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The phase-space distribution of partons

The full phase-space distribution of the partons encoded in the Wigner function
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The phase-space distribution of partons

The full phase-space distribution of the partons encoded in the Wigner function

..but AxAp > g — no simultaneous knowledge of momentum and position
cannot be directly accessed experimentally — integrated quantities
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The non-collinear structure of the nucleon

The full phase-space distribution of the partons encoded in the Wigner function

..but AxAp > g — no simultaneous knowledge of momentum and position

cannot be directly accessed experimentally — integrated quantities

p =XxP

TMDs depend on x and pr
Describe correlations between
p7 and quark or nucleon spin
(spin-orbit correlations)
Provide a 3-dim picture of the
nucleon in momentum space
(nucleon tomography)
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The non-collinear structure of the nucleon

Mostly investigated in SIDIS: detection of transverse momentum of produced hadrons gives access to pr
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The SIDIS cross-section
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The SIDIS cross-section
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Selected leading-twist
1-hadron SIDIS results
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Boer-Mulders function
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The cos2¢y amplitudes «h(x, p?) ®H; (z,k?)

. A. Airapetian et al, Phys. Rev. D 87 (2013) 012010 N
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The cos2¢ ampli’rudes o< hy (X, pr) @ Hy (2.kr)

A. A/rapet/an et al, Phys Rev. D 87 (2013) 012010

uu

2 (cos2y)

uu

2 (cos2()

e [ 08 4.
o$¢§¥%¢¢}£§?ﬁ ........... ?ﬁ%%%
o 107 ; 0408 o: 0 0.'6'2'“"'0.'2"'0.'4 F?he [oée\;]
N R SR
§ : §¢ 8 %;% ; i by
o { E R
ittty %

X

y

Z

P,, [GeV]

Analysis multi-dimensional in x, y, z,and Pt
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" ~ hi?

- Opposite sign for Tt /™
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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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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Sivers function
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2 <5| "(q)'q)s))u'r

Sivers amplitudes o« f; (x, pf)®D, (z,k?)

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]
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Sivers amplitudes o« f; (x, pf)®D, (z,k?)

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]
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Selected higher-twist
1-hadron SIDIS results
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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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Subleading-twist sin(¢s) 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
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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 h €1, mq) |2, ma)
symbols are entirely associated with the quark spin states (D, for y = x’

and H1l (generalized Collins) for y + x’), whereas the partial waves of the

produced hadrons (|I;m;),|l,m,)) are associated with partial waves of FFs.

oC £
Di = Y3 Pru(cost)e™m=o) DIE™ (2 My, |kr|)
=1 m=—+¢ q X qf X.v'
oo ¢
HlJ_ - Z Z Pﬂm(‘:ﬂﬁ Tjl}f?l'?n'{@R_{'jk}H1J_|£.'m>(-:.ﬂlrh.- )
=1 m=—¥£

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

DY = Dioo = (%DiOO + %D{]_OO) M = Higo = EHILSO ! EHI%O‘ Y = ;HIL'LL'
PO — Do WY = g+ ||f’ | Hp = ||f HYy Hli:z: = éHﬁLT-

D|11,:|:1} = Dior¥ ki’;l|f|2R|Gl or H1L|1.0> _ Hlj:OL H™ = Hizp.
D\l-z.o} = %DI.LL- Hlﬂl'ﬁl} - HlL.-OT

D'lg‘ﬂ} = é (DLLT F |kﬂf!|$R (TlLT) H:LMQ.Q) = HIJ,_TT + %Hli“{“?“ hR|| HliTT

D™ = Digr T ;@J?R' s Hi Y — % Lor T é%ﬁliiT = é% 1)1;51"
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The di-hadron SIDIS cross-section

_.'QAIIP Hr"'2
doyr = u(lﬁ— ' ) SJ_|

2may()? 2x
2 ¢
=0 m=—¢

Py sin((m+1)op—mor— Oq) Py o sin((m+1)op —mop—o¢s)
X (F( IT,T +efyry

+ B(x.y) |:1D5F.?n_ sin((1 — m)oy + mog + os|F, gi}m sin((1=m)¢n+mor-+os)

. . - _ | Py o sin((3—m)op+mop—o¢s
+ Pysin((3 —m)op + mog — og) Fp™ ((3=m) }]

- \ . - / / Py sin(—mop+mop+o
+ Vi(x,y) [Pﬁ.m sin(—maoy + mop + C)S)F(;;m ( " Ares)

+ Pé’._m Hlll((z - ?n'.}d’h + mopr — (DS)FI{?%m Sin({‘z_m}@h—i_m@‘q_és}] }
[ and m correspond to the [ and m in |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

-

pr,m sin((1—m)¢p+mopr+o¢s) ‘k Lle, m?]

