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Outline of TopicsOutline of Topics

• Overview of nucleon spin decomposition:
– Theoretical ideas:

• Naïve quark model vs chiral soliton model

– Experimental status of the spin of the nucleon
• Gluons and strange quarks

– Other probes of nucleon spin:
N l ti l ihil ti ( ti )Λ l i ti• Nucleon-antinucleon annihilation,  (anti-)Λ polarization

• Looking for new physics:
– Search for dark matter
– Spin effects at the LHC

• Discriminating supersymmetry from extra dimensions



Decomposition of the Nucleon Spin?Decomposition of the Nucleon Spin?

Proton spin sum rule:
½ = ½ ∆Σ + ΔG + L½ = ½.∆Σ + ΔG + Lz

Total quark spin (cf singlet axial charge a0)
d∆Σ = Δu + Δd + Δs

Net quark spin contributions ∆q
Net strange quark spin ∆s

N t l i ∆GNet gluon spin ∆G
Orbital angular momentum Lzg z



Models of Nucleon StructureModels of Nucleon Structure
Chi l li d l• Naïve quark model

• MQ ~ 300 MeV
• Chiral soliton model
• MU,D ~ few MeV, 
• M 100 MeV• Wave function QQQ

• Sea of extra qqbar pairs 
d b i l

• MS ~ 100 MeV
• Intrinsic qqbar pairs in 

nucleon wave functiongenerated perturbatively
• Usual SU(3) multiplets

nucleon wave function
• Exotic SU(3) multiplets?
• Evasions of OZI rule

• Explains OZI rule
• Proton spin = Sum of 

l k i

• Proton spin = Orbital angular 
momentum

valence quark spins
• Sum of quark spins = ½

F i i i b

• Sum of quark spins = 0
• Many polarized ssbar

• Few intrinsic ssbar



Proton Spin in Chiral Soliton ModelProton Spin in Chiral-Soliton Model

• Proton spin sum rule:
½ = ½(Δu + Δd + Δs) + ΔG + Lzz

• χSM → small sum of quark contributions to spin:
Δu + Δd + Δs = 0

• χSM → proton spin due to orbital angular momentum:
Lz = ½

• χSM → small gluon contribution to spin:
ΔG = 0

in simple extension of χSM to include gluons
Predictions subject to 1/Nc, ms corrections ~ 30%?



New COMPASS Data on g dNew COMPASS Data on g1
d

Improved measurementsImproved measurements
- particularly at small x

I t ti iti itInteresting sensitivity
to ∆G



New HERMES Data on g p & g dNew HERMES Data on g1
p & g1

d

Improved measurements
- particularly at large x



Emerging Consensus on Nucleon g g
Spin Decomposition?

• Small quark contribution to nucleon spin:
– COMPASS:
– HERMES: 

• Net negative polarization of strange quarks:
COMPASS– COMPASS:

– HERMES:
• Gluon polarization small, probably positive?



COMPASS Constraints on ∆GCO SS Co s a s o G

∆G not large∆G not large



Production Asymmetries @ RHICoduc o sy e es @ C



Combined Fit including Positivity, 
RHIC Data

Comparison with 
PHENIX COMPASS dPHENIX, COMPASS data

Positivity prevents large |∆G|,
probably ∆G > 0

Navarro+Sassot



Indications that ∆G cannot be larged ca o s a G ca o be a ge

Bad fit for 
large ∆G

Data prefer
small ∆G > 0g

JE+Karliner



Impact of New Polarized RHIC DataImpact of New Polarized RHIC Data

Double longitudinal polarization asymmetry

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

Hirai, Kumano & Saito



Comparison with Deep Inelastic DataComparison with Deep-Inelastic Data

Refine estimate of Δg from
DIS structure functions

… but quadratic
dependence of ADIS structure functions … dependence of ALL

Hirai, Kumano & Saito



Comparison with Deep Inelastic DataComparison with Deep-Inelastic Data
A bi it b t C i ith DISAmbiguity between
Δg > 0 and Δg < 0

Comparison with DIS
production asymmetries 

Hirai, Kumano & Saito



Questions for the FutureQuestions for the Future

• Direct confirmation that ∆s < 0?
I ∆G l f i f h l i ?• Is ∆G a large fraction of the nucleon spin?

