SPIN2002 Student Workshop - September 8, 2002

The Basics of QCD Spin Physics

Daniel Boer
Free University, Amsterdam

Goal: To understand the structure of hadrons (p,n,m,...) in terms
of quarks and gluons (the QCD degrees of freedom)

In particular: the spin structure of hadrons

quarks (spin-1/2)

gluons (spin-1) } —> proton (spin-1/2)

QCD - the microscopic theory of the strong interactions - exhibits
the following properties:

confinement at low energies -(

asymptotic freedom at high energies =)
—> perform high energy scattering

For example: high energy (1/s) pp scattering at RHIC
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Outline

e Hard scattering processes relevant for spin physics
e Description of such processes:
e Structure functions
e Parton densities (distribution functions)
e Relation between structure functions and distribution functions
e Fragmentation functions
e Importance of factorization: universality
e Description of polarized spin-1/2 and spin-1 particles:
e Spin-1/2
e Helicity and transverse spin
e Massive versus massless particles
e Polarized quark densities
e Spin-1, polarized gluon densities
e From quarks and gluons to the proton: spin sum rule

e Very short overview of RHIC spin physics
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Hard Scattering Processes

Things that make life easy:

e Leptons QED: clean & calculable
e Minimize # hadrons e.g. inclusive processes

et +e — X
Pt = X
et 4+ e~ — hadron + X
et +e” —jet+ X

e h

e X
(+H 50+ X (DIS)
(+H—-V+h+X (Semi-Inclusive DIS)

Etc
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Structure Functions

Consider Deep Inelastic Scattering:

The cross section is proportional to the contraction of the lepton
tensor with the hadron tensor: o oc LF"W,,,

va Z

Hadron tensor: WHY = 2

WP = 1= [ d'a e (P70, 2O)]1P)

Parameterize WY in terms of the available vectors: hadron mo-
mentum (P), photon momentum (q), hadron spin vector (5)
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Structure Functions

Unpolarized hadron:

Ws"(P,q) = (—g“” + q;f) Fi(z5,Q%) + ]ZLZV Fy(z5,Q%)
Pt =Pt —(P-q)q"/q’
s =Q?/2P-qand Q° = —¢°
Polarized hadron:
WZV = Pioqiewpa% [Sagl(w&Qz) + (So - i—:i]]Pa> 92( 5, Qz)]

S2=—1and P-S=0

F1, F5, g1, go are called structure functions

In the Bjorken limit (Q? — oo,z fixed) they are independent of
Q?: scaling

Definition of structure functions is independent of the constituents
of the hadron
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Parton Model

Parton model idea:

Deep inelastic scattering of a lepton (and hence virtual photon) off
a hadron is actually scattering off a ‘parton’ inside that hadron

In first approximation that parton is free

[
©
 —
<
-
©
+

Scattering off a parton ® distribution of partons inside hadron
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Distribution Functions

RS I

‘ in terms of its vectors: hadron
®(p;P,S)

Parameterize

E—

P

e

p

momentum (P), quark momentum (p), hadron spin vector (.5)

Most general parameterization in accordance with the symmetries:

B(z) = 2 [fi(2) P +01(2) M5 P+ ha(2) 5 87 P

The functions f1, g1, hy are called distribution functions

Other commonly used notation:

fi — ¢
g — Ag
hl — (5q or ATQ

Formal definition:

B(x) = [ 5 €2 (P.SI(0) LI0.A Y|P, S)

L[0,\] = Pexp (—ig /OA d\ n“AM()\n)> (with n® = 0)

%mm SPIN2002 lecture, Dani€l Boer, 9/8/02 7



Interpretation

Distribution functions can be interpreted as momentum densities:

Pictorially:

Lo

ORI et

Observation: gy # hy

To appreciate the difference between g; and h; we need to inves-
tigate further what a distribution function really is and how spin is
defined in case of relativistic particles

In hard scattering processes one or more particles are highly
relativistic so the natural coordinate system in which to describe the
process is in lightcone coordinates:

L a0+ B ry=2"y  +2 7yt —zr-yr
rtF =" st
V2 r? =2z x — x4
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Light-Cone Coordinates

Boost in the z-direction: 2'3 = v(2® — B2°), 20 = (2% — Bx3)

Therefore: z/* = z* (%)i%

In other words: ratios ¥ /y* are invariant under these boosts

In the Bjorken limit z; = Q*?/(2P-q) = x = p™ /P, the light-cone
momentum fraction of a quark (p) inside a hadron (P)
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Fragmentation Functions

Apart from distribution functions there are fragmentation functions

Instead of describing the distribution of partons inside a hadron,
they describe the fragmentation of a parton into hadrons

A(z) = 5 [Di(2) P +Gi(2) s P+ Ha(2) 15 87.P]

Here z is the light-cone momentum fraction of a produced hadron
w.r.t. the fragmenting quark

