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Lessons Scheme

LECTURES 1 & 2

= Introduction

= Deep Inelastic Scattering and 1D parton distribution functions

= From 1D to 3D nucleon structure: Transverse Momentum
Dependent (TMD) parton distribution functions

= TMD Measurements @ Jlab in Hall B

LECTURES 3 & 4

= Data analysis

= Monte Carlo simulations
=  Asymmetries extraction
= TMDs extraction

LECTURE 5
= Where are we? What's next

Jeffergon IF-1»)




TMDs with a Transversely Polarized Target

U | L T | Sivers and Collins
ni@-@ ~ Asymmetries

1
hlL

@- @+ -G Sivers f T ® D1

‘iliT glfT 2 hLJ‘ © Collins 1 ® H;
Q0 9% &

.Jeffers)on Lab




SIDIS Cross Section
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TMDs with a Transversely Polarized Target

W Polarized 27 GeV e+/e-

er ts Polarized pure gaseous H&D targets
Excellent Particle ID

COLLINS & SIVERS rt/k - H target

CEBAF/JIab .!effergon Lab

' *5« | HALL-A

\ Polarized 6 GeV e
Polarized 3He target
High- Luminosity
COLLINS & SIVERS =

Polarized 160 GeV u

Polarized °LiD & NH; targets
High-Energy

COLLINS & SIVERS nt/k — H&D targets
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Kinematical Coverage

FIXED TARGET EXPERIMENTS

COMPASS, HERMES
- 0.006/0.02<xB<0.3 :
gluons/valence and sea quarks

JLab/JLab@12GeV
- 0.1<x;<0.7
valence quarks

FUTURE COLLIDER EXP.: EIC?

104<x5<0.02:
Gluons and sea quarks
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Sivers

Sivers PDF describes the number density of unpolarised quarks
inside a transversely polarised proton:

correlation between the intrinsic transverse momentum of
quarks and the nucleon spin.

Agiy = ouT ~ Ai}rr;(¢h_¢8)5iﬂ(¢h N QbS)

How to extract it
from asymmetries
measurements?
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Sivers Function Extraction: step 1

1_Take the measured asymmetries
(Proton data from HERMES & COMPASS, deuteron data from COMPASS)

j "
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« Asymmetries on deuteron compatible with zero
— cancellation between  fi=¥(z) fir%(z) ?
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Sivers Function Extraction : step 2

2_Write the explicit Sivers expressions for pions on a
proton and deuteron target

proton . e
apt 4f UD) + fi4Dy + Af Dy + fi0Dy + (fif + fi)D
Sivers 4uDy + dDy + 4uDy + dD1 + (s + 5) D5
pr _ 4f1 UD _|_f1J’__Z“dD1+4f1J_TuD1‘|'f D2+( 1Jf__z§‘|‘f1J71§)D2
Sivers 4uDy + dDy + 4uD1 + dDs + (s + 5) D5
deuteron ]
ot _ i+ fif) Dy + Do) + (fig' + fi7)(4Ds + Di) + 2(fif + fir) D2
Sivers (u+ d)(4D1 + D2) + (4 + d)(4D2 + D1) + 2(s + 5) D2
qdr i £ fid)(ADs + D) + (fig' + fi#) 4Dy + Do) + 2(fi + fi)Ds
Stvers (w + d) (4D 4+ Dy) + (@ + d) (4D + D) + 2(s + 5) Dy

D, , = Fragmentation Function (FFs)
u, d s, u,d,s = f(x) Upolarized Parton Distribution Functions (PDFs)
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Sivers Function Extraction : step 2

2_Write the explicit Sivers expressions for pions on a
proton and deuteron target

proton ¥ e
pr _ 4f Dl"‘f1TD2+4f “D2—|—f1TD1 . +f17§)D2
Sivers 4uDq + dDy + 4uD2 +dD -3)Ds
AP Afi7' Do + fi7' D1+ Afi7 o+ (fi7 + fi7) D2
Sivers 4U,D2 + le -+ 47 ,1_)2 -+ (S -+ §)D2
deuteron ]
ot _ i i) D+ Do S O8 L 4 figf) (4D + D) + 2(fif + fir) Ds
Sivers (w4 d)(4D1 + L + (@4 d)(4Ds + D1) + 2(s + 5) D5
qdn it + fir')(4D2 + Dy) + (fi7" + Jﬁ%zfl_)(4D1 + Do) + 2(fi7 + fiff) D2
Stvers (w+ d)(4Dy + D1) + (@ + d)(4D1 + D3) + 2(s + 5) D

