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Outline
* Octet Masses and Sigma terms
« Strangeness in the Nucleon
and.... Dark Matter Searches
« Solution of the Proton Spin Problem
( Nuclei in the Framework of QCD )

( Significance for dense matter )
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Open Questions for Hadron Spectroscopy

* Does lattice QCD precisely reproduce the best
experimental data
- spectroscopy, form factors, DIS, GPDs?

« Are some observables more likely to yield interesting
constraints than others?

* What physical insight can LQCD vyield into how QCD works?

« Are we able to take the lessons learnt in hadron
structure and use them to understand nuclear
structure better?
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Formal Chiral Expansion

Formal expansion of Hadron mass:

My =Co+Cy Mm%+ Cya M+ Com* + Cy o MA N M+ O(M,2)

Mass in Another branch cut
chiral limit fromN = Az = N
- higher order in m_
First (hence “leading”) - hence “next-to-leading”
non-analytic term ~m ¥2  non-analytic (NLNA)
No term linear in m_ (LNA) Cana.MODEL INEPENDENT
(in FULL QCD...... Source:N — Nt — N

there1sin QQCD) ¢, , MODEL INDEPENDENT

- Convergence?
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Convergence!

Knowing x PT , fitwith: a + g m_2 +ym_3

M | phys=0.02

Hadron Mass (GeV)

| I l
— e MN — 2 Parameter Fit

L —— MN — 3 Parameter Fit
MN — Preferred Fit

~ Best fit with y as

| inyPT

Problem: y=-0.76 c.f. model independent value -5.6 !!
( From: Leinweber et al., Phys. Rev., D61 (2000) 074502 )
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The “big picture”
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Is it believable that smooth behavior for m_
above 400 MeV is aresult of a different
accidental cancellation in every case??
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No: FRR explains this because...

It preserves model independent LNA and NLNA behavior
and

* For sound physical reasons, FRR suppresses meson
loops once m_exceeds about 0.4 GeV

* Yields convergent series expansion over mass region
covered by lattice data

 Form factor naturally yields GT discrepancy of right sign
and magnitude — and therefore correct m_° term!
- I.e. correct NNLNA behavior

* N.B. Usual EFT yields this term only at two loops

o~~~

Office of
i(/#%sm %a/v — s Thomas Jefferson National Accelerator Fa0111ty—‘@

W 4 Science
Operated by Jefferson Science Associates for the U.S. Department of - DEPARTMENT OF ENERGY



Some details of FRR

; \ =C.nalr 3 Cina=-30,%(32 wf ?)

9 oo ,4#2 .
f;«r::/ d!‘-:k u- (k)
T Jo

2 2
k= + mz

4d
r

JPIP A (i + 4z A + A%) ~ A_B _ Emz +m — Mg+ .
16(my + A)? 16 16 16A

(with dipole regulator; /// closed forms for other regulators)
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Pion cloud and sea quark flavor asymmetry in the
impact parameter representation

M. Strikman
Department of Physics, Pennsylvania State University, University Park, P4 16802, USA
E-mail: strikmanaphys .psu.edu

C. Weiss*
Theory Center; Jefferson Lab, Newport News, VA4 23606, USA
E-mmaqil: welss@jlab.org
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- Prediction of d—u >0
from pion cloud 1983

(AWT, Phys. Lett. B126, 97)

* Here analysis establishes
model independent piece,
for b>0.55fm

* Inside is “non-chiral” core
*m, > 400 MeV : pion cannot
be distinguished from

“core”

e chiral behavior disappears

PP—=S" Office of
Science

U.S. DEPARTMENT OF ENERGY



x’al Extrapolation Under Control when
Coefficients Known — e.g. for the nucleon

Status in 2004

FRR give same
answer to <<1%
systematic error!

02 04 06 08 1

m,r2 (GeV?)
Bare Coetheients Renormalized Coetheients ¥
Regulator ap ad al A Co s Cy my
Monopole 1.74 164 —=049 0.5 0923(65) 2.45(33) 20.5(15) | 0.960(58)
Dipole 130 1.54 —049 0.8 0.922(65) 2.49(33) 189(15) | 0.959(58)
(zaussian 117 148 —0.50 0.6 0923(65) 2.48(33) 18.3(15) | 0.960(58)
Sharp cutoft 1.06 147 —0.55 04 0.923(65) 2.61(33) 15.3(8) | 0.961(58)
Dim. Reg. (BP) 0.79 4.15 +892 — 0.875(56) 3.14(25) 7.2(8) 0.923(51)
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Power Counting Regime

