e gil}{l{. S gl TR T SO0 OT STUUTUUORTIOY IO T
% -0.02 % -0.02 +
et ™
P = 0 R | s W— — D) =
0.10 Kt . 0.10 K~
= = }
\% Ot gom s A ol LI K S PR VR % 0 ook 1 + LI ' **** ......... +
& & ;
™ -0.10 7 -0.10
| —— | e————— #gg
= 0.10 = 0.10 .
% Ol T TR i -.........'....;...'! ------ e By T \_—E/ O*§+++{I{. """" F """"" '}‘}{'{.l}
% -0.10 2 =0.10
P ™~
| —————— e e N — | e———— . | et e
0.050.1 0.2 03 05 07 02 06 1 0.050.1 0.2 03 05 07 02 06 1
X 7 Py [GeV] X 7 Py [GeV]

Amplitudes are positive for pions and consistent with zero for kaons and protons
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St

% -0.10
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2

T
D target, 2000-2007 data 0.2<z<0.7
1| HERMES PRELIMINARY 2000-2007 _| HERMES PRELIMINARY 2000-2007
Tq Scale uncertainty 2.6% ed — eh X :] O 02 ﬂ- Scale uncertainty 2.6% ed — eh X
SN SN 3 T 9 0 635 SO0 O [ I Y w*”***w
Lg/—o.oz
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K+ . 0.10 K~
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Amplitudes are positive for pions and consistent with zero for kaons and protons
Deuterium target: same features, less statistics
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Part IT

Inclusive electroproduction of hadrons

L.L. Pappalardo — MENU 2013 — Roma — Sept. 30 - Oct. 4 2013

30



From SIDIS to inclusive hadron production

SIDIS: Ip' - I'hX

- Hadron detected in coincidence with lepton
- DIS regime (Q? > 1 GeV?)

- Hard scales: Q2, P, (w.rt.y*)

- Factorization valid for Py, % < Q2
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From SIDIS to inclusive hadron production

Q? 1‘
h

= =
SIDIS: Ip' - I'hX Inclusive hadrons: Ip' — hX
- Hadron detected in coincidence with lepton - Lepton is not detected — no info on Q?
- DIS regime (Q? > 1 GeV?) - data dominated by Q% =~ 0
- Hard scales: Q?, P, (w.rt.y*) (quasi-real photoproduction regime)
- Factorization valid for Py, % < Q2 - Hard scales: Pr (w.r.t. incident lepton)

- Factorization valid for large Pr?
o P
- Main variables: xp = 2—2 , Pr

- Selected events contain at least 1 charged
hadron track ( or K) regardless of
whether there was also a scattered lepton
in acceptance or not.
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From SIDIS to inclusive hadron production

} X
g Lo
P

= =
SIDIS: Ip' - I'hX Inclusive hadrons: Ip' — hX
- Hadron detected in coincidence with lepton - Lepton is not detected — no info on Q?
- DIS regime (Q? > 1 GeV?) - data dominated by Q% =~ 0
- Hard scales: Q?, Py, (wrt.y”) (quasi-real photoproduction regime)
- Factorization valid for Py, % < Q2 - Hard scales: Pr (w.r.t. incident lepton)

- Factorization valid for large Pr?

. . P
- Main variables: xp = 2-%, Py
Hadron yields for UT data S

- Selected events contain at least 1 charged
+ + -
-ﬂ hadron track ( or K) regardless of
SIDIS 73M 54M 131K 54K whether there was also a scattered lepton

Inc,h 60M 50M 51M 2.8M in acceptance or not.
- SIDIS events constitute a small subsample
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Cross section and azimuthal asymmetries

do = dO-UU[l + SJ_AUTSinlp sin 1/)]

§'(ﬁhXE)OCSinl/J

YP: azimuthal angle between the upwards target spin direction
and hadron production plane around the beam direction
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Cross section and azimuthal asymmetries

do = dO-UU[l + SJ_AUTSinlp sin 1/}]

§'(ﬁhXE)OCSinl/J

YP: azimuthal angle between the upwards target spin direction
and hadron production plane around the beam direction

Y[
f dl/) dO-UT sin l/) T
For an ideal detector with full 2 coverage in : ASHH/) .20 = — 5 Ay

2 fon dy doyr
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Cross section and azimuthal asymmetries
do = dauu[l + SJ_AUTSinlpSin l/)]
§'(ﬁhXE)OCSinl/J

