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1+ P —-1+h+X SIDIS: experiment

The Proton moves
along Z in space

Number of particles for opposite polarizations of the target is counted

NT Nt

Alexei Prokudin - Lecture I



1+ P —-1+h+X SIDIS: experiment

The Proton moves
along Z in space

Single Spin Asymmetry is measured
NT — N1
NT+ N
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1+ P —-1+h+X SIDIS: experiment

Different TMDs are sensitive
to spin direction

NT - N x

fir ® d6 ® Dpjqsin(¢n — ¢s) +
Siver:effect

+h @ AT @ Hi sin(¢p + dg) +...

J/

NS

Collins effect

Angular dependence allows to disentangle different contributions
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Sivers function

Let's consider unpolarised quarks inside
transversely polarised nucleon

General distribution

[PTXP]'
M

F(z,pps S) = fi(z, p2) — O pb (2, p2)

Usual unpolarised distribution

This one is called SIVERS function
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Sivers function

Let's consider unpolarised quarks inside
transversely polarised nucleon

General distribution

[PTXP]'
M

F(z,pps S) = fi(e, p2) — O pb (2, p2)

[pr x P]- St Istheonly allowed combination as spin is a
pseudovector and we need another pseudovector

pr x P
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Parity and all that

Parity transformation P:X—-X

We observe squares, thus two parity states

—

PO(X) = +1 &(X)

Spin vector is P-even: P:5—5
Momentum is P-odd: P:p— —p
Vector product is P-even: P: [PT X P] — [PT X P]

QCD is invariant under parity transformation

[pT X P] - ST is the only allowed combination for
unpolarized distribution
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Time reversal

Time reversal T:t— -t

We observe squares, thus two time reversal states

T®(t) = £1 ®(¢)

Spin vector is T-odd: T:5S— -5
Momentum is T-odd: T:p— —p
Vector product is T-even: T: [PT X P] — [pT X P]

QCD is invariant under time reversal
T: |pr X P|-Sr — —|pr X P]- St

T-odd, thus Sivers function is T-odd

Alexei Prokudin - Lecture I



Sivers function

[PTXP]'
M

F(z,pps S) = fi(z, p2) — O pb (2, p2)

This function gives access to 3D imaging
Spin-orbit correlation
Physics of gauge links is represented

Requires Orbital Angular Momentum
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Access to 3D imaging

pr x P]-S
[T M] flJ_T(ajap%“)

f(wapTas) — fl(map%) -

Symmetric part  f4 (:U, p%) = f(ﬂf, PiT + P?;T)

Sivers function P=(0,0,1) Sy= (0,1,0)

[PTXP]'S

PxT
M flT( 7pT)

flT( 7pa:T+pyT)

Dipole deformation
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Access to 3D imaging

[PTXP]'
M

S
f(wapTas) :fl(xap%“) - TflJ_T(Ccap%)

Symmetric part  f4 (:U, p%) = f(ﬂf, PiT + P?;T)

A

Sivers function P =(0,0,1) St =1(0,1,0)

Dipole deformation
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Access to 3D imaging

o, IPrxPl-Sr ..,
f(wapTas) :fl(xapT) - M flT(ajapT)
£ 52 o £[ Sivers function from
< 8 experimental data
: HERMES and COMPASS
EE =] ol o] f”

) .5 k, (GeV) - ka (GeV)

Dipole deformation
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Spin orbit correlation and OAM

Sivers function requires proton helicity flip

F(e.pr.8) = filw,p3) — BTV p (0 i)

flJ’__T('Tap%) X fl(wapas) - fl(xapa _S)

In terms of wave functions it means interference

between states with L, and L,=L,+1

Thus Sivers function requires OAM of quarks
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OAM and Spin Crisis

The Spin of the proton can be decomposed as

1 1 _
§:§AZ+AG+<L§"I>+<LS>

Experimentally AX = Z Ag ~ 0.3
q,9
Spin Crisis - only 30% of the spin of the proton is

carried by quarks, not almost 100% as expected!

Elliot Leader, Mauro Anselmino
“A Crisis In The Parton Model: Where, Oh Where Is The

Proton's Spin?” 1988
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OAM and Spin Crisis
The Spin of the proton can be decomposed as

1 1 _
§:§AZ+AG+<L§"I>+<LS>

Experimentally AX = Z Aqg ~ 0.3
q,9

Spin Crisis - only 30% of the spin of the proton is
carried by quarks, not almost 100% as expected!

