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Where does the proton spin come from?

Naive Parton Model
SUSpin(z) X SUﬂavor(3)

AY, =Au+Ad=1
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Where does the proton spin come from?

Naive Parton Model

SUspin(z) X S[Jﬂavor(S)

AY, =Au+Ad=1

Measurements: _

Neutron decay a,=F+D=Au+Au—-Ad-Ad =1.254+0.006

Hyperon decay a, = % (BF-D)= % (Au +Air + Ad + Ad - 2(As + AE))= 0.397 +0.020

Ellis-Jaffe sum rule: A3 = Au+Ad + At + Ad + As + As =~ 0.6

SU(3) flavor symmetry
As=0 BUT!



Where does the proton spin come from?

In 1988 EMC measured:

1
Iy = [, (o)x = %{g(Au " Aﬁ)+é(Ad + AJ)+%(AS " AE)} ~0.1140.012
0

A2 =0.12+0.1

As =—-0.19+0.06
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Where does the proton spin come from?

Axial anomaly contribution:

The contribution of the quark spins AX is NOT an observable.
The observable is , the flavour-singlet axial vector.
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Where does the proton spin come from?

For full description the knowledge of
orbital angular momentum is needed
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Where does the proton spin come from?

*Clean processes — no proton *Flavor/charge separation *Very sensitive to D,
remnants *Larger z, smaller Q? *Large z
*Separation light/heavy flavors *Unpolarized PDFs very well *Charge separation
*No flavor/charge separation sconstrained from DIS *Several subprocesses
«Access to flavor singlet Dy *Gluon in DIS - a small NLO Different pL scales
. , effect (PGF)
*Not precise at large z

*Dependence on PDFs

*Three-jet events
*Gluon FF
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Principle of measurements

* Virtual photon can only couple to quarks of opposite helicity

* Select or by changing the orientation of target nucleon spin
or helicity of incident lepton beam

Spin Independent Structure Function F,
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Experimental essentials  asymmetry measurement

¢Longitudinally polarized beam:

electron, positron detector

«Polarized target:
hydrogen, deuterium, helium3

*Measurement with high accuracy:

energy
direction

energy
direction
good identification
in semi-inclusive case
good particle identification

+Control of false asymmetries:
beam flux, target size, detector size,
detector efficiency
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HERMES: longitudinally polarlzed lepton beam

Spin Rot

Beam
e / Direction
— P

Transverse
Polarimeter

HERA

bbb HERA positron beam properties:
i e - E,=27.6GeV, I <50mA, P,=0.55
WY - lifetime=12-14h
* transversely polarized et in storage ring
* polarization build-up by emission
of synchrotron radiation ( Sokolov-Ternov effect)
* Spin rotators around HERMES IP

Polarization [“¢ |

Time [hours)
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HERMES: gas target

Typical HERMES target

properties :

» P,~0.85; polarized H'~, D~

¢ dilution factor=1

= Thickness =1014-10%5 nucl/ cm?2
* Temperature=100K

proton beam line

eas injection internal to the HERA storage ring
target

vacuum chamber
spectrometer
wake field
ol 'suppressgrs thin walled
) beam pipe

fixed collimator s pumps “
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HERMES spectrometer

’r— FIELD CLAMPS —‘ TRIGGER HODOSCOPE H1

DRII':I' CHAI’BERS "..I .- 270mrad

Paesuowemﬂm i
~ " 140 mrad

LUMINOSITY 27. 5 GeV

I i MONITOR e+

CALORIMETER
- 140 mrad

Cerenkov™ ~ - .
T~ - _ 270 mrad

~ MAGNET

¢ Trackin g: Drift Vertex Chambers, Front Chambers, Magnet Chambers, Back Chambers

¢ Particle Identification:

Cerenkov (RICH) Detector, Transition Radiation Detector, Preshower, Calorimeter
Luminosity Monitor (Bhabha/Mgller scattering)
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Probing the structure of nucleons

(DIS) plays major role in understanding of nucleon structure

®

™

Lepton-nucleon scattering cleanest way to probe substructure of nucleon

(-

center-of-mass energy (eN)

s=(P+k)?*=M*"+2ME

Exchange of virtual boson, breakup and hadronization in DIS regime

invariant mass of hadronic

final state
W?=(P+q)?=M?*+2Mv — @Q?