YP: azimuthal angle between the upwards target spin direction
and hadron production plane around the beam direction

TT foﬂ: dl/) dO-UT Sinl/)

. . . AS]II'(/) T
For an ideal detector with full 27 coverage in : = = = ——= Ay
2 f dy doyr 2
0
o s=4.9 GeV 6 5=6.6 GeV 60 ¥5=19.4 GeV o V5=62.4 GeV
gp Left PRL 36, 929 (1976) PRD 65, 092008 (2002) PLB 261, 201 (1991) PRL 101, 042001 (2008)
' e 4[' I .é 40 L ** 40 0 PLB 264.452“991) *+ 40 L BRAHMS
+ @
A 4 *—<: | on’ o® 20} S 20} oo’ 20} o?
s O  ¢% i. b
Right g O o - 0f------- L Of---Bzeonnnnnnnd Of---@ -o-mooe
-20 20} © 20} OOO 20} o
W —— | ANL o BNL % WoFNAL o0 | IRHIC o
\ 7(€,8) + o(! y I1917¢l Lol |210|0121 . |(¥ 199|11 abnbi i lils 2008I PP PR P
' 2 04 06 08 1 U6 0e 1 a0 0e 1 004 06 08 1
X Xe X¢ X¢

Polarized pp scattering experiments observe asymmetries up to 40%!

* mirror symmetric for t*t and w~ vs. xp

« reproduced by various exp. over 35 years, persistent with energy (/s from 5 to 200 GeV !)

* Cannot be interpreted using the standard leading-twist framework based on collinear factorization
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(P,) [GeV]

eoo

= o @

Inclusuve hadrons results

0 :

.--i‘¢$@

D%Waas'g

t* amplitude rises linearly with xy up to 10%

o @

1T~ is negative, similar trend, smaller (up to 4%)
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Inclusive hadrons results

(P,) [GeV]

rent | ; t* amplitude rises linearly with x up to 10%
01k On @_
[ @ ] 1T~ is negative, similar trend, smaller (up to 4%)
T LA,
%..
{] DODUQ(:)_E;_E;_
01} Q 5

eoo

General trend very similar to Ay in ppT hard scattering

6.6 GeV 19.4 GeV
60 PRD 65, 092008 (2002) 80 PLBE 261, 201 (1991)
4k ﬂ 40k PLE 264, 462 (1991) + T
wl .o. 2 oo? Ay in p'p scattering is much larger and
L ) . . —_
b FOS ,,____id ___________ mirror symmetric for t* and
0]
20 © 20 %
wl ® ol %’P%) u-quark dominance in epT scattering can
P SN %’ TP explain the relatively smaller size for m~
02 04 06 08 1 02 04 06 08 1
X X¢
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Inclusive hadrons results

'.J’[+ ._.Ki-
u_-l_C’iT[- ‘{.OK-
...." o
0 bﬁ.@%g‘gﬁ """""""" T Q.

[ ¢¢'¢¢¢.- @
_n_-|-_ @

I 8.8% scale uncertaln

t* amplitude rises linearly with xy up to 10%
1T~ is negative, similar trend, smaller (up to 4%)
K is about constant around 7%

K =0

Again kaon behave differently than pions!

AL WL D Y

fo

02

04

Xg

General trend very similar to Ay in ppT hard scattering

60

af
20}

20 F

40

60

6.6 GeV 9.4 GeV
PRD €5, 092008 (2002) 60 PLB 261, 201 (1991)
PLB 264, 462 (1991) +
% “
&
Q@ 20k Y ) ¢
o ]
........ £ | G
o o o
% 20+ o
. 40} Q %)
asalissalinsa bl nlaialasial é il analasalasal | FRRTTIETTY PATTY FYOTY PPAT oer

02 04 06 08 1
Xg

02 0.4 06 08 1
Xg

> Ay in p'p scattering is much larger and
mirror symmetric for 7™ and w~

» u-quark dominance in epT scattering can
explain the relatively smaller size for m™
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0

Inclusive hadrons results

- @ I T®
Omn” ‘_"_O
[ ]

8.8% scale ynneﬂaln}q;\‘\% q_

o 1 m* amplitude rises linearly with x up to 10%
oot ®® | ¢¢++$+ @ + | T is negative, similar trend, smaller (up to 4%)
(Y I R .
Lo ¥ — - DD¢¢;¢§:’ -+ K™ is about constant around 7%
] K- =0
Again kaon behave differently than pions!