D, , = Fragmentation Function (FFs)
u, d s, u,d,s = f(x) Upolarized Parton Distribution Functions (PDFs)
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Sivers Function Extraction : step 2 (con't)

Note 1. T = ud

D7 T = D;T; < D5+ = Dg+ Derived from the valence Zcrucﬁred g‘ pions
D, =D =D%Y =D =Dj

Dy, =Df =DY =DI =D} =DF =DF =DT =DI

PDF GRV98LO Kretzer FF

X
D(z)

Note 2. N :
PDFs & FFs are o
taken from
existing
parametrization o2

Covliinn b |-l\~.\-|'.\"\'7‘r'\'|~\v-\:;ffi\?i?\?:.: bozizia i |
.1 02 03 04 05 06 0.7 08 09 1
z

= SN Nwofuh [3) () ~
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Hadron Transv. Momentum vs Quark Transv. Momentum

« v* hits quark with transverse
momentum k|
« Quark propagates in the k’
direction then hadronizes in
the hadron h
« The detected hadron has:
- momentum P,
- transverse momentum P, ;

. R - Energy z
_ N I - has been generated by a
hT <Rl T 1 quark with transverse
/ N momentum p,
This is the observable These variables are not experimentally

accessible. They are convoluted in an
integral and can assume all values from

Oto oo
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Sivers Function Extraction : step 3

3 Choice of the functional form & transverse momentum
dependence (ex.: M. Anselmino et al arx:1107.4446)

Adopt the usual (and convenient) gaussian factorization for the transverse
momentum dependent distribution and fragmentation functions

2
1 S 2 2
fq/p(x,kL) :fq(x)ﬂ_ =72 >e <kj > < p{ >=0.20GeV
I < k3 >=0.25GeV?
2
1 — pf Estimate average values of the transverse
Dq/p(z, pJ_) = Dq (Z) e <PL” momenta of quarks inside a proton, k. and

T < pi > of final hadrons inside the fragme~’ lark
p, from unpolarized cross - ’{\O(\

— A
flJ’__T(Ivk_L) 2Nq(x)h(J_)fq/p(CU,kL) (NCQ(\“\\;)S\\IQ(S
N e,
g+ ne o
Nq(flf> = quaq<] — ,CC)Bq (O‘q + BQ)( +hq) h(k’J_) _ Oﬁ ﬁ\“\(,‘\

ag‘qﬁqq
N, o, B, Ny aq Bg My =» 7 free parameters

Contraint on for the Sivers functions: positivity bound | fi=| < f(x)
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Sivers Function Extraction : step 4

4_Minimization of the 2

2
o

ASTP _ Ath(a) . an)?
2 Z( ) 1 1 » LUV
1

o, = parameters of the unknown function

exr .
A,L- P = measured asymmetries
o; = errors of the measured asymmetries

Afh = theoretical expression for the asymmetries

The minimization of the 2 gives the set of parameters,
together with their errors, that fit the experimental data
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Sivers Function

" Proton .
[ 4

0.1
0.08 |
0.06 |
0.04 |
0.02 |

Q%=2.4 GeV?

xANfSNx)
o
Aﬁ[}(%"‘s)

002 |
0.04 |
0.06 |
008 |
0.1 L

i i i PR | i " PR R |
-3 -2 -1
10 10 10 N N
01 02 03 04 03 04 05 06 07 0.1 03 05 07 09 1.1
X x z B (GeV)

AISJ?'M‘.@S)

[l flLTu — —ff‘Td In agreement with the large color N QCD prediction

B Fit consistent with the QCD prediction of large x behaviour, (1-x)>, for the
Sivers function (p parameter ~5)
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TMDs Evolution

COMPASS 2010 proton data

HERMES . 1 COMPASSS 01 o+ CovAsEoumeBon s 003 hrimud I
Ad > A ; o HERMES = PRL 103 (2009) 1
Siv Siv I o 1'{ o
0.05F L S 0 L e
But. o \ ]f I‘ ? éi}l % ;éﬁ |T‘. { % {‘}{’ * } } }
Q2 > Q2 2, 414
COMPASS HERMES 0------------mmmmmmmee- R I S
. ) +
factor 2-3 in the last x bins | | i
=» Q2 dependence of the - Fi et — it L -
. 1072 107! 0.3 1 0.5 b (G
Sivers effect plays a role z " (GeVie)
| T I T g
Q=\24GeV |
Q=5GeV -

s (Q=91.19 GeV
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TMD Q? evolution has been worked out and added in global fits

Sivers Function

(M. Anselmino et al arX:1204.1239)

0.1
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TMD Analytical

1 " " PR |

xAN £ ()