Polarized fragmentation functions are essentially unknown
Relevant for polarized hyperon (A, X, =, ...) production

Note: magnitude of a distribution function (e.g. g1) unrelated to
that of the analogous fragmentation function (G1)
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Structure Functions in the PM

In first approximation the structure functions can be expressed in
terms of the distribution functions, like:

Fy(25) =225 Fi(25) = Zeg 25 [¢a(r5) + Ga(2s)]

Qa:ff

¢o(x ) = probability of finding a parton (quark) of flavor a in the
proton with a (light-cone) momentum fraction x

Jo(x ) = antiquark distribution function
eq, = quark charge

Polarized structure function g; in terms of distribution functions:

gi(2s) =Y gt (25) + 31 ()]

a

g2 is not a simple function (so-called higher twist)

It cannot be expressed in terms of a probability distribution/density
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Perturbative QCD Corrections

Parton model is a first approximation (no Q% dependence)
It receives corrections:

\q q/
! as log(Q?/p?)
pT‘MQQQQQV lp pQCD corrections
3 [DGLAP]
= —

These corrections yield the energy scale dependence of distribution
functions, i.e. the dependence on the scale at which they are probed

Leading order (LO) Q? dependence of f;:

ON@ @) _asp, [*dy [3 Lt @/y)?]
Snar = 3200 [ 300 e+ oo A

Y

This so-called evolution allows one to make predictions for different
energies if known at one energy scale

Rigorously tested, one of the great successes of QCD
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Spin Asymmetries in Inclusive DIS

At subleading order in 1/@Q, ®(x) must be expanded further

1
¢2) = Slh@)P +91(@) P +ha(z)v 87 P
M : :
+ 7gT(x)fy5 S + other higher twist
q
\q i PP
§8 ' Dynamical power
A ig P corrections 1/Q"
P g P

The function g7 = g1 + g is obtained from DIS (SLAC, SMC)

do((H — 0'X)  4ra’s Z 2 | [, a
drp dy B Q4 a,a . <7+1_y) wal (CUB)
. M 5
+y(1-2) Ae AT5097 (T5) — 2yvT—y Ae |ST| COS(0s) 6 Ty 97(T5)

Higher twist generates an azimuthal spin asymmetry
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Factorization

Parton model is a factorized description of the hadron tensor

The hard scale () serves to separate hard from soft parts of the
process

Distribution functions describe the soft parts, which are not calcu-
lable from first principles at present

Distribution functions are universal (factorization theorems)

B [ ® | J B
The Drell-Yan Process frg Tl
_ VAVAV VAVAY
H1+H2—>£+€+X pTA | vip
e

This process factorizes into a hard part and two soft parts
Soft parts the same as the one appearing in DIS: ®py = ®p;g

This universality can be used to make predictions
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Factorization

Examples of corrections to the parton model description of the Drell-
Yan process:

i | i (
3 ‘ L | J
- | K K|+ | LIk 2 /1,2
klf\%ﬁ r\/\f\T l’\f\iﬁ | f\/\ﬁT aSIOg(Q /,u )
o — B pQCD corrections
pT QQQQQQQQQ lp pT >>8 | 8? lp [DG LAP]
—_ | — —
;] 7 P
o | Po_
a_ 1/Q™ power corrections
A NaVaV wp - .
Higher twist
plTA YO : vlp

R

Proofs of factorization theorems are complicated, but essential
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Spin-1/2

Spin-1/2 particle: two pure states |i) (spin 'up’ and spin '"down’)

Impure states are described by a density operator: p = > . p; |i) (7|
where p; are the probabilities

For a spin-1/2 particle one can use the Pauli matrices:

(0 1 (0 —i (1 0
92 =\ 1 0 %Y=\ 0 %=\ 0 -1

1 1 148 S - is?
p_5(1+5'”>_§(51+i52 1§

S'is the polarization (or spin) vector of a state (three-vector)

For a pure state |S| =1

The relativistic generalization of the spin three-vector S-:
The four-vector S, satisfying $2 = -1, P-S =0
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Pauli-Lubanski Vector

Rotations of three-vectors are generated by the angular momentum

operators J, satisfying: |J;, J;| = i€ijnJk
J2|j,m) = (G + Dlj,m), J*j,m) =mlj,m)

The relativistic generalization of intrinsic angular momentum is the
Pauli-Lubanski operator:

1
W, = —gew,paM”pPU,

where M"? is the generator of Lorentz transformations

(W, Wy | = i€ pe WPP°
W?2 = —-M?S(S + 1), where S is integer or half integer

The Lorentz invariant measure of intrinsic angular momentum

W,, generates transformations that leave four-vectors p* invariant

Rest frame:  W#* = (0, Me;j1, M7%/2) = (0, M.J)
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Helicity