AL WL D Y

T T T T -@\/—' T EE T T T T T T T T t':l T E
@i&jﬂﬁbc“ i 00 00C o
E3 000 E

1 (o) ]

© E S E

0 02 04 02 04
' 3 n? tt and K* amplitudes rise linearly up to
| JL _

Pr = 0.8 GeV then decrease with increasing Py

ntt also show a clear rise above P ~ 1.3 GeV

1 Amplitudes of negative mesons are much smaller
apart fora ™ pointat Pr = 1.5 GeV

05 1 15 2 05 1 15 2
P, [GeV]
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Inclusuve hadrons results

EE 1 m* amplitude rises linearly with x up to 10%
< 01 ]
$+ @ + ] m is negative, similar trend, smaller (up to 4%)
of 5 ¢¢¢¢% K" is about constant around 7%
| k-~ 0
-n-1 7] . . .
gain kaon behave differently than pions!
A k beh diff tly th !
E’ 0.8} 000 © ¢
C O
O 06} s X and Py strongly correlated.
o : . Important to look at 2D extractions
L - Xc/
. T | m" and Kt amplitudes rise linearly up to
< 01 @ 1 Pg = 0.8 GeV then decrease with increasing Py
of téj 11 m* also show a clear rise above Pr ~ 1.3 GeV
-0.1 1 Amplitudes of negative mesons are much smaller
apart fora ™ pointat Pr = 1.5 GeV

< 02 00©® C

0.1

15 2
P; [GeV]
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Inclusive hadro
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siny
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Inclusnve hadr'ons resul’rs

siny

5 000<P lGeV]<033
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. 0 02 04 o0z o4
P, [GeV] X

> mT amplitudes vs. Py are basically the same in all x; bins — apparent increase in
magnitude vs. xg in 1D projections is a reflection of underlying dependence on Pr
» 1~ amplitudes vs. Pr are vanishing at low xr and become negative at high xg
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Interpretation

The inclusive hadron electroproduction data set is a mixture of various contributions with

different kinematic dependences == difficult to draw conclusions on the underlying
physics from the observed kinematic dependences

More insight may be gained by studying separately the asymmetries for different subsamples

Inclusive hadron production
(all events)

¥

Quasi-real photoproduction

(Q* = 0)

events without scattered lepton  identified lepton
in acceptance (“anti-tagged”)
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Interpretation

* Theinclusive hadron electroproduction data set is a mixture of various contributions with
different kinematic dependences == difficult to draw conclusions on the underlying
physics from the observed kinematic dependences

* More insight may be gained by studying separately the asymmetries for different subsamples

= . . . . .
e 064t ¥ antl-tagged TK?
“;I:‘ DIS, 0.2<z<0.7

Inclusive hadron production 04l m Disz>07 ]‘i
(all events) i ¥ : '

0.2} Hi .
' 0 m"t'!!ﬂwvé@Tii:

T ok
Quasi-real photoproduction 02} Ji 1 @ L]l:
2 T
9% 150
events without scattered lepton  identified lepton 02l = % 1
in acceptance (“anti-tagged”)
Anti-tagged: z N W Tk
= About 98% of total statistics — asymmetries vs. Pr E 0.051 @- . 1 0 ® . ]
essentially identical to inclusive amplitudes at low-to- & o} ﬁ.@ JeegiSm® ]
intermediate Py. 0.05F ™ ) | K |
» For Pr > 1.3 GeV they differ due to the contributions o Looseaa. 8 B n“”“_ 0000999800 ]
from the other subsamples to the full inclusive sample 0 05 1 15 2 05 1 15 2
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Interpretation

DIS0.2<z<0.7:

= gt /m~ amplitudes larger than inclusive in full Py range and rise linearly with Py (up to 20% for r*)

= In this regime Q% > Py and TMDs can contribute without Py -suppression

= Since P and ¢ — ¢ are closely related the observed P; dependence might arise from the Sivers effect

sin

= 0.6t ¥ antl-tagged
4:’ ® DIS,02<z<07
04l m DIS,z>07

Quasi-real photoproduction

(Q* = 0)

events without scattered lepton  identified lepton
in acceptance (“anti-tagged”)

Anti-tagged:
= About 98% of total statistics — asymmetries vs. Pp

N W T
0.05 " « K - "
e, .:'o.