T = -7 A cos ((m — 1)dn — dp — may.) hiHjy

which for L = 1 and m = 1 reduces to the well known colliner ;5™ ? SIN(@r+s) ralated to transversity
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The di-hadron SIDIS cross-section
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M__ [GeV] X z

* independent way to access transversity
* significantly positive amplitudes

« 15t evidence of non zero dihadron FF

* no convolution integral involved

* limited statistical power (v.r.t. 1 hadron)
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The di-hadron SIDIS cross-section

Published 7w ™7~ Results
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New =7’ Results

HERMES Preliminary
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* New tracking, new PID, use of ¢ rather than ¢
» Different fitting procedure and function
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Two-hadron case

wO“"mm '\ ' Pty P
Py e VK o
< -.4"». \ ¢$ =3
N ll\ \ /
N :\H' 2R\ p,
0y ;
B =" CMS frame
| o o
\ 5
= \ 19
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ph

Oyr o< Sy sin@sin(dy, +0)> erdy H;,

q

Lg

* independent way to access transversity
* significantly positive amplitudes

« 15t evidence of non zero dihadron FF

* no convolution integral involved

* limited statistical power (v.r.t. 1 hadron)
* signs are consistent for all T species

- statistics much more limited for wr°

» despite uncertainties may still help to
constrain global fits and may assist in
u — d flavor separation
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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, L @ WO—>
thus an OAM L = 1 has to compensate the spins @ o

I —

+
3. This OAM generates a transverse momentum of the T " left

produced pseudo-scalar meson (e.g. ™) and deflects £ @ @ 0 /
the meson to the left side w.r.t. the struck quark f ' .
direction, generating left-righ azimuthal asymmetries 2 ¢=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)
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u dominance

...and now let’s look at the results

— N

-

u-mt fav PSM left (¢,  0) >0 (Collins¥) | from

u-—>m- disfav PSM ight (p, >m) <0 (Collinsz™) | data
u-pt-o>ntn® fav VM right (¢}, — 1) <0 ] I
u-p > n’ disfav VM right (¢, > 1) <0 > models
u-p’ >t mixed VM right (¢, — m) Oor<0 ,
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...and now let’s look at the results

- N

@ u-mt fav PSM left (¢, = 0) >0 (Collins ™) from
>
c _ : : : _
o U->mn disfav PSM ight (p, > m) <0 (Collins~) | data
EN u-pto ntm0 fav VM right (¢, = m) <0 .
© : . rom
S u-p > disfav VM right (¢, = ) <0 > models
L u->p’>natn- mixed VM right (¢, — m) Oor<0
N 045F o E . y |2, —2) consistent with zero for all flavors
o5 o HERMES Prellmlnziry o Amm EET Not in contraddiction with models: if the
< o 1 transversity function causes the fragmenting
0.05f | _ _ quark to have positive polarization than
- I :‘Il T | B 1 Collins |2, —2) must be zero as this partial
of ’,r :--+l N —" TL wave requires fragmenting quark with
- o ﬁ 1 "{ negative polarization
-0.05} .
. [ ]
0L - |2, +2) consistent with model expect:
12, -2) ,_msca,euncmaimy; 12, 2) T * No signal outside p-mass bin
015 |0|4| | |0|6| | |0|8| L *|| L |1|2| l |0|4\ I |0|6| I |0|8| L J| L |1|2| —> No non—resonant p|0n—pa|rs |n p—Wave
' ' ' M, [GeV] ' ' m.icev1 ¢ Negative for pT (model predictions)
« very small for p° (consistent with small
Collins %)
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Back-up
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The cos¢ amplitudes
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Analysis multi-dimensional in x, y, z,and Pt
Create your own projections of results through: http://www-hermes.desy.de/cosnphi/
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Worm-gear h'y;
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(83 2
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|

B 2 (fLLT) (fz,va)
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([

Describes the probability to find
transversely polarized quarks in a
longitudinally polarized nucleon

sin 26, _kT'pT__ 1

' @ quark
3 U fi @ /’1L®'
cl: L N - hiy, (S 6
| e hl-@'--@
(3p—d 5) ol T fc - g1 -
1 i ™

Fragmentation Functions

+ St N {v’il —€eZcos (¢ — o) Ff%s (6—05) @ quark
o 13
++/2€(1 —€) cos ((_,?)S)FE%S[QQ U L T
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L.L. Pappalardo — Structure of Nucleons and Nuclei — Como — June 10-14 2013 40