Ensure coefficients c,, C,, c,all identical to 0.8 GeV fit
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Leinweber, Thomas & Young, hep-lat/0501028
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Lattice Simulation Results: LHPC
Now to 2008
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Octet-baryon masses

We fit using SU(3) expansions plus FRR loops (11, n and K)
* Leading-order expansion O(1)

ﬂ’fN = ﬂ’fg+2(CEM+;3M}THQ+QD'M(2WLQ—|—WS)
My = Mo+ (ap + 2080 )mg + apms + 200 (2mg + my)
1 1
Ms = My+ 5(505114' —+ QﬁM)mq —+ E('}M +4ﬁM}m3 + 200 (qu —+ mS)
1 1
ﬂ’fg = f’ffg + E(&M -+ 4ﬁM)mq + E(E)CIM + QﬁM)WS -+ QD'M(QTHQ -+ mS)
m2 = 2Bm, m3 = B(mg 4+ m;) ]
2 2 2
mag 2my — my Ioal 1
mg — QB: me — 278 {&:690}_}5{&?6)90—}
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LHPC Data

(Walker-Loud et al.. arXiv:0806.4549)
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PACS-CS Data

(Aoki et al., arXiv:0807.1661[hep-lat])
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Summary of Results of Combined Fits
(of 2008 LHPC & PACS-CS data)

N

V4 AN

B Mass (Ge\ ) \ T Bl OBs

N 0.939(19)(4)(2) \ 0.054(7)(2)(2) 0.020(11)(7)(3)
1.108(11)(10)(1) | 0.0206(31)(5)(10)  0.138(11)(2)(2)
1.185(9)(2)(1) | 0.0221(20)(7)(7)  0.176(11)(6)(2)
1.321(9)(20)(0) / 0.0005(7)(4)(0)  0.236(11)(4)(3)

\_/ Opy = ('m.q /U B)OMp / 69'm,.q

N. B. Masses are absolute calculations based upon heavy quark

potential, which involves no chiral physics
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Strangeness Has Been Widely Believed to
Play a Major Role in N Structure— Does 1t??

« As much as 100 to 300 MeV of proton mass:

A Diove . _— — _ - I
My = (N(P)|——Tr(G . G"" )+ m, W,y + matgthy + m b v [N (P))
A — y=0.2+0.2?
Tiia
N o e LLCR
My + 1id 45 4 8 MeV (or 70?)

Hence 110 4+ 110 MeV (increasing to 180 £+ 180 for higher o)

As much as half the deuteron magnetic moment?

As much as 10% of the spin of the proton?
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Hadronic Uncertainties in the Elastic Scattering of
Supersymmetric Dark Matter

John Ellis,»* Keith A. Olive,?*" and Christopher Savage?:1

CERN-PH-TH,/2008-005

UMN-TH-2631/08

FTPI-MINN-08/02

We find that the spin-independent cross section may vary by almost an order of magnitude
tor 48 MeV < X,y < 80 MeV, the £2-0 range according to the uncertainties in Table I. This
uncertainty is already impacting the interpretations of experimental searches for cold dark
matter. Propagating the £2-0 uncertainties in i\.ip) the next most important parameter,
we find a variation bx, a factor ~ 2 in the spin- dependent cross section. Since the spin-
independent cro . "niow be on the verge of detectabiity——certain models, and
Tritainty in the cross section is far greater, we appeal for a greater, dedicatert
o reduce the erperimental uncertainty in the m-nucleon o term X.,. This quantity is not
just an object of curiosity for those interested in the structure of the nucleon and non-
bative strong-interaction effects: it may also be key to understanding new
beyond the :d Model.

spm o terms
£ = o ‘+ 50

Neutrallno (0.3 GeV/cc :WMAP)
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McGovern & Birse

First to calculate two-loop, dim-reg y PT
(hep:lat/0608002)

* Major correction is m_dependence of g_
I.e. origin of GT discrepancy : g,y # 9a/f,

 Leads to large Order (m_>) term

« Agree that convergence of formal chiral T e e e m
expansion is hopeless where current lattice data exists

My =0.885 + 3.20m_? - 5.6m_3 + 34 m_* — (50-110)m > ...
c.f. FRR fit required to include physical nucleon mass:

M, = 0.897 + 2.83m 2 —5.6m 3 + 22m % — (44 £ 18)m_5 ...