Helicity = projection of spin on the 3-momentum: J - §/|p]

But helicity is a Lorentz invariant quantity:

W,SH
M

IPS) = A|PS)

with A=-5,...,5§—-1,8

S* is the four-vector generalization of the spin quantization axis
St = (|p|/M,p°p/M) = X=J-p/|p]is the helicity

This is the only choice of S¥, s.t. W,S# contains only J

In the rest frame: J - S denotes the helicity
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Transverse Spin

Transverse spin state = off-diagonal state in the helicity basis
Transverse spin states in the ¢ and —g directions are defined as
D) =) +il=)]/vV2, ) =—[l+) —il=)]/V2
. { DDA = [+ (]
IDTT=1DU = =i R+ i) oy
Transverse spin states of spin-1/2 particles are helicity flip states

Transverse spin states in the 2 and —2 directions:

1) =) +1=)1/v2, [0 =[1+) —=)]/v2
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Transverse Spin

In the rest frame transverse polarization is the same as longitudinal
polarization:

take S* = (0,0,0,1) => W,S*/M = Jopi/M — K,p./M
(M* = K* boosts)
In the rest frame: W, S*/M|PS) = J|PS) = A|PS)

rotational invariance!

Rest frame polarization vector S* = (0,0,0, S,)
Boost in Z direction: S* not an eigenvector of J, anymore, since
K2y Je] #0

K., W,] =0 as opposed to K, J,]| « [Mos, Mag| x My = K,
Hence, S* = (0,0, TL) is an eigenstate of W and not of J

That's why transverse spin state is also called transversity to distin-
guish it from eigenstates of Jp
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Example

Consider the spin state |S) = 0.8]+) + 0.6|—)

— (0,) = 0.48,(0,) = 0.14

ISWS|== (140960, + 0.280.)

N | —

Polarization three-vector:
S, =0.96,5, =028 = |S|=1 (note: pure state)

o1

Boost in 2 direction: state stays 0.8|4) + 0.6|—), even though for
components of the polarization four-vector S*:

Se/S, ~1/v Ry S, seems to become less important

Behavior of polarization vector under boosts often leads to confusion
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M/E —0and M =0

A boost of a polarized particle at rest to a high momentum:
S* acquires a longitudinal component proportional to its momentum
while the transverse component is invariant

High energy particle: S* = AP*/m + St + O(m/FE)

Divergent as m — 0 or v — oo, but helicity is Lorentz invariant

For massless spin-1/2 particles: P? =0, W2 =0, WH = \P*
Polarization vector S# = AP, but spin states stay the same

Transverse spin is defined as off-diagonal state in the helicity basis

One cannot go to the rest frame to connect it to St and it is not
an eigenstate of Jr

Helicity and transverse spin are the correct quantities to consider
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Parton Densities as Helicity Amplitudes

H H’

Helicity conservation: H +h = H' + h’
Parity flips sign of helicities
Time reversal switches (H,h) <> (H', h')

Imposing these requirements leaves three possibilities:

fi = (-+++) + (+,—+,-)
g1 = (+7 +7 +7 +) - (+7 3 +7 _)
hi = (+,+;—,—) helicity flip

Positivity of the density matrix leads to bounds:

e |g1(x)| < fr(z)
e Soffer’s inequality |hy(x)| < L [f1(z) + g1(z)]

% SPIN2002 lecture, Dani€l Boer, 9/8/02

vrije Universiteit amsterdam

23



FAQ 1

Why is h; # 07 (Or at least why not h; =~ 07)

Reasoning behind the question:

1) S7/S — 0 for ultrarelativistic particles
For massless spin-1/2 particles: S* = \PH

2) Transverse spin effects are suppressed in DIS, since the photon
cannot flip helicity except with a suppression factor m,/E,

Answers:

1) Behavior of S is irrelevant for spin state; helicity and transverse
spin are the concepts to consider also in the limit M/E — 0

2) Another hadron can “see” the transverse spin unsuppressed:
this is one reason to do pp scattering
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FAQ 2

Why IS hl #91 7

Reasoning behind the question:

In the rest frame transverse polarization is the same as longitudinal
polarization: rotational invariance!