For gives s, two kinematic variables
completely describe the scattering process

in the analysis

photon virtuality Bjerken scaling variable

Q= —¢* = (k- k)’ = 4EE sin®” T = i = i Fraction of the virtual
9 2Pq IM v racaon o € Virtua

photon energy carried

_ Py Pa_v L, = Lh

1% 'jigf —F— F — .Z)’}C T _E; 1
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Probing the structure of nucleons

(DIS) plays major role in understanding of nucleon structure

®

»

Lepton-nucleon scattering cleanest way to probe substructure of nucleon

(-

center-of-mass energy (eN)

s=(P+k)?*=M*"+2ME

Exchange of virtual boson, breakup and hadronization in DIS regime

invariant mass of hadronic

final state
W?=(P+q)?=M?*+2Mv — @Q?

For gives s, two kinematic variables
completelv describe the scattering process

in the ; malysis

Bjerken scaling variable

0 Q7 Q’
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M Pk FE %
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Probing the structure of nucleons

(DIS) plays major role in understanding of nucleon structure

®

®

Lepton-nucleon scattering cleanest way to probe substructure of nucleon

»

Exchange of virtual boson, breakup and hadronization in DIS regime

center-of-mass energy (eN)

s=(P+k)?*=M*"+2ME

invariant mass of hadronic

final state
W?=(P+q)?=M?*+2Mv — @Q?

For gives s, two kinematic variables
completely describe the scattering process

in the analysis

photon virtuality Bjerken scaling variable

0 o Q*

Q=" =(k—k)= 4EE/8in2§ Tr = 2P-q  2Mu Fraction of the virtual
photon energy carried

h h
| Pq b by hadron o
V—Q—E—E, — V5 T Zhp = —
M Pk FE %
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Deep inelastic scattering cross section

o(l + N>l +h+ X)

Factorization:

eN—>th Z DFN—>q ®O_eq—>eq®FFq—>h( )
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Deep inelastic scattering cross section

ol + Nl +h+ X)

Factorization:

eN—>th Z DFN—>q ®O_eq—>eq®FFq—>h( )

Selection of constituents according
to their distribution within the
nucleon

Hadronization of the struck parton
into the final hadron
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Deep inelastic scattering cross section

Factorization:

UeN—)th _ Z DFN—>q(£B)®O_eq—>eq®FFq—>h(z)
q

*DF(x,Q?2): Parton Distribution Functions ’ y

« 0: the hard-scattering cross section la—1/b (perturbative theory)
« FF(z,Q?): Fragmentation Functions D,(z,Q2), H; (z,Q?),...

T
Q@O O @

unpolarized quarks longitudinally polarized transversely polarized
and nucleons quarks and nucleons quarks and nucleons

X (x)E Q(x) M he (x)=8q () ™

U
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Inclusive DIS: polarized structure function g;

g1 (ma QQ) —

1

4 2
Q 0 O unpol

Ay (z, Q%)

1_2

Yy

— 1y {877042y 0x0Q)?

] _
+§7292(:v, Q°)

N/q

1y I
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0 -: t g {' } —}J—f—r—“’-w [
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Inclusive DIS: first moment I''and AX

Use only deuteron data!
Assuming

[Q2>1 GeV? data only]

MS

ap = AX = 0.330+0.025(exp)£0.011(theory)+0.028(evol)
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Semi-inclusive DIS: flavour separation

Method (LO): S
Use correlation between detected hadron O'( [ + N —] + h + X)

and struck quark — ‘Flavor separation’

Lo 2q%Aa(r, Q%) [d=Dq (2, Q%)

h 2
A Q)™ S (. @) [d=Dh (2, )

eqq(x) [dzDg(z)

Purity Pg" (x,2)
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Semi-inclusive DIS: flavour separation

V7

_I_
-
( 1p » 1p7' A

quark large positive polarization
quark negative polarization
* sea quarks compatible with zero in

measured x-range (0.023-0.6):