Leinweber et al., Lect. Notes in Phys. 663 (2005) 113
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Sigma Commutator

o=<N|(Mm,+my) (Uu + ddy2|N>=m,aMy/dm,

= Gval + Gsea

W

56 =35A-23+9.6-3 + 0.8 +...=18 MeV (A = 1GeV)
A A2 A3
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Nalve Expansion Traditionally Used to
Extract o Terms is Hopeless!

« Leading-order expansion O(1)

ﬂffN = ﬂfg—I—Q(aM—|—ﬁM)mq—|—QJM(2mq—|—mS}

My = Mo+ (anm + 208y )mg + apms + 2001 (2mg + myg)
1 1

Ms = My+ 5(5&1\4 —+ QﬁM)mq —+ E(QM —|—4,BM)’TT13 + 200 (qu —+ ms)
1 1

ﬂ’fg = ﬂ{U—I—E(CEM—I—ilﬁM)mq—FE{EJ&M —FQ,BM}TTLS—FQJM(QHIQ—I—THS)

Need O(m_°) to get accurate light quark o term
While for strange condensate expansion is useless !

BUT through FRR have closed expression and can evaluate ....

o~~~
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Summary of Results of Combined Fits
(of 2008 LHPC & PACS-CS data)

B Mass (GeV) /OB OB« N\
N 0.939(19)(4)(2) | 0.054(7)(2)(2) 0.020(11)(7)(3)
A 1L108(11)(10)(1)]|  0.0296(31)(5)(10)  0.138(11)(2)(2)
S L185(9)(2)(1) | 0.0221(20)(7)(7)  0.176(11)(6)(2)
= 1.321(9)(20)(0) \_ 0.0095(7)(4)(0)  0.236(11)(4)(3)

OBq = (mq/ﬂf‘fg)aﬂjg/amq

Of particular interest:
o commutator well determined : o= 51 (6) (2) (2) MeV

and strangeness sigma commutator small
m, oM,/ d m_ = 18 (10) (6) (3) MeV
NOT several 100 MeV !

Profound Consequences for Dark Matter Searches
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Additional Comments

« Strangeness content (condensate) is more than an
order of magnitude smaller than naively assumed

« Strangeness term usually dominates estimates of
dark matter cross section - it should NOT!

» In addition, tentatively seems that uu and d d
condensates should be approximately equal

(c.f. usual assumption of 1 : 1.49 : Chen 1989)
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Strangeness & Electromagnetic Form Factors

Experiment: Need Parity Violation y
2,d,=
S——
Theory: Disconnected diagram G

ge=2(1+ a/2m - 0.328 ox?/m? + ...)
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Magnetic Moments 6

within QCD ?
Leinweber and Thomas, Phys Rev D62 (2000) D{: E j/\zx ”C E )
p=2/3uP-1/3dP+ O,
CSC n=-1/3uP +2/3 d + O, mm) Pn=wHso,

(andp+2n=dP+30,)

C >+ =2/3u%—1/3s% + Oy

+_%- =12
S =-1/3UZ-1/3s%+ O, - 2T-2 =

HENCE: Oy =13[2p+n-(uw/uX)(E-3)]

—

Just these ratios from Lattice QCD

.

o o~ Oy=13[n+2p—-(u"/uE)(E-E)]
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UP,ience - QQCD Data Corrected
for Full QCD Chiral Coefficients

2.2 I ] | |

!
'. Finite Vol. QQCD
2.0 | ! QQCD
: QQCD
'\ — - — - Valence Sector
RN SRR Full QCD

=16 v ata,m2+a,m*+y ‘al loops -
3 .
3 141 -
1.2 _?____________-:-._:-_"_"-‘-. e _
? | = c.f. COM
Lo = | 1 2/3 940/540
08 | | | | ! | ~ 1.18

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
m * (GeV?)