0.01 01
XB

evidence of the
phenomenological success
of the TMD evolution equations

xAN {9 (x)

W

012 F
008 f
0.04 |

0k

-0.04

-0.08

012 F

0.08

0.04 3

-0.04
0.08 [

ith TMD Q? evolution

xAN f(”(x)

xaN £ (x)

0.12
0.08

0.04
0}

-0.04

-0.08

0.12
0.08
0.04

-0.04
-0.08

Without

——— Ll

.}effers)on Lab




The Collins Amplitude bl

COMPASS 2010 proton data

:;<Q 0.1~ T ((3:”’:?% positive pions x< ().0_’»% prc:iminzir_\‘ 1
o COMPASS positive pions x>0.032 preliminary & heo i
0.05 O HERMES = PLB 693 (2010) rc.\'culc:l by (1-<y=)/(1-<y>+<y>7) T“C}Z.DCS leferent Q2 for same X range
3 s >4 E HERMES o .
&Iy AR e g g ez R — e CLAS12
T el Il} é“.é % ‘ + §+I’.€ “é é Y + (D 12 ® CLASE A
a»t?t ; I Ty o +T = e R o 7\’ - A L
-0.05\- SR DT t o 10 N =
.‘ v { A -
0.1 u - 8 v A .
~ | l | 1 1 | A -
2O 0.1 | r - 6 v A a ™
= n- 1 1 ‘4 =™ o
. A °
0.05}- ot - o - %* 1 4 Y h " *
(}‘:g'i - éﬁ?éﬁgi}‘r T "}‘;fﬁié; ZXI‘AAII.:.....
| I Bobf AL AR AL .1 S — L. agtlce
0
—0.05- L | 0.1 0.2 0.3 0.4 0.5 0.6 0.7
COMPASS negative pions x<0.032 preliminary X
. COMPASS negative pions x>0.032 preliminary .
0.1~ 0 HERMES ©™ PLB 693 (2010) rescaled by (r y=>Y(1-<y>+<y>7)
| 11l L1y L | L | | | |
2 -1 0.5 | 0.5 1 1.5
10 10 x z p’l"_ (GeV/e)

W Opposite sign for pions reveals Collins features: /1 f}ecw = —H fun f

B Consistent results at different Q2 = No strong evolution
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The Collins Asymmetry on Deuteron

\‘:()' - - PLB 673 (2009) 127
A ok ®"m- Om+ s s %
- %’gé s egB Lo | Cluwh b B KL S
0 ©% } Bghed
% #{ o e + | understood as
E():-l— K ’ u - d
< oK cancellation
0.2+ u - + L
« favored/
oo FY 3 S L 8d P % ......... i ..... Ty S ; {) ..................
# w45y ! : ﬁ A E’ ﬁﬁ“ ¢ 1] unfavored
= A Y 1 Collins FF
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Extraction of the Collins & Transversity Functions

= The Collins case is more complicated with respect to the Sivers one:
— in the asymmetry formula two set of unknown functions appear!

= Additional information on the Collins function can be achieved from
ete  process

= Different approaches in literature.The latest one makes a
simultaneous fit of HERMES p, COMPASS p and d, Belle ete  data
(M. Anselmino et glé, arXiv:1303.3822)

, S 0.2
. 02 F Q2041 Gev? = Q%-2.41 GeV?
x L >
1 0.1 F N
é— O : —emmmme— () 01 ~
x b =2
0.1 F N
E—l—l—.—l—ﬂﬂl d O
0.1 F —
> ] —
o OF S
— 01F () -0.1 F 5
< B =
= ' <
0.2 N
-0.3 ) ' -0.2 S
0.001 : : 0 02 04 06 08 1

X z
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Collins Fragmentation Function in ete

>
l>)>vwwwq<11x
[ Ne=

ep — e X e e = My TietaX

Jefferson Lab



Collins Effect in Quark Fragmentation

J.C. Collins, Nucl. Phys. B396, 161(1993)

§qT
o

q k

Collins Effect:

Fragmentation of a transversely polarized quark g into spin-less
hadron A carries an azimuthal dependence:

X (kX prL) - 8q X SIN® = (Fx5,) piL x sing
General Form of Fragmentation Functions:
Number density for finding hadron A from a transversely polarized quark, g:

kxp, |5
D;’T (z,D,,)=D""(z)+ H!"' (Z»P/i)( pm) g
b /- - zM,

~

unpolarized FF Collins FF
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Collins FF in e+e- : Need Correlation between Hemispheres

« Quark spin direction unknown: measurement of Collins function in one
hemisphere is not possible: sing modulation will average out.