L]

Fraction

essentially identical to inclusive amplitudes at low-to- 0loonpa B B ® _______leeeggSa® |
. . (/ N T T - T T T T
intermediate Py. 0.05F ™ K
* For Py > 1.3 GeV they differ due to the contributions 0--mﬁﬂﬂﬁ-ﬂ.—a-?-f“?--5-.--——0‘1@9.99-3.-%-g--c-.)--(-j _____
from the other subsamples to the full inclusive sample 0 05 1 15 2 05 1 15 2
P, [GeV]
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DIS0.2<z<0.7:
t /m~ amplitudes larger than inclusive in full Py range and rise linearly with Py (up to 20% for t*)
In this regime Q2 > P;* and TMDs can contribute without P -suppression
Since Y and ¢ — ¢ are closely related the observed P; dependence might arise from the Sivers effect

DIS z > 0.7: . : : :
= Very large asymmetries observed for pions and especially £5 06 Mg |
P ,02<2<0.7
K™ (more than 40%!) 04l W DIS,z>07
= Pions receive large contributions from decays of exclusive p i i
» 71~ large amplitude may come from d-quark Sivers function 0.2} Hi LELR
in conjunction with favored fragmentation of the struck 0 “'f“' "Yevv

(down) quark

Interpretation

Quasi-real photoproduction 02} { L]l:
2 o~ 0 - I 1
@ ) 0 [-CERRS E‘ o FF- W éi*‘t’*‘t?[‘: ]
l
events without scattered lepton  identified lepton 02l [ “o 1
in acceptance (“anti-tagged”) '
: : \ (\/ I : .
Anti-tagged: z AraN @/. TR -
= - 1 ]
= About 98% of total statistics — asymmetries vs. Pp E 0.05 {® ¢ ®
essentially identical to inclusive amplitudes at low-to- & g ﬁ.@ foeeggS ™ i
. . (/ N _ T T
intermediate Py. 0.05F ™ K
» For Pr > 1.3 GeV they differ due to the contributions o |coeen .8 B n””“_ 00988°°
from the other subsamples to the full inclusive sample 0 05 1 15 2 05 1 15 2
P, [GeV]
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Conclusions

A rich phenomenology and surprising effects arise when intrinsic p; is not integrated out!
Flavor sensitivity ensured by the excellent hadron ID revealed interesting facets of data
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Conclusions

A rich phenomenology and surprising effects arise when intrinsic p; is not integrated out!
Flavor sensitivity ensured by the excellent hadron ID revealed interesting facets of data

The HERMES experiment has played a pioneering role in these studies:
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Conclusions

A rich phenomenology and surprising effects arise when intrinsic p; is not integrated out!
Flavor sensitivity ensured by the excellent hadron ID revealed interesting facets of data

The HERMES experiment has played a pioneering role in these studies:
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HERMES results in inclusive hadron electroproduction reveal interesting features in
common with Ay in pp' scattering and with Sivers effect in SIDIS.
A rich phenomenology is revealed when the various subsamples are analyzed separately
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Transversity
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Collins amplitudes och,(x, p?) ®H, (z,k?)

[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]
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Subleading twist
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2 (sin(dg)y,

2 (sin(dg))y

Subleading-twist sin(¢s) Fourier component
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The sin(3¢-¢¢) amplitude o hi (x, p?) ®H; (z,k?)
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All amplitudes consistent with zero

..suppressed by two powers of P, |
w.r.t. Collins and Sivers amplitudes
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» The only TMD that is both chiral-even and @ 0 quir T
naive-T-even
3 U f1 /11L =
» requires interference between wave funct. ‘l‘ L OR by &) - (&
components that differ by 1 unit of OAM e ) -(p- )
o| T | D00 Joir<r-A |
1(1) n h]T-@‘_-@
g1
0.4 S. Boffi et al. (2009)
o3l Phys. Rev. D 79 094012

The worm-gear g7+

Light cone constituent quark
model

flavorless

dashed line: interf. L=0, L=1
dotted line: interf L=1, L=2

= related to quark orbital motion
inside nucleons

035 05 095 x

» Many models support simple relations among ng and other TMDs:

gin = —hi  (also supported by Lattice QCD and first data)
1
q(l) WW —type ([f .
gir (¥) = —}gl(U) (Wandzura-Wilczek appr.)