Lattice data from Zanotti et al. ; Chiral analysis Leinweber et al.
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)y
u valence

2.2 - T | | | |
I : Finite Vol. QQCD
2.0 | a
I 0 T QQCD
| + — - — - Valence Sector
1.8 £, | Full QCD 7

-

Universal
Here!
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Convergence LNA to NLNA Again Excellent
(Effect of Decuplet)

25 F o4 |
<.0 ol®

L] agt

p no oL X = = A wu. u.

o~~~
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State of the Art Magnetic Moments

QQCD Valence Full QCD | Expt.
D 2.69(16) | 2.94 (15) | 2.86(15) | 2.79
N -1.72 (10) |-1.83(10) |-1.91(10) |-1.91
T+ 2.37(11) | 2.61(10) | 2.52(10) | 2.46 (10)
% -0.95 (05) |-1.08 (05) |-1.17 (05) |-1.16 (03)
A -0.57 (03) |-0.61(03) |-0.63(03) |-0.613 (4)
=0 -1.16 (04) |-1.26 (04) |-1.28(04) |-1.25(01)
- -0.65 (02) |-0.68(02) |-0.70(02) |-0.651 (03)
up 1.66 (08) | 1.85(07) | 1.85(07) |1.81(06)
UE -0.51 (04) |-0.58(04) |-0.58(04) |-0.60 (01)
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Accurate Final Result for G,,5

1.4 | | ] |
Highly non-trivial that intersection
1.3 s lies on constraint line! 7
1.2
3
~ L1k
1.10 0.03 *
1.0 -
0.9 -
UB 1 I l |
0.0 0.5 1.0 1.5 2.0 2.5
u™ S u
1.25 0.12

Yields :G,,5=-0.046 0.019 p,
- o Leinweber et al., (PRL June '05) hep-lat/0406002
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GO0 and HAPPEx at Jlab
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Exploring the Strangeness Content of the Proton

n =02
(g i “M 0.15F =
& SAMPLE
"{')m 0.1_— i : 5 _ 5
: } + , o.10l Q?2=0.1GeV
i l l } } - GO
0.0 1 % 005'
- Projected / = GO (FORWARD) I JLab
- uncertainty A HAPPEX. I
il ©  HAPPEX-H (2005) Y HAPPEX-H (2004) “ -
= N Hepeexo il 3 WAMAddientul ty 000
0.0 0.2 0.4 0.6 0.8 162
- HAPPEX-He4 :
_o0.05k APPEX-H ]
»Proton not all that strange [ | einweber et 4 |
>Separation possible at 0.1 GeV? —-0.10p Q)
[ PVA4<_ M|
»New data coming at 0.23 and 0.6 GeV? o1sl <
(PVA4, GO, HAPPEX III) 15 -10 _ -05 0.0 05 10 15
Gy
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Latest HAPPEX Run : Outstanding Achievement !

X Angle BPM diff_bpméax

0.04;—nqe { v Surpassed Beam Asymmetry

0.02- 1 { % 1 J ] Goals for Hydrogen Run
S 2 I%HT I ﬁmHJH .
c 0 Tlm i T IR } Energy: -0.25 ppb
E 0_02:_ * % } } { 1 } + } X Target: 1 nm

0_04:_ J X Angle: 2 nm

N Y Target : 1 nm

Y Angle: <1 nm

¢ HWP Out
l ¢ HWP In

%-. m'}' 3 |
f‘nﬂjﬁ}l] T{{,m ﬂﬂl
T

i
T } ” «——— Corrected and Raw

P
: I

-2;] f * t ﬁ * I { { { Total correction for beam

3;|||||||| position asymmetry on Left,

'40 5 10 15 20 25 30 35 40 Right, or ALL detector: 10 ppb
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Resolution of the Proton Spin Crisis
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Spin Structure Function g,(x)

v, Q
e
4 — —
c —= q ® o
A\I N ™ N ™
Vv, Q2
e
= X=Q%?%/2Myv
H - = fraction of proton momentum

+
c —>= q'(x carried by the quark

gl(x)=%Zes(q%x)—q—(x)):%Zesm(x)

N.B. At Q?sufficiently high (>2 GeV?) the dependence on Q?
Is logarithmic and described by perturbative QCD (scaling)

e e e
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The EMC “Spin Crisis”

Up to standard pQCD coefficients (series in a.(Q?)):

JotdxgP (X)=(Au-Ad)/12+(Au+Ad-2As)/36
" /
7/ /
+(Au+Ad+As)/9 [{up to QCD radiative corrections)
- i )

7/ S~ /
/ \\L

/

! )/ =~ | naively fraction of proton
g°4: from B decay of n / ‘spin’ carried by its quarks

; ]

g8, : hyperon B decay S =3 (Q2 = co)

A u = fraction of proton spin carried by u and anti-u quarks, etc..

e e e
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Volume 206, number 2 FHYSICS LETTEES B 19 hay 1988