Answer:

From the perspective of a relativistic probe transverse and longitu-

dinal polarization are not the same

The direction defined by the probe is in the definition of the distri-
bution functions

Distribution functions are properties of a hadron being probed by a
highly relativistic probe

These properties are not less fundamental than the hadron structure
as seen by a low energetic probe
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Massless spin-1 particles (on-shell)

Spin-1 state is described by a set of polarization four-vectors 69)

satisfying g, = 0 (current conservation)

To satisfy eq, = 0 one could take € ~ ¢*, however this is an
unphysical state, not affecting E or B

Massless spin-1 particles have two spin states (A = +1)

This corresponds to transverse fields (eg‘:il) + 0, egf‘:il) #+0)
Not transversely spinning states; they are eigenstates of .J,
Correspond to right- and left-handed circular polarization vectors:

et = (0,-1,-i,0)/v2
e = (0,1,—i,0)/V2

Off-diagonal states in the massless photon case (A = +1), are as-
sociated with transverse directions, but these are the directions of
the field polarization ¢,

#) =[l+1)+|-1]/V2, |9 =[1+1)—]-1)]/V2

These are states of linear polarization in the £ and ¢ directions
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Massive spin-1 particles

Massive spin-1 states, including off-shell (gluon) states, have three
spin states (A = 0, +1)

Massive spin-1 states (e.g. deuteron, p) can be characterized by a
polarization vector S* and tensor T"":

i
wo_ UV po %
St =——c¢ €, €, P

M

This shows that polarization vector €* is not the spin vector S*
(transverse €. gives S* = S in the rest frame)

For pure tensor polarization state:

1 1 PHrPY
THY = — (ele™ 4 €”e™) — 3 (g“” — ) el e’

2 M2 P

A general spin-1 polarization density is often written as

1 3

Contains generalizations of the Pauli matrices
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Transverse spin and gluon distributions

Gluon distribution in the proton
At leading order there are two gluon distribution functions:
g(z) and Ag(z)

Since the gluon helicity is £1, 6\ = {0,+2}, while for protons
helicity flip means 0\ = 41, they are incompatible. So there is no
gluon helicity flip function dg(x) at leading order

In other words, off-shellness is higher twist

Leads to a twist-3 helicity flip gluon distribution function (Ar+G, Gsr, . .

What is the difference between g1, hy and ApG?
Different quark/gluon states inside the transversely polarized proton

gr: a diagonal quark helicity state (chiral-even) (— M/Q)
hi: an off-diagonal quark helicity state (chiral-odd) (no mass)
ArG: a gluon helicity flip state (not chiral-odd!) (— M/Q)

I+

000
I+
[EY
+1

IS G
— =
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Spin Sum Rule

Sum of the contributions to the proton spin add up to 1/2:

1 1

AY. = Au+ Ad + As

Ag= [y dr((ar —q-)+ (@ —-)]
Ag= [y dzlgs — g-]

AY not uniquely defined, often people take: AY = AX 4+ Nyg=Ag
There are two operators with the same quantum numbers

Ellis-Jaffe sum rule: T' = fol gl (z)dz
Naive parton model: AX =1

r = Za%@folAq“(m)da:
= 1(5Au+ sAd+ §As)

Hyperon decay data & As =0 — AX ~ 0.6

Experiment (SMC): AY ~ 0.3, As~ —0.1
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Spin Sum Rule

1

N | —

1

Problem: Is L. =L, + L, or J, = Ag+ L,?

Appears not to be the case, unless one chooses a specific frame,
not Lorentz invariant, but hard processes have a preferred direction
anyway: the direction of the probe momentum

Proposal to measure the quark orbital angular momentum contribu-
tion in Deeply Virtual Compton Scattering: v* +p — v+ p’, where
(p —p')? is small

: : 1
There is no transverse spin sum rule; the tensor charge [ h{(z)dx
is not a conserved quantity (depends on the dynamics)

There exists no experimental information on hq!
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RHIC Spin Physics

Older (fixed target) pp (and pp) experiments: /s <30 GeV
RHIC: /5 = 200 — 500 GeV (50 GeV?)

Notation for asymmetries:

Ay, =TT "0y 07O+, T T O
LL = L = TT =
044 +04— o_ + 04 ot + 04y
pv _0—"04++ apv _ 00— — 04—
Arp = Arp =
O'__—|—0'_|__|_ O'__|_—|—O'_|__
Ag(x):
opp —>vX

A7 . dominated by g g — q~y, whereas ¢ G — gy is negligible
AzL do ~ Aqu&LL do

e pp — jet X as function of pr

A}it at pr ~ 10 GeV/c dominated by g g,
at pr ~ 20 — 60 GeV/c by gq and at large pr by qq

e pp — yjet; jetjet, ...

o ip =m0 X; ceX; bbX; J/YvX; x2X; ...
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RHIC Spin Physics

Aq(z), Aq(z):

o ip— WEX (AWT)
By varying the x and y (rapidity) dependence one can isolate
different contributions: Au/u, Ad/d, Au/u, Ad/d

0q:

e p'pl — (0 X, App in the Drell-Yan process

e pp! — mjet X; w7~ X using nontrivial fragmentation functions

Parity violation:

o pp — jet X (A}Jet) and pp — jet X (ALY, ALY

Other interesting processes/observables:

e Single transverse spin asymmetries Ay in inclusive w, K, A, ...
production, prompt photon production, Drell-Yan
e Polarized fragmentation functions via longitudinal and transverse

A polarization
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