The sin(2¢) amplitude o« h (x, p2)®H. (2,k)

Deuterium target Hydrogen target
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A. Airapetian et al, Phys. Lett. B562 (2003)
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Pre?ze|05ity F5111(3®h —dg) _C {2 (h . pT) (p]" : k’T) + p% (h . LT) —4 (h -pi,_,)‘2 (h . kT) f Hl
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. . = : +— : :
dxdyd¢ s dz d¢ dPj, | ryQ?2(1 —¢) 2z Describes correlation between quark
transverse momentum and transverse
{FUU,T +eFuuL ..
spin in a transversely pol. nucleon

2¢ (14 ¢€) cos (¢) Fyy @) 4+ €cos (20)F i (2‘35)]

» Sensitive to non-spherical shape of the nucleon
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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 worm-gear g7+

: : , uark
» The only TMD that is both chiral-even and @ 0 a L T
naive-T-even
3 U f1 /11L
» requires interference between wave funct. ‘l‘ L N - hi,
components that differ by 1 unit of OAM e RN
o| T | D00 Joir<r-A |
L n th@‘—
81T _
0.4 S. Boffi et al. (2009)

Phys. Rev. D 79 094012
Light cone constituent quark

0.3

model = related to quark orbital motion
flavorless i |
dashed line: interf. L=0, L=1 Inside nucieons

dotted line: interf L=1, L=2

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

" g%’T = —h-tf (also supported by Lattice QCD and first data)

1

1) ) W”W’;:type ) ([y ' .
gy (@) =" / 91(y)  (Wandzura-Wilczek appr.)

y

T
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Probing g7 through Double Spin Asymmetries

cos fl
FLT(ﬁDh ¢s) _ L[ Injr)T = 1}
oM M,  E
cos ¢ h
i =5 4 )
Lkrpr (Lo M L“)L et uhfL G+
oMM, |\ T T AT rerii 1T~
\ 9 (L 2 2 . n
cos(2¢p—ds) _ 2M z(hpT) — Pr My, 1 E
Fy Q —C{ — Ve 1gTD1 + Vi hir
2(h-ky) (h-py) — kr - pr . Mu—~—D*
— SN, (;1.€TH1 — ﬁffl’r Z )

— (JE’THl Uh'fj' ¢ )}}

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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2 (cos(29-0g))',

The cos(2¢-¢s) Fourier component
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2 (sin(2¢+dg))y,

The sin(2¢+¢s) Fourier component

0.06 - ?Eﬁﬁniﬁfihﬂmm e arises solely from longitudinal (w.r.t.
oak P . + }'_+ virtual photon direction) component of
. Og_"-+--1-*1-"+""j*'+""*'1_"""_"'*+'+'1r-+----+- the target spin
005 .0 - -
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0.1° - - . h 1 . : h
ottt 2(sin(2¢+44)),; o 7 sin(4,)2(sin(29)),,
N s  sensitive fo worm-gear h.
01 K 2 -
0__+_____+_*_+_*__4_+_+___T_{_ '-"'H"'*"*"T . suppr'essed by one power of P,
ok H I |5+ + w.r.t. Collins and Sivers amplitudes
T 04 06 05 1 * no significant signal observed
X z Py [GeV] (except maybe for K+)
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2 (sin(2¢-0g))y

2 (sin(20-0g))y

The subleading-twist sin(2¢-¢<) Fourier component
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Siver amplitudes: additional studies

o

T - Q?<4GeV| K* + i T

+EoQ2>4GeV25 + hL é

o i 4 i . ]

T e 9 ,!I).é* : Q -y H’ at : %

_ L ; ; '

f’..'.-.?: ............. ;.}!.'?. ................ H'H, .................. H.'q’ ........... %) .......

50000°°% 00000 s Blenttihe [ tUes e w
0.4 0.6 0.5 1 04 0.6 0.5 1

z P, [GeV] z P, [GeV]

® No systematic shifts
observed between high
and low Q? amplitudes for
both n* and K*

No indication of
important contributions

from exclusive VM
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Contribution by decay of exclusively
produced vector mesons (p° m,d) is not
negligible (6-7% for pions and 2-3% for
kaons), though substatially

the requirement z<0.7.
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The pion-difference asymmetry
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Contribution from exclusive p@ largely cancels out!
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lepton beam amplitudes, 8.1% scale uncertainty
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« significantly positive Sivers and Collins amplitudes are obtained

e measured amplitudes are not generated by exclusive VM contribution