0181~ ELLIS-JAFFE sum rule ® xaf ()

p 0 K} —
0151 % jg1 (¥)dx

0121
A MEASUREMENT OF THE SPIN ASYMMETRY 0.00

AND DETERMINATION OF THE STRUCTURE FUNCTION gﬁ"’“
IN DEEP INELASTIC MUON-PROTON SCATTERING

x'} dx

0.06—

0.03

0

European Muon Cellaboration

1072 107" 1

Aachen, CERN, Freiburg, Heidelberg, Lancaster, LAPP ( Annecy), Liverpool, Marseille, Mons, Oxford,
Rutherford, Sheffield, Turin, Uppsala, Warsaw, Wuppertal, Yale

J. ASHMAN = B. BADELEK ™', G, BAUM =2, J, BEAUFAYS ¢, C.P. BEE *, C BENCHOUK ¥,
(93 authors)

The spin asymmetry in deep inelastic scattering of longitudinally polarised muons by longitudinally polarised protons has been
measured over a large x range (0.01 =x<0.7). The spin-dependent struciure function g,{x) for the proton has been determined
and its integral over x found to be 0. 114 £0.012 £(.026, in disagreement with the Ellis—TalTe sum rule. Assuming the validity of
the Bjorken sum rule, this result implies a significant negative value for the integral of g, for the neutron. These values for the
integrals of g, lead to the conclusion that the total quark spin constitutes a rather small fraction of the spin of the nucleon.

>=144+34+10%:
l.e. 86% of spin of p NOT carried by its quarks
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Volume 212, number 3 FHYSICS LETTERS B 20 Sepiember 198X

THE ANOMALOUS GLUON CONTRIBUTION TO POLARIZED LEPTOPRODUCTION

G. ALTARELL] and G.G. ROSS !
CERN, CH-121§ Geneva 23, Switzerland

Received 29 June 1988

We show that, due to the anomaly, the gluon coniribution to the first moment of the polarized proton strecture funciion, as
measured in deep inelastic scattering, 15 not suppressed by a power of the sirong coupling evaluated at a large scale, As a result,
the EMC result for ihe first moment of polarized proton eleciroproduction 1s consistent with a large guark spin component,

2aive — Znaive — Nf Olg (Q AN "\

and VAV

Fig. 1. Diagrams contributing to a finite mixing of order a. be-
tween gf and the polarized gluon parton density.

QCD evolution = a,(Q?) AG(Q?) does not vanish as Q% — o

— — —-—--q

and polarized gluons would resolve crisis
e o HOW MUCH?
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Scale of the Gluon Contribution
At 3 GeV2a, ~ 0.3 v Ts
and N;= 3, so IF all of the

N spin carried by quarks is

cancelled by gluons:

AG=+2*n*1 ~ +6
3*0.3
...actually AG ~ + 4 better

o,(M,) = 0.118 +0.003

- a truly remarkable result

il L N PR R |

1 10 100
for which no physical explanation was ever offered Q[GeV]
A . . PP =5" Office of
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This spurred atremendous experimental effort

* DIS measurements of spin structure functions
of polarized p, d, 3He (and °Li) at
SLAC, CERN, Hermes, JLab

* Direct search for high-p; hadrons at
Hermes, COMPASS, RHIC to directly
search for effects of polarized glue in the p

* This effort has lasted the past 20 years,
with great success

o W W W e W e
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Latest STAR result - Sarsour DNP Oct 07
= T - =

Versus

= - =

« NLO pQCD describes inclusive jet cross section at RHIC

Within GRSV framework, 2005 results constrain AG to less
than 65% of the proton spin with 90% confidence

- Significant increase in precision in Run 2006 data provides
even stronger constraints on gluon polarization

o B+ P > jet + X at Js=200 GeV << 1 A 2 = 2005 STAR Final / 0.2 < n<0.8
< - '-'B 15: ® 2006 STAR Preliminary / -0.7 <1 < 0.9
08 A G= L
- 0.1—
- - | ]
- 0.05— & . ®
= - i » Ia $ 1
0
- —w =4 f I
0.02~ _ e L -
- Projected statistical uncertainties -0.05—
0.041 for STAR 2006 inclusive jet A, - 1
— C | 1 | 1 | | | | | | 1 | | 1 | | | | | 1 | | | 1 | | | | |
-0.06 -l L 5 10 15 20 25 30
6 8 10 12 = v w oeu = b, Eevidi” P, (Ge%c)
] (‘C/ o %61/0 I Thomas Jefferson National Accelerator Facility iz Science
- W W v W
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Latest PHENIX Result: From A | to AG