i
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Probing g7 through Double Spin Asymmetries

cos fl
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The simplest way to probe worm-gear 1# is through the cos(¢ — ¢ps) Fourier component
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The cos(¢s) Fourier component
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The cos(2¢-¢s) Fourier component
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2 (sin(20-0g))y

The subleading-twist sin(2¢-¢<) Fourier component
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2-hadron SIDIS results

Following formalism developed by Steve Gliske

Find details in

Transverse Target Moments of Dihadron Production in Semi-inclusive Deep Inelastic Scattering at HERMES
S. Gliske, PhD thesis, University of Michigan, 2011

http://www-personal.umich.edu/~lorenzon/research/HERMES/PHDs/Gliske-PhD.pdf
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A short digression on di-hadron fragmentation functions

Standard definition of di-hadron FF assume no polarization of final state hadrons (pseudo-scalar mesons)
or define mixtures of certain partial waves as new FFs

In the new formalism there are only two di-hadron FFs. Names and symbols
are entirely associated with the quark spin, whereas the partial waves of the
produced hadrons (|l;m,),|l,m,)) are associated with partial waves of FFs.

o0 4
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=1 m=—¥¢

h |1, m1)

h' [€a, ma)

qX q x

)

The cross-section is identical to the ones in literature, the only difference is the interpretation of the FFs:

1 3
DY = Dioo= (EDT,OO + isz.oo)
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ko R,
= _'.I'llrg TlLT
kIR
1 1TT 9 ‘1ur§ 17T

H = Hll.oolelLéo‘f'éHllgo-

HM = Hipr+ ||;:%| HIIOT ||f Hor
RO i,

H1L|1’71) = HIJ_:OT

H1L|2.2) = HIJ,_TT + %Hli“{“?“ hR|| HliTT
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LT>

: 1
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The di-hadron SIDIS cross-section

_.'QAIIP Hr"'2
doyr = u(lﬁ— ' ) SJ_|
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2 ¢
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+ B(x.y) |:1D5F.?n_ sin((1 — m)oy + mog + os|F, gi}m sin((1=m)¢n+mor-+os)
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7 \ ; Py sin((2—m)¢p+mer—¢s)
+ Prmsin((2 —m)on +mor — ¢s) Fp™ ‘

[ and m correspond to |lm) angular momentum state of the hadron

Considering all terms (doyy, doy, doy, doy ., doyr, doyr) there are 144 non-zero structure functions
at twist-3 level. The most known is

sin((1— . . -
Fg%m sin((1-m)¢p+mopr+o¢s) - _7T ‘\Ih COS ((m — 1)y — LJp - ??1%) thJ_|{ m)]

which for [ = 1 and m = 1 reduces to the well known collinear Fy5i" ¥ SIN@r+9s) re|ated to transversity
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The di-hadron SIDIS cross-section

Two-hadron case
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* independent way to access transversity
* Collinear — no convolution integral
* significantly positive amplitudes
« 15t evidence of non zero dihadron FF
* limited statistical power (v.r.t. 1 hadron)
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The di-hadron SIDIS cross-section

Two-hadron case
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* independent way to access transversity

* Collinear — no convolution integral

* significantly positive amplitudes

« 15t evidence of non zero dihadron FF

* limited statistical power (v.r.t. 1 hadron)
* signs are consistent for all T species
« statistics much more limited for w¥n°

* despite uncertainties may still help to
constrain global fits and may assist in

u — d flavor separation
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* New tracking, new PID, use of ¢y rather than ¢y
* Different fitting procedure and function
* Acceptance correction
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A short digression on the Lund/Artru string fragmentation model
(a phenomenological explanation of the Collins effect)

y Tha
‘(.r

In the cross-section the Collins FF is always paired
withy a distrib. function involving a transv. pol. quark.

1. Assume u quark and proton have (transverse) spin
alligned in the direction ¢g = /2 . The model
assumes that the struck quark is initially connected
with the remnant via a gluon-flux tube (string)

o) -
A4

2. When the string breaks, a q@ pair is created with
vacuum quantum numbers J© = 0*. The positive ; \
parity requires that the spins of g and g are aligned, :.‘ Qo ’: WO—>
thus an OAM L = 1 has to compensate the spins ©) e

I =

3. This OAM generates a transverse momentum of the T " left
produced pseudo-scalar meson (e.g. t*) and deflects @ @ 0 4

the meson to the left side w.r.t. the struck quark . /

direction, generating left-righ azimuthal asymmetries ® ¢ =0
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A short digression on the Lund/Artru string fragmentation model