Can AG be big? Experimentally AG ~ 0
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OAM and Spin Crisis

The Spin of the proton can be decomposed as

1 1 _
§:§AZ+AG+<L§"I>+<LS>

Experimentally AX = Z Aqg ~ 0.3
q,9

Spin Crisis - only 30% of the spin of the proton is
carried by quarks

Can AG be big? Experimentally AG ~ 0

Orbital motion of partons is important.
Sivers function encodes this motion!
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Physics of gauge links

Colored objects are surrounded by gluons, profound
consequence of gauge invariance technically implemented
by Wilson lines - gauge links.

Sivers function has opposite sign when gluon couple after
quark scatters (SIDIS) or before quark annihilates (Drell Yan)

1LSIDIS _ _ pLDY
1T = —Jar

Sivers function would be zero if gluons were absent
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How do we measure Sivers function?

ASin((I)h_(I)S) x O-T - O-l

Unpolarised electron beam \
Transversely polarised proton

ol — ol = fir ® d6 ® Dy, g sin(¢p, — ¢s)

O'T—|—O'l=f1®d5'®Dh/q

Alexei Prokudin - Lecture I



How do we measure Sivers function?

Asin((l)h—cps) qu)sdq)h SlIl((I)h — (I)S)(O'T — O'l)
oz [dPsd®y (ol + o)

Unpolarised electron beam 5y
Transversely polarised proton ’ \

Asin(CI)h—CI)S) _ Zq egflJ_T R do ® Dh/q
o qucz]fl(g)dé'@Dh/q

What symbol Y means?
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How do we measure Sivers function?

Asm(CI)h CIDS) Zq egflJ’__F ® do & Dh/q
- Zqegrfl@)d‘Aﬂg)Dh/q

What symbol & means?

Z ZflT Y do X Dh/q — FSln((I)h (I)S)

q
. P
v 6 [ @pr ey 0 (epr + ko = Pur) PL 00, 03) Dy (2,1)
Convolution Momentum conservation
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How do we measure Sivers function?

Asin(CIDh—CDS) _ Zq egflJ’__F ® do & Dh/q
- Zqegrfl@)d‘Aﬂg)Dh/q

What symbol & means?

A sin(®;, —d
ZegffT®da®Dh/quUT( =)

q A
. P
& Zegfdsz d2kT 5(2) (ZPT + kT - PhT) pTT f_jg(xap%) Dq/h(zak%)
q
Convolution Momentum conservation

Calculate using Mathematica!
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HERMES COMPASS
cp — e X, prap = 27.57 GeV. ) — pum X, pray = 160 GeV.

0151
0.1
.05

HERMES - 2002-2005

COMPASS | 2003-2004

0

0151

0.1

sin (¢, - ¢g)

ut

0050 oo
4 o
odF

0.051
Ol Bg—=

0.1 J'r - - _...i PRI R | ......._ 1 1 1 1

1
0 0102 03 04 05 02 04 06 038 0.2 0.4 06 0.8 1 ' 1w o' 9 02 04 06 0B 0.5 113

X yi P, (GeV) X z P; (GeV)

Anselmino et al 2010 in preparation Anselmino et al 2010 in preparation



HERMES COMPASS
p— em X, pray = 27.57 GeV. nD — prX,

2002-2005

uTt

=

&

£

@
<

2

sin (¢,

Anselmino et al 2010 in preparation Anselmino et al 2010 in preparation




HERMES COMPASS
p— em X, pray = 27.57 GeV. nD — prX,

2002-2005
-

uTt

=

&

£

@
<

2

sin (¢,
uT

Anselmino et al 2010 in preparation Anselmino et al 2010 in Rgreparation




HERMES COMPASS
p— em X, pray = 27.57 GeV. nD — prX,

2002-2005

uTt

=

&

£

@
<

2

sin (¢,
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HERMES COMPASS
p— em X, pray = 27.57 GeV. nD — prX,

2002-2005

uTt

=

&

£

@
<

2

sin (¢,

Anselmino et al 2010 in pMgparation Anselmino et al 2010 in preparation
















How do

COMPASS SIDIS
D= K" X

W5 = 17.3276 (GeWV)

K™ (u3)
—_ 0.15
_?_.I:

g" 01—
E -
oD 0.05—
<L
0
-0.05—
-0.1—
-0.154
107

COMPASS with sea contributions

107

107

we “see” sea quarks in the data?