%L PHENIX Preliminary Calc. by W.Vogelsang and M.Stratmann
0.04— N, 29
E *Run5 (9.4% scaling error) = B AGJ::[EI.IJE — 0.3]
0'03:_ =Runé6 (40% scaling error) i GRSV X=[0 = 1]
- B ~ 0.6 AGGHSV
0.025— 1 JoRSV-sta 20—_
0.01— } L i No theoretical
; GRSV|AG =0 L uncertainties
-0: : B included
-0-015 Scaling errors not included 15
-0-02:_ Online Polarization values ! i
— used in Runé o
_0-0317\\\\2‘\\\\3‘\\\\4‘.\\\\é\\\\é\\\\;\\\\é\\\\g =
P, (GeV/c) B
10 __ Run5: hep-ex-0704.3599
i Runé6: Preliminary
5 _"AG=_GH “AG=D" "Std L] IIAG=G L]
:ll | | | | | | 1 | | |ll ILI | | | | | | I | ll/
-1 -0.5 0 0.5 1
L AGaey. ™ (Q2=1 GeV?)
‘std” scenario, AG(Q%=1GeV?)=0.4, is
~~ o~~~ excluded by data on >3 sigma level P== Office of
-Q(g%@mw %ﬂ/v T HEEEE | homas Jeiterson National Accelerator Facility iz Science
N S e N e’
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Impact of CLAS Precision Data on Parton Distribution
Functions

CLAS precision data more than doubled the data points in the DIS region from
30 years of high energy polarized structure function measurements.
At moderate x = 0.4, the
R —— S S — relative uncertainty of
0.01 N ----- xAG is reduced by a
factor 3 and of As-As by
a factor 2.

0.00

Jefferson Lab
- CLAS Detector

-0.01

x(Aut+Au) errors |

0.0 0.2 0.4 0.6 0.8 1.0 00 0z 04

2 2

0.00 0.000

0.01 - -0.002 | 4
x(Ad+Ad) errors | XAS errors
0.0 . 0.2 ‘ 0.4 . 0.6 . 0.8 .X‘1.0 0.0 0.2 0.4 0.6 0.8 X1.0 C
onclude
The dashed lines include the CLAS data in the analysis (LSS’06). |A G | <03
E. Leader, A. Sidorov, D. Stamenov, Phys.Rev.D75:O74027,200~ !
at Q%2 =1 GeV?
R PP—=S" Office of
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Where is the Spin of the proton?

Modern data (Hermes & COMPASYS) yields:
> =0.33+£0.03 &£ 0.05 ;

(c.f.0.14 &+ 0.03 + 0.10 originally)

* In addition, there is little or no polarized
- COMPASS: gP, =0to x = 10
- A,, (n® and jets) at PHENIX & STAR — AG ~ 0

- Hermes, COMPASS and JLab: AG/ G small

« Hence: axial anomaly plays at most a small role in
explaining the spin crisis

 Return to alternate explanation lost in 1988 in rush
to explore the anomaly

o~~~
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Ancient History of the Spin Crisis

« Schreiber-Thomas CBM: 17 May 88 - 8 Dec 88
* Myhrer-Thomas OGE: 13 June 88 - 1 Sept 88
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One-Gluon-Exchange Correction

* Has the effect of further reducing the fraction

of spin carried by the quarks in the bag model

(naively 0.65 ) because of lower Dirac component of
wave function (/// result in any relativistic model

- e.g. recent work of Cloet et al., hep-ph/0708.3246,
0.67 in confining NJL model)

> - 2—3G; with G~ 0.05 - Sy, Ao :
> —0.65-0.15=0.5 e T -
k k
S M Sk

« Effect is to transfer quark
spin to quark (relativity) and
anti-quark (OGE) orbital angular momentum

~ o~~~ -~ Myhrer & Thomas, Phys R ev D38 (1988 7 ;
i (g#%sm Hab — 4 Thomas Jefferson 1\’Iati01>1/al Accelerator Fe(lcility %ff‘-'ce af
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OGE Correction for Hyperon B-decay

* All correction terms proportional i ¥ 5
to G = a, times bag matrix elements } 6 &
; A-g_ Ao

* Very nicely accounts for deviations ﬁ_ i

from SU(3) symmetry ey b T
Table 1. The ratio g.g, in the SU(3) limit from a model
calculations compared to experiments. The experimental numbers
arc from the Particle Data Group [32]