/Aﬂ = —0.00210.043

0 ¢ & -zsefﬁ /AJ: —0.0544-0.035
+ + GRSV 2000
0.2 |-fx Au e ;g::'t.o
A e ———————— As = 40.028+0.034
[ x Ad ¢
¥ G I ST S— Ty
° R G ;
-0.2 |

0 =:=' ——;——--i __._+_._‘+._._+__.¢_-._—t.— -¥ pe————

E A
0.2 < S

v

e e A A A e i [ A A i A "'
0.03 0.1 0.6

Wednesday, August 24, 2011



Direct measurement of

¢ golden channel: charm production
= theoretically very clean
= experimentally very challenging

-+ GRSV-std

—_— GS-C
----- FNS (Kretzer)

= IR A RN - ot HERMES (Vs=7 GeV)
— NI A 1AL hadron production at high Pr
Rl = experimentally very clean
e = highly model dependent
due to variety of background processes

® HERMES (Method 1)

Ao Compass (Open Charm)

O Compass (Q° > 1 GeV’) | — e
® Compass (Q° < 1 GeV’)

© SMC

-2

AG +0.127
Yehm 0.07140.034(stat)40.010(sys — exp) —0.105 (sys — model) H
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Semi-inclusive DIS:

Transverse-momentum-dependent (TMD) DF

o N7 XN " DENT (2, pr)@0 IR F FI7 M (2, pr)
q

o(l+ N=l +h+ X)
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Semi-inclusive DIS:

1 1
do = dol,; + cos(2¢)doi + écos(¢)d0(2m+ﬂ ésin(@d(f%U
1

+ S, -Sin(2¢)dUéL T éSin(¢)dU(5jL+PL(dU%L + éSin(ﬁb)dUZL)}

+ St 3m(¢ ¢8)dUUT + sin(¢ + ¢s)daUT + sin(3¢ — ¢S)daUT+

1 1
—sin(2¢ — ¢s)dopp + —sin(¢s)doyr+

Q Q

1 1
P (cos(gb gbs)daLT3 + @COS(qbs)dULT + @COS(QCb — qbs)da}f’T)} N/q

U
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Semi-inclusive DIS: transverse structure

beam: | ‘targe(: '
L P | SSy ||

< T (z,pr) @Hi (2,k7)

correlation between parton
transverse polarization in a I
( transversely polarized nucleon ¢) dg%]U +P,—sin (§U> d fr?r),r ;
and transverse momentum of the Q) -

duced had 1
produced hadron L(dUgL + észn(¢)dUzL)]

+ St [sm(¢ ¢S)daUT % sin(¢ + ¢s)daUT + sin(3¢ — ¢S)d0UT+

1 1
ésm(qu ¢ )doiir + ésm(gbs)daUT—l—

1 1
P (cos(qb gbs)daLTS + éCOS(Qbs)dULT + 5003(2¢ — qbs)da}f’T)] N/q

+ 5

U
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Semi-inclusive DIS transverse structure

LL

(¢ + ¢s)d0'T + sm(?)(b - ¢s)dallfoT+
1 1
ésin(Q(b — ¢ )doip + ésin(¢3)d0(1]2T+

P, (cos(qb — ¢5)dor 3 + %cos(qbs)da}flT + %cos(ng — ¢ )do1
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Semi-inclusive DIS Collins moments

+ |

0@+N%f+h+X)(

- ———— et ettt |

(C

>(), <0

unexpectedly large!

(.

= large unfavoured Collins
fragmentation function!

Distribution Functions (DF)

»

consistent with

»

(all sea object) opposite
sign from
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1-inclusive DIS moments

——————

o(l+ N=l +h+ X

* significantly positive
moment

= {irst evidence of a non zero
naive T-odd DF in DIS

"™ requires non-zero orbital
angular momentum
= consistent with zero

Distribution Functions (DF)

()

amplitude larger

than for

(Sivers for sea quarks) —
. . P N
¢ consistent with zero P

- .
Frag ation Functions (FF)

2 (sin(0-0g))r
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What do we learn from Collins moment?

o+ Nl +h+X)

First extraction of
transversity distribution!!
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Where does the proton spin come from?
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Where does the proton spin come from?