• How large are the orbital angular momentum g g
components?
C ti ith th i d d t• Connections with other spin-dependent 
observables?
– Proton-antiproton annihilation
– Λ polarizationΛ polarization



Λ Polarization in Quark & Diquark Fragmentation

Λ polari ation from quark

Λ Polarization in Quark & Diquark Fragmentation

Λ polari ation from diquarkΛ polarization from quark
fragmentation

Λ polarization from diquark
fragmentation

SU(6): nonrelativistic SU(6) wave 
functions
BJ: flavor SU(3) & polarized DIS data ( ) p
for baryon octet:  

2.0−≈Δ≈Δ ΛΛ du
6.0≈Δ Λs

J.E., Kotzinian & Naumov



Results for Λ Polarization @ NOMADResults for Λ Polarization @ NOMAD

J.E., Kotzinian & Naumov



Spin Transfer to (anti )Λ HyperonsSpin Transfer to (anti-)Λ Hyperons

W L d i f i d l i d i• We use Lund string fragmentation model incorporated in 
LEPTO 6.5.1 and JETSET 7.4

• Order particles by ranks R ROrder particles by ranks Rq, Rqq

• We consider two extreme cases when polarization transfer isWe consider two extreme cases when polarization transfer is 
nonzero:
– model A:

• the hyperon contains the stuck quark: Rq = 1
• the hyperon contains the remnant diquark: Rqq = 1

– model B:
• transfer from struck quark if Rq < Rqq

f f di k if R R• transfer from remnant diquark if Rqq < Rq

J.E., Kotzinian, Naumov & Sapozhnikov



Λ anti Λ Production at COMPASSΛ, anti-Λ Production at COMPASS
C i f d i h i• Comparison of production mechanisms

• Production off s, anti-s in nucleon dominate at large xF
P ti l l f ti Λ d ti• Particularly for anti-Λ production

J.E., Kotzinian, Naumov & Sapozhnikov



Spin Transfers to Λ anti Λ at COMPASSSpin Transfers to Λ, anti-Λ at COMPASS

Λ i Λ l i i• Contributions to Λ, anti-Λ polarization

• Domininated by s, anti-s polarization at large xF
P i l l f i Λ l i i• Particularly for anti-Λ polarization

J.E., Kotzinian, Naumov & Sapozhnikov



Predictions
for Λ, anti-Λ
PolarizationPolarization

• Model 
dependencedependence

• Dependences 
on x, xF, y, F, y

J.E., Kotzinian, Naumov & Sapozhnikov



Predictions for HERA ExperimentsPredictions for HERA Experiments
Cl li i di i f i f 0• Clear qualitative prediction for spin transfers at xF > 0

• Details depend on model for spin structure

J.E., Kotzinian, Naumov & Sapozhnikov



Predictions for JLAB ExperimentsPredictions for JLAB Experiments

• Dominated by spin transfer from nucleon 
remnant

• Sensitive to remnant’s memory of struck quarkSensitive to remnant s memory of struck quark
J.E., Kotzinian, Naumov & Sapozhnikov



Outline of TopicsOutline of Topics
• Overview of nucleon spin decomposition:

– Theoretical ideas:
• Naïve quark model vs chiral soliton model

– Experimental status of the spin of the nucleon
• Gluons and strange quarks

– Other probes of nucleon spin:
• Nucleon-antinucleon annihilation,  (anti-)Λ polarization

• Looking for new physics:g p y
– Search for dark matter

S i ff t t th LHC– Spin effects at the LHC
• Discriminating supersymmetry from extra dimensions



Open Questions beyond the p Q y
Standard Model

• What is the origin of particle masses?
due to a Higgs boson? + supersymmetry? S idue o ggs boso ? supe sy e y?
solution at energy < 1 TeV (1000 GeV)

• Why so many types of matter particles?

Spin
Why so many types of matter particles?
matter-antimatter difference?

• Unification of the fundamental forces?
Spin

• Unification of the fundamental forces?
at very high energy ~ 1016 GeV?
probe directly via baryon decay neutrino physicsprobe directly via baryon decay, neutrino physics, 
indirectly via masses, couplings

• Quantum theory of gravity?Quantum theory of gravity?
(super)string theory: extra space-time dimensions?



At what Energy is the New Physics?At what Energy is the New Physics?

Origin of mass

Dark matter

l f i h i A ibl l i di tlRoles for spin physics Accessible only indirectly:
Astrophysics and cosmology?



D k M tt i th U iDark Matter in the Universe

A
Astronomers tell 

h f h

Astronomers say
that most of the

i hus that most of the 
matter in the 
universe is

matter in the
Universe is
i i ibluniverse is 
invisible
invisible 
Dark Matter
‘S i ’ i l ?
We will look for it

‘Supersymmetric’ particles ?
We shall look for 

with the LHCthem with the 
LHC



Strategies for Detecting SupersymmetricStrategies for Detecting Supersymmetric 
Dark Matter

• Annihilation in galactic halo
χ – χ antiprotons, positrons, …?