Theory: SU(3) :
MIT bag + CMI amplitudes Experiments
n—p — l~ +D 1.259 F = 0.45 (fixed)
P F—-D ~0.36 + 0.05 D=0.81
s p F + D/3 0.696 + 0.025 D=0.74
Eop—— | F—D/3 0.25+ 0D.05 D=0.60
Without OGE correction Hogaasen & Myhrer, Z. Phys. C48 (1990) 295
MIT bag gives F=2B'/3,D=B"  vamaguchi et al., Nucl. Phys. A 500 (1989) 429
.~ o~ ”
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The Pion Cloud of the Nucleon

Volume 215, number | PHYSICS LETTERS B 8 December 1988

SPIN DEPENDENT STRUCTURE FUNCTIONS IN THE CLOUDY BAG MODEL

A.W. SCHREIBER AND AW, THOMAS

Department of Physics and Mathematical Physics, University of Adelaide,
North Tervace, Adelaide, South Australia 5000, Ausiralia

Recerved 17 May 1988
We derive expressions for the integrals of the spin dependent siructure functions g,{.x} for the proton and the neutron in the

context of the cloudy bag model. We find that the neutron contributes 5-10% to the Bjorken sum rule, while there 1s a correspond-
ing decrease for the proton’s contribution, It is difficult to reconcile these results with those reported in a recent experiment.
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Effect of the Pion Cloud
* Probability to find abare N is Z ~ 70%

* Biggest Fock Component

IS N Tt ~ 20-25% and 2/3 of
time N spin points down L =+1

* Next biggestis At ~ 5-10% 1Py

3 3
« To this order (i.e. including terms which yield LNA
and NLNA contributions):

* Spin gets renormalized by a factor :
Z-1/3Py,+159P, ~ 0.75-0.8
=2 =0.65— 0.49-0.52

Y Office of
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Final Result for Quark Spin

>=(Z- Pn/3+5PM/3)><(065 BG)

-
—(O708)><(O6’5—0157 (035040)
\
c.f. Experiment: 033:|:003:I:005 C
/ ol
S~

* ALL effects, relativity and OGE and the pion cloud
swap quark spin for valence orbital angular momentum
and anti-quark orbital angular momentum

(>60% of the spin of the proton)
o Myhrer & Thomas, hep-ph/0709.4067
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The Balance Sheet — fraction of total spin

I—u+ubar I—d+dbar
Non-relativistic 1.0
Relativity 0.46 -0.11 0.65
(e.g. Bag)
Plus OGE 0.52 -0.02 0.50
Plus pion 0.50 0.12 0.38

At model scale: L, +S,=0.25+0.42= 0.67 =J,
Ly +S4=0.06-0.22=-0.16 =J
FRVLEN AN A AN Office of

—_— on CLab —— mmm Thomas Jefferson National Accelerator Facilit —‘@ [
Jeé%.«%v g - Y Sc:ence

Operated by Jefferson Science Associates for the U.S. Department of Energy HDEPARTMENT,OF ENER



LHPC Lattice Results

« At first glance shocking : LY ~-0.1and L9~ + 0.1
(c.f. +0.25 and +0.06 in our “resolution”)

* N.B. Disconnected terms missing — no anomaly, sea wrong

Au 0 ]
0al ™ ' " = oeF
b
02| d
ﬂ F ' L
Y & J}
. ] .
{r ACi il iﬁ g»
+5 »e [ ]
_02! o 'L”
02 04 08 08
m2 (GeV?)

Figure 16: Nucleon spin decomposition by flavor.
Squares denote AX" /2, diamonds denote AX? /2. tri-

angles denote Z*, and circles denote L7,

N N — » Office of
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Indeed L, is not scale invariant — what scale?

« Known since mid-70s (Le Yaouanc et al., Parisi, etc.)
that connection between quark models and QCD must

be at low-Q?2

* This is because momentum fraction carried by quarks is
monotonically decreasing with Q%4 and in models
qguarks carry nearly all the momentum (used by Gllck-Reya
to model HERA data to
very low x - u? = 0.23 GeV? at
LO — Phys Lett 359, 205 (1995))

e.g. Schreiber et al., PR D42, 2226
(1990) : p=0.5 GeV

(N.B. Using LO rather than NLO
QCD changes p not the
results at 5-10 GeV?)