Photon-gluon processes in DIS
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Where does the proton spin come from?

Measurements of scaling violation
Photon-gluon processes in DIS
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Ji relation (1997)

S|
g = lim / dx x (Ho(x. €, t) + Eq( X, €, L))
=

t—0

=» Moments of certain GPDs relate
directly to the total angular momentum of
quarks




Probing the orbital angular momentum

e

Accessing Generalized Parton Distributions (GPDs)

via
Deeply Virtual Compton Scattering (DVCS)
and
exclusive meson production
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Probing the orbital angular momentum

e

Accessing Generalized Parton Distributions (GPDs)

via

Deeply Virtual Compton Scattering (DVCS)
and

exclusive meson production

Sensitive to Jq
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Where does the proton spin come from?

A. Airapetian et al., JHEP08 (2010) 130

A. Airapetian et al., JHEPO5 (2011)126

A. Airapetian et al., PRD 75 (2007)

A. Airapetian et al., JHEP 0806:066,2008

A. Airapetian et al., PRD 71, (2005)

A. Airapetian et al., PLB 666, 446 (2008) A.Airapetian et al., JHEPO6 (2008) 066

Wednesday, August 24, 2011




Where does the proton spin come from?

A. Airapetian et al., JHEP08 (2010) 130
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A. Airapetian et al., PD 75 (2007)

A. Airapetian et al., JHEP 0806:066,2008

A. Airapetian et al., PLB 666, 446 (2008) | §

Wednesday, August 24, 2011




Backup slides
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Probing the structure of nucleons

(DIS) plays major role in understanding of nucleon structure

€]

(€]

Lepton-nucleon scattering cleanest way to probe substructure of nucleon

(-
&

center-of-mass energy (eN)

s=(P+k)?*=M*"+2ME

Exchange of virtual boson, breakup and hadronization in DIS regime

invariant mass of hadronic
final state
W? = (P+q)?=M?*+2Mv — Q?

For gives s, two kinematic variables
completely describe the scattering process

in the analysis

photon virtuality Bjerken scaling variable

0 Q7 Q’

Q=" =(k—k)= 4EE/8in2§ Tr = 2P = 5\ Fraction of the virtual
photon energy carried

_ Pq Pa_v L, = Lh

1% 'jﬁzf' = F—F — .Z)'}C T _E; 1
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Deep inelastic scattering cross section

Assuming one photon exchange

hadronic tensor

d2 2 E / ! contains information
O- a about hadron structure

INdE ~ MQ*E’
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Deep inelastic scattering cross section

o(l+ N=l + X)

Assuming one photon exchange

hadronic tensor
do o’ E T
IQdE ~ MQ* 'l

unpolarized structure functions
momentum distribution of quarks
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Inclusive DIS: unpolarized structure function

N/q

U
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Inclusive DIS: unpolarized structure function
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Inclusive DIS: Aq and

SU(3)s symmetry implicitly assumed

evalence quarks are well determined
and

and sea quarks are poorly
constraint by data

@ v

|
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Inclusive DIS: Aq and

evalence quarks are well determined
and

. and sea quarks are poorly
constraint by data
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Semi-inclusive DIS: flavour separation

Method (LO): /
Use correlation between detected hadron ()‘(l + N—=l +h+ X )

and struck quark — ‘Flavor separation’

eN—>th Z DFN—>q ®O_eq—>eq®FFq—>h( )

LO Z Aq(a% QZ)deDg(Zv QQ)
D€ qq(w,QQ)fdzDh z,Q?)
(z) [dzD}(z)

Al(z, Q%) '~

Purity Pg" (x,z)

N/q
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Semi-inclusive DIS:

1

1
do = dogy, +EOS(2¢)CZ0(1JU + 6603(@650(2](] Plésm(@d(f%(f

_ : 1
+ St |sin(2¢)dog ;. + Bsin(AdegL—l—PL(d(TgL + BSin(Qb)dUZL)W

“stl 1 Boer-Mulders Effect
1
—5in(2¢ — ¢g)
2 < hy(z,pr) ©@H (2, k1)

P, (COS (qb — @ S) correlation between parton transverse
momentum and parton transverse
polarization in an unpolarized nucleon
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