. . . : . 1,1
Relative to the proton transv. spin, the fragmenting quark can have spin parallel or antiparallel to |E’ + E>

Then combining the spins of the formed di-quark systems one can get:

1 spin 0 state |0,0) 1 pseudo-scalar meson (PSM)
|1,0) 1 Llongitudinal VM

1 1
E®E:1®O =
|1,+1) 2 transvrse VM

3 spin 1 states {

Lund/Artru prediction at the amplitude level: the asymmetry for PSM has opposite sign to
that for transversely polarized VM (left vs. right side), and the amplitude for |1,0) is O

Lund/Artru model makes predictions for the individual di-hadrons, but the hll,mi) 4 R |, ma)
Collins function includes pairs of di-hadrons |

— to make predictions for the Collins function one needs to consider the
cross-section level, i.e. the sum of contributing amplitudes times their

complex conjugate

o dx
Using the Clebsch-Gordan algebra one obtains: |1,+1) |1,+1) = |2, £2)

Lund/Artru prediction at the cross-section level: the |2, +2) partial waves of the Collins
func. for SIDIS VM production have the opposite sign as the respective PS Collins func.
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“gluon radiaton model” vs. Lund/Artru model

The Lund/Artru model only accounts for favored Collins fragmentation. An extension of the
model (the gluon radiation model), elaborated by S. Gliske accounts for the disfavored case

1. Struck quark emits a gluon in such a way that most of its momentum is transferred to the gluon
2. The struck quark then becomes part of the remnant
3. The radiated gluon produces a qq pair that eventually converts into a meson
4. For PSM the di-quark must interact further with the remnant to get the PSM quantum numbers. In
case of VM the di-quark directly forms the meson
Lund/Artu Gluon radiation
* Di-quark has g.n. of vacuum * Di-quark has g.n. of observed final state
* Struck quark joins the anti-quark in the * Produced quark joins the anti-quark in the
final state — favored fragment. final state — disfavored fragment.
Prediction: the |2, +2) partial wave of the Collins Prediction: the disfavored |2, +2) Collins frag. also
funct. for SIDIS VM production have the opposite is expected to have opposite sign as the respective
sign as the respective PS Collins function PS Collins function.

Models predict: fav = disfav for VM
: Data say: fav = — disfav for PSM (Collins t* vs. ©7)

L.L. Pappalardo — MENU 2013 — Roma — Sept. 30 - Oct. 4 2013 73



u dominance

— N

>0 (Collins ™)

<0 (Collins ™)

-

...and now let’s look at the results

u-mnt fav PSM

u-—-m disfav PSM
u-pt-ontn fav VM
u-p > n’ disfav VM
u-p->ntn” mixed VM

left (¢, = 0)
ight (¢, - 1)
right (¢, — )
right (¢, = )
right (¢, — m)

<0
<0
Oor<O

>

>

from
data

from
models
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2, +2)
uT

A

u dominance
A

N~
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...and now let’s look at the results

— N

left (¢, = 0) >0 (Collins ™) | from
ight (pp, > ™) <0 (Collins ™) data

u-mnt fav PSM

u-—-m disfav PSM
u-pt->ntn fav VM
u-p > n’ disfav VM
u-p->ntn” mixed VM

right (¢, — m) <0

_ from
right (¢, — ) <0 > models
right (¢, —» ) Oor<0

HERMES Preliminary | ex*r® 4 '

m

; |2! -2> 7.3% scale uncertainty g_ |2, 2)

ol b b b s e b b b b

1 1.2
M, [GeV]

0.4 0.6 0.8

1 1.2
M. [GeV]

o

|2, —2) consistent with zero for all flavors
Not in contraddiction with models: if the
transversity function causes the fragmenting
quark to have positive polarization than
Collins |2, —2) must be zero as this partial
wave requires fragmenting quark with
negative polarization

|2, +2) consistent with model expect:
* No signal outside p-mass bin
— NO non-resonant pion-pairs in p-wave
+ Negative for pT (model predictions)
« very small for p° (consistent with small
Collins %)
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Proton production

e Assume scattering off a u quark

Y ® ...in next 5 slides a naive representation
of a fragmentation process that can lead
to protons/antiprotons in the final states
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Proton production
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Proton production
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Proton production

’
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Proton production

...but also from target fragmentation
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