• Annihilation in galactic centreg
χ – χ γ + …?

• Annihilation in core of Sun or Earth SensitiveAnnihilation in core of Sun or Earth
χ – χ ν + … μ + …

S tt i l i l b t

Sensitive
to ∆s

• Scattering on nucleus in laboratory
χ + A χ + A

Sensitive
to ∆s



Search for Supersymmetric Dark MatterSearch for Supersymmetric Dark Matter

Limits onLimits on 
spin-independent
tt i f d k ttscattering of dark matter

vs
P di ti i d lPredictions in some susy models



Search for Supersymmetric Dark MatterSearch for Supersymmetric Dark Matter

Limits onLimits on 
spin-dependent

scattering of dark matterscattering of dark matter
vs

Predictions in some susy modelsPredictions in some susy models

Sensitive
to ∆s



Scattering on Protons and NeutronsScattering on Protons and Neutrons

C t i t f• Constraints from
CDMS experimentp
on spin-dependent

licouplings to p, n
• Depend on ∆sepe d o s



A ihil ti i S l S tAnnihilations in Solar System

… Sun … Earth
Sensitive

to ∆sto ∆s

Prospective experimental sensitivities Benchmark scenariosProspective experimental sensitivities Benchmark scenarios

JE + Feng + Ferstl + Matchev + Oliv



The Large Hadron Collider (LHC)The Large Hadron Collider (LHC)

Proton Proton ColliderProton- Proton Collider

7 T V 7 T V7 TeV + 7 TeV

1,000,000,000 collisions/second Primary targets: 
O i i f•Origin of mass

•Nature of Dark Matter
•Primordial PlasmaFirst exploration of the TeV energy scale •Primordial Plasma
•Matter vs Antimatter

First exploration of the TeV energy scale





LHC Progress DashboardLHC Progress Dashboard

Main dipoles

Accelerator to be completed in Summer 2007Accelerator to be completed in Summer 2007, 
First collisions November 2007



Cooling Sector 78 of the LHCCooling Sector 78 of the LHC
Magnets to be powered when temperature stable @ 1 9KMagnets to be powered when temperature stable @ 1.9K



Plan for LHC Commissioning
• Sectors 7-8 and 8-1 will be fully commissioned

Plan for LHC Commissioning
• Sectors 7 8 and 8 1 will be fully commissioned 

up to 7 TeV in 2006-2007. If we continue to 
commission the other sectors up to 7 TeV wecommission the other sectors up to 7 TeV, we 
will not get circulating beam in 2007

• The other sectors will be commissioned up to• The other sectors will be commissioned up to 
the field needed for de-Gaussing.
I iti l ti i N 2007 t 900 G V (CM)• Initial operation in Nov. 2007 at 900 GeV (CM) 
with a static machine (no ramp, no squeeze) to 
d b hi d d t tdebug machine and detectors

• Full commissioning up to 7 TeV will be done in 
the winter 2008 shutdown



Classic Supersymmetric SignatureClassic Supersymmetric Signature

Missing transverse energy g gy
carried away by dark matter particles



m (ll) spectrum
end-point : 109 GeV
precision ~ 0.3%

m (llj)min spectrum
end-point: 552 GeV
precision ~1 %

Reconstruction of `Typical’
Sparticle Decay Chainp y

Lq~ → q χ0
2

R
~
l

l 0
l

m (llj)max spectrum

l χ0
1

m (l±j) spectrum
end-point: 479 GeV
exp precision ~1 %

m (llj)max  spectrum
threshold: 272 GeV
exp. precision  ~2 % Msquark = 690

Mχ’ = 232 exp. precision  1 %χ 3
Mslepton = 157

Mχ = 121
(GeV)

Erice. Sept. 2, 2003 L. Maiani: LHC Status 14ATLAS



Spin Effects in Shape of dilepton spectrum

Decay Chains
Chain DCBA:

Scalar/Fermion/Vector

Di ti i h tDistinguish supersymmetry
from other scenarios

Sh f l

Angular asymmetry

in q-lepton spectrum
Shape of q-lepton spectrum

Athanasiou+Lester+Smillie+Webber



CP-Violating Asymmetry in 
Sparticle Decay

• Look for lepton asymmetry in the decay chain:

• Sensitive to supersymmetric phase Θ:

JE+Moortgat+Moortgat-Pick



The Power of PolarizationThe Power of Polarization

• Dissects what we think we know …
– … and often finds surprisesp

• Nucleon spin

• Delicate probe for new physics:• Delicate probe for new physics:
– New observables
– Suppresses backgrounds
– Enhances signalsg

• These are complementary: 
W t d t d SM t b b d it– We must understand SM to probe beyond it