1.0

FIG. 1. xu,(x,Q0*)4xd, (x,Q?% at the model scale Q*=p’
o~ o~ and at Q?=10 GeV? (solid lines). The dashed and dotted lines

-QOC] offerson QZ”/” — s Thomas Jeffersc correspond to the Duke-Owens and Martin-Roberts-Stirling pa- |

- W W W W . . I 2 p J— 2
Operated by Jefferson Science Associates for the U.S. Department of Energy ~ rametrizations of xu . (x,@"=10 GeV~)+ Idt. (x, Q =10 GeV-),



Solution of the Evolution Equations

LY and L9 both small and cross-over rapidly: AWT, PRL 101 (2008) 102003
- model independent !

| ! I I T ]
0.6 \ |
: i H.._h__. J u
S 04f —_— ]
g I
:
2
2 d
5 02r L i
E S
1 \_o---m-mmmTTTTTTITTTTIIT T
|7 - L u
0.0 - — ]
- - - 0 7 B J d
A | | | 1 | 1 |
1 2 3 4 5
2 2
Q- (GeV")
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GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices

X - quark momentum
fraction

&- longitudinal
momentum transfer

~t - Fourier conjugate
to transverse impact
parameter

At large Q2 : QCD factorization theorem - hard exclusive process can be
described by 4 transitions (Generalized Parton Distributions) :

Vector :+ H (X,C,T) Axial-Vector ~ (X f, 1')
o Tensor : E(x,¢ 1) pseudoscalar OI,)ceo,

| VJ%ZMAW dﬂ D— Thomas Jefferson National Accelerator Facﬂlty— >4 Science™®
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Deeply Virtual Exclusive Processes -
Kinematics Coverage of the 12 GeV Upgrade

overlap with other _
experiments - ‘ unique to JLab

- | - High Xz only reachable
H1, ZEUS A

with high luminosity

“'\OQ}
N

v/

&2
>
-

C Upgraded JLab has

& unique capabilities

O
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At 12 GeV: e.g. Exclusive p® with transverse target

expect to determine quark orbital angular momentum
2A (IM(AB*))/n

[AP(1-82) — [B(E*+1/4m?) - Re(AB*)2E?

Ayr=-

04 r

0.2

-02

t=0.5GeV 2

O HERMES (preliminary)

0.1 0.2

Q2=5GeV?

PO

A~(2H' +Hd
B~ (2Ev + Ed

Asymmetry depends
linearly on the GPD E,
which enters

Ji’s sum rule.



YNodel Dependent

arzMJ)Z

o i
ﬂ

From Eric Voutier
(ECT* June 08)

Measurements off neutron
are sensitive to J
(u quark in the neutron)

-0.2

04t

06

-0.8

-1

-1

[l (P ) -l (P o))
o2 )F +[o=2(0 )]

A. Airapet

JLab Hall A
n-DVCS

. * AHLT GPDs
B Lattice QCDSF (quanched)

— [ Lattice QCDSF (unquenchad}
| [JLHPC Lattice {connected terms)
C1AW. Thomas, ar}(iwhep-ph:ﬂBOS.zTTﬁ

| GPDzfrom : :

Goeke et al., Prog. Part. Nucl. Phys. 47{2001},401.
I~ Code V&G (Vanderhasghen, Guichon md Guldaly

HERMES Preli
i " p-DVCS

1 | 1 l 1 | 1 | 1 l 1 l 1 | 1
08 06 04 02 -0 02 04

0.6
M. Mazouz et al., PRL 99 (2007) 242501

0.8

J

uark Angular YYomenta

+1

Measurements off proton
are sensitive fo J
(u quark in the proton)

Electromagnetic Calorimeter

» These experiments show the complementarity between neutron and proton data, and



Additional Observation

* Recall that polarized glue is generated by pQCD evolution

N, o, (Q?) ]y
I 2
——5——AG(Q%) = - f%

* This yields a correction of order -0.11 from Z to %,

= % €(0.25,0.29)

= A'S ~ -0.04 (primarily through axial anomaly)

 Still in excellent agreement with experiment

o~~~
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Conclusion

Extremely impressive results for absolute masses of
baryon octet using FRR

O commutator very accurate: 51 = 7 MeV

B,:By=1:1(not 1.49)

u

Strangeness o commutator order of magnitude
smaller than usual, naive SU(3) analysis :
18 £ 12 MeV (c.f. 330 MeV)

Major importance for dark matter searches
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Conclusion (cont.)

« Strange content of N small
— Less than 5% of gP and <r2 >_P
« Theory agrees well but order of magnitude more accurate

 Major success of QCD : direct insight into
“diSCOn neCted d iag I’amS