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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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* TMDs dependon 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 SIDIS cross-section
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The SIDIS cross-section

doh o2 o2 1 o2
dovdyddgd=dddP7, xyQ22 (1 —€) T 20
{FUU,T +ecFyuL .
| | unpolarized
2¢ (1 +€)cos (G))FSDS{@ + ecos (20)F i {2@‘)}
V2= gsin(0)Fip @] beam polarization

+ St | 26 (14 €)sin (o)F in (¢) + esin (20)F ETIE(QC.?)}

V1= @FLL + v/2e (1 - o) cos (0) Frp

+ ST Sill((j)— @5) (FSI; d—d g) 4 FE{I; (— @S))

2e (1 + f) sin (¢ g)F o sin (6.5)
2¢ (14 ¢€)sin(2¢ — QJS)FSIH{% G’S)}

beam and target
polarization

+ St A {»/ﬁcos (¢ — US)FE%S(@ ¢ s)

2¢(1—¢€)cos(ds)Fip (¢5)
— T cos (2¢—o 5)
2¢(1 —¢€)cos (20 — o 5)Fp } }

L.L. Pappalardo — Baryons 2013 — Glasgow — June 24-28 2013



The SIDIS cross-section
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Selected twist-2 and twist-3
1-hadron SIDIS results
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Sivers function
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2 <S i n(d)'(')s»u'r

Sivers amplitudes « f; ®D,

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]
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2 <S i n(d)'(')s»u'r

2 <Sin(¢"¢s)>UT

Sivers amplitudes « f; ®D,

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]
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Sivers kaons amplitudes: open questions
n*/K* production dominated by u-quarks, but:
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Sivers kaons amplitudes: open questions

n*/K* production dominated by u-quarks, but:
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Sivers kaons amplitudes: open questions

n*/K* production dominated by u-quarks, but: only in low-Q? region significant deviation
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1
Worm-gear g-, .

» The only TMD that is both chiral-even and naive-T-even

> requires interference between wave function components that
differ by 1 unit of OAM = quark orbital motion inside nucleons
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S. Boffi et al. (2009)

Phys. Rev. D 79 094012
Light-cone constituent
qguark model

dashed line: interf. L=0, L=1
dotted line: interf L=1, L=2
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» The only TMD that is both chiral-even and naive-T-even

=
W
T

> requires interference between wave function components that
differ by 1 unit of OAM = quark orbital motion inside nucleons

> Accessible in LT DSAs:
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» The only TMD that is both chiral-even and naive-T-even

=
W
T

> requires interference between wave function components that
differ by 1 unit of OAM = quark orbital motion inside nucleons

> Accessible in LT DSAs:
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The sin(2¢)y, amplitude o«h; ®H;
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A. Airapetian et al, Phys. Lett. B562 (2003)
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sin(¢)y, amplitude
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A. Airapetian et al, Phys. Lett. B562 (2003)

@ Positive: Hydrogen results larger than
Deuteron (u-quark dominance)

@ Positive: Hydrogen and Deuteron of
same size

@ Deuteron positive, Hydrogen ~ O

i Positive and consistent with
(u-quark dominance)
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Subleading twist rager— 20 of (g - e, )
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2 (sin(dg)y,

2 (sin(dg))y

Subleading-twist sin(¢s) Fourier component
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2 (sin(dg)y,

2 (sin(dg))y

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

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

h|f1,mq) B €2, ma)
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.
>~ & qx q X
— 2 - ay imldp—on £.m .
X=X wmp D = > N Pylcosd)e™m=DE (2 My ker)
=1 m=—¢
oo ¢
, , il o —da 1|€m ,
XFX ===p Hll = E E Py (cos ) e ™R ‘-:’”Hl £ >(.:.;71fh_. )
=1 m=—+¢
The cross-section is identical to the ones in literature, the only difference is the interpretation of the FFs:
_ ; 1 3 . 1
3 100.0) L lagris O orrlp L1200
DY~ Dioo = (%DT,OO—FED?.OO) Hi = Hipo = HIOO + Hl 00> 1 = §H1L.LL-
. IRI J R 4 iy L
D‘II'D) = Dl_._OL- ngJ_|11> - JHl oT + |k ‘Hl oT — |k JHl orT Hl - §HIL'LT'
kol IR g2-2 gL
D|11,i1} _ Dl_._OT:F ‘ jjll|f|2 |61 or H1J_|1.D> _ Hlj:OL 1 17T
, 1 11,1
DY = 5P Hy = = HIL.-.OT
_ 1 kr| |R 1122y 1 R| - X R| X
D|12'ﬂ} =5 (Dl__LT:F | I;flf (TlLT) eh - Hl,TT+ |,ICT|H1'TT kr |H1 m
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The di-hadron SIDIS cross-section

_.'QAIIP Hr"'2
doyr = u(lﬁ— ' ) SJ_|

2may()? 2
2 ¢
X Z Z { (x, 1) [Pg‘m sin((m + 1)op, — mogr — ds))
=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)

y \ s | Py o sin((3—m)op+mop—o¢s
+ Pyppsin((3 — m)odp + mog — dg) Fp™ ((3=m) }]

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

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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Published 7= 7~ Results
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£.1% scale uncertainty
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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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Conclusions

A rich phenomenology and surprising effects arise when parton transverse
momentum is hot integrated out!

Transverse effects and orbital motion of partons are now established as key
ingredients of the nucleon internal dynamics
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Conclusions

A rich phenomenology and surprising effects arise when parton transverse
momentum is hot integrated out!

Transverse effects and orbital motion of partons are now established as key
ingredients of the nucleon internal dynamics

The HERMES experiment has played a pioneering role in these studies:
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Back-up
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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
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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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- 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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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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Transversity
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The sin(2¢+¢s) Fourier component
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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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* no significant non-zero signal
observed
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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)
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u dominance

-

...and now let’s look at the results

— N

u-mnt

u—>
u-pt-o>ntn®
u-p > n’

u-p’ >t

fav PSM
disfav PSM

fav VM
disfav VM
mixed VM

left (¢, > 0) >0 (Collins ™)

>

ight (¢, = ) <0 (Collins™) |
right (¢, = ) <0 ]
right (¢, — ) <0 -
right (¢, —» ) Oor<0

from
data

from
models
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2, +2)
uT

A

u dominance
A

N~

0.15

0.1

0.05}

-0.1F

-0.15

-0.05F

...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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Siver amplitudes: additional studies

°© ©
= N

2 (Sin(¢'¢s))UT
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ot = Q?<4GeV?|[ K" + ? T @ No systematic shifts
b o Q°>4GeV || + hL observed between high
SN A | ' -H, & and low Q? amplitudes for

+
P s} R %H _____ t both n* and K*

w7
E . o = No indication of

.................... — = important contributions

.| E E from exclusive VM
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0.4 0.6 05 1 0.4 06 05 1

z P, [GeV] z P, [GeV]
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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 pion-difference as

limited

the requirement z<0.7.
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Contribution from exclusive p° largely cancels out!

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty

0.2 F

X Z

n - 3 3
} b . tE ot
'y oy 3
_______________ SR S R
’111[11\‘11111111111 "l|||||||||||||||||||||||_l|||||||‘||||||||||||
0.1 02 0.3 0.3 0.4 0.5 0.6 02040608 1

P, [GeV]

2 (sin($+0g))yr

0.4
0.3
0.2
0.1

-0.1

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty

0.1 02 03

X

0.3 0.4 0.5 0.6

02040608 1

z P, [GeV]

* significantly positive Sivers and Collins amplitudes are obtained