« Correlation between two hemispheres with sing Collins single spin
asymmetries results in cos(¢,+¢,) modulation of the observed di-hadron

yield.

Measurement of azimuthal correlations for pion pairs around the
jet axis in two-jet events

Jeffers%n IF-1»)




Belle @ KEKB

Superconducting
cavities (HER

Belle detector

.

KEKB B-Factory |

ARES copper
cavities (HER)

i © TRISTAN

— tunnel

)
ARES copper .
cavities (LER)

Aerogel Cherenkov cnt.
n=1.015~1.030

SC solenoid 7 i
1.5T L
e Asymmetric collider

e 8GeVe +3.5GeVet

1l e V5=10.58GeV (Y(4S))

)| T\;";‘nf;,"”feﬁ YRelcH, e L>1.5x103cm2s!

\v e Integrated Luminosity: >700 fb-!

u/ K, detection
14/15 lyr. RPC+Fe

Csl(TI) 16X, —

TOF counter

Sivik det. RO
3 lyr. DSSD
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PEP-II and the BaBar detector at SLAC

* Asymmetric-energy e*e collider operating at the
Y(4S) resonance (Vs=10.58 GeV )
- High Energy Ring (HER): 9.0 GeV e
- Low Energy Ring (LER): 3.1 GeV e”
- c.m.-lab boost, fy=0.56

« High luminosity: | £~ 500 fb!

» Asymmetric detector
- ¢.m. acceptance -0.9<c0s0°<0.85
wrt e beam EMC
» Excellent performance
- good tracking, mass resolution

- good vy, m° reconstruction e
- full .e, u, ':m, K, and p DIRC
identification
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Event Structure @ Belle

e*e- CMS frame:
Near-side Hemisphere:

h;, 1=1,N_ with z,

19

e+

) . Jet axis: Thrust
SDII‘I averaged cross section:

Far-side:
hj , j=1,Nf with zj

do(e+e' — hh X) 30’ ) .
deZIdzzl - B Qz A()’); eaD1(Zl )Dl(Zz)

Jefferson Lab



- Cross Section cos (¢,+¢,) method

+a- . (/€>< D )'§
e*e- CMS frame: D:¢ (z,5,,) = D (2) + H*"(z, p?)) 37; g

Y Y

unpolarized FF Collins FF

2-hadron inclusive transverse momentum dependent cross section:

©
Ph 1

Observable: yield,
N, (®,+p,) of ' pairs

dc(e*e' — hlth)
dQdz dz,d’q,

= ---B(y)cos (¢, + ¢, H{(z, )H;(z,)

em |

B(y)=y(l-y)=_sin°®
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Final Collins Results

Belle BaBar
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-0.05 ~ - 0.0sf b&
. g il i L ; - e 1l
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5 09
z,
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arxiv:1309.5278
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Neutron data

0.051 ort L AT

(=]

h

S B P

| m=mss Phenomenological Fit
----- Light-Cone Quark

2(sin(o +¢S)) (Collins)
o
——
T —
N
——
2(sin(¢ +<ps)) (Collins)

% .0.05-

— =11m Axial Diquark

-0.5-

T

0.05[

)) (Sivers)

h

hq)S
(=]
——
——
——
-
——

o

—p

o
2(sin(¢ -<|>S)) (Sivers)

2(sin(0 -
o
&
T

He:
Collins moments: consistent with zero, except for the s moment at x = 0.35
Sivers moments: consistent with zero for = while for x* favor negative values.

Neutron:
Largely consistent with the predictions of phenomenological fits and quark model
calculations.
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The Kaon Puzzle

Collins Boer-Mulders  Siyers
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The Sivers Amplitude fieD,

f @
, 4+ 1‘-
2 M : i ’he}f@g J of i | N
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5[4 RER -yt 00 .9.‘$ i e b ey ®
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é 0.2 ;_K+ - + = syst error ~ 0.6 stat error
¢ - ' - . .
Ut e b ety Puzzle in kaon signals:
IR L ] P ]
0-| Ll 1 ! :n M T | -_I‘I_‘_I‘_I‘—[|l 1 :T
:30.1§_K'+ ¥ { + K+ amplitude larger than =+
I SALENY N - RITA T =>»Non trivial role of see quarks
o == =T :

TR R R w*=|ud), K* =|us)
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5 0:08¢ +f F 8 Results from 2007 and 2010 data taking OvPARS
¢ S S SR = <G mm—— A
é 0.02; + + | i , | \ ‘i +‘ | | = - + ®  ncgative pions S
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