COMPASS SIDIS
QF 0.15 0= K%
1
5 = 17.3276 (GeV)
& 01 =
S
S
w2 0.05F

102 1071

COMPASS with sea contributions
ANfﬁ/pT + ANfcI/pT <0
= ANf&XpT < 0




How do we fit TMDs?

Asin(CIDh—CDS) _ Zq egflJ’__F ® do & Dh/q

UT 2 A
E . eqfl ® do ® Dh/q
Choose parametrization

1 PT
1 2 oY 1]
~ ]_ — o2
fir(x, p7) ~ o%( z) 5 €
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How do we fit TMDs?

Asin(CIDh—CDS) _ Zq egflJ’__F ® do & Dh/q
- Zqegrfl@)d‘Aﬂg)Dh/q

Choose parametrization
1 _»p7r
fiz(z,pF) ~ (1 — ) —5e7

To2

Fit parameters to experimental data
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How do we fit TMDs?

Asin(CIDh—CDS) _ Zq egflJ’__F ® do & Dh/q
- Zqegrfl@)d‘Aﬂg)Dh/q

Chi-square function is formed

Ndata h . 2
XZ > Z theory, — experiment,,
. experimental error,,
n—

Chi-square function is minimized and values of
parameters are obtained
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JLab 12 /5 = 4.63 GeV EIC /s = 65 GeV

[Q? vs x| [Q vs x|
o ©
10° 10° E
10F 10
1 1
10 1072 107" 1 10 1072 107" 1

X X
e JLab 12 will extend owr knowledge of distributions at high-x region.

e EIC will explore low-z region.




COMPASS, HERMES










2 2 =
N 8
n

n

@x-'s (x)tyx SIOAIS



Literature

Taylor “ Scattering Theory”

Halzen, Martin “ Quarks & Leptons”
Feynman “Photon-Hadron Interactions”
Collins “Foundations of perturbative QCD"”

Barone, Drago, Ratcliffe http://arxiv.org/pdf/hep-ph/0104283
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http://arxiv.org/pdf/hep-ph/0104283

Thank you
Khawp khun
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Back up slides
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Distributions and parton model
What do we know about distributions?

DIS
J_ A
P P
L 4 L 4 :
0 f_ _

dé~ . p+
@ij@,p):/é_ﬂew € (P, Sp; (0)%i(E)|P, Sp)let—0 et
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Gauge invariance
QCD is invariant under gauge transformations

(z) — P (z) = U(z)Y(z) b(z) — ¢ (z) = P(a)U' (z)
Ut (2)U(z) = 1

It means that all observables are also gauge invariant

(I)ij(gj’P):/ég—?r_)6WD+g (P, Sp¥;(0)1:(§7)|P, Sp)|e+=0,ex=0

DIS
J_ A
L 4 L =
0 5— —

i (0)hs (€7) — b (0O)UT(O)U (€= )ps(€7)
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Gauge invariance
QCD is invariant under gauge transformations

(z) — P (z) = U(z)Y(z) b(z) — ¢ (z) = P(a)U' (z)
Ut (2)U(z) = 1

It means that all observables are also gauge invariant
dg_ i +
®ij(a,P) = [ G @ (P SpIG O0)i(EIP. Seller—o.enmo

(2m) DIS
NOT INVARIANT

-

L

OO 5‘_
i (0)hs (€7) — b (0O)UT(O)U (€= )ps(€7)
UT0)UE-) #1
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What we forgot?

We forgot that quark and remnant are colored thus they interact
via gluon exchanges!

This object is called WilsoDnlgne W(0, &)

J_ A

Oumé_ —
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DIS Gauge link
J_ A

900000000 -

0 ¢ =

Wilson line restores gauge invariance!

W(0,£) — W'(0,£) =UO)W(0, U ()

so that

;i (0)W(0, )i (§7) — 1 (0)UT(O)U YWV (0, UT (E-)U(E= )i (€7)
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DIS Gauge link
J_ A

0 £ —

Wilson line restores gauge invariance!
W(0,€) — W'(0,€) = U0)W(0, U ()
so that

;i (0)W(0, )i (§7) — 1 (0)UT(O)UOYWV(0, UT (E-)U(E= )i (67)

= i OWO,(E) OALGE MR
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Gauge invariance

We sum all these gluons
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Gauge invariance

We sum all these gluons

N

—

And the gauge link is now
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Gauge invariance

We sum all these gluons

Fields are not only separated in
direction, but also in
this makes TMDs sensitive to

P gauge invariance

SIDIS
11 €
® =
¥ = ==
0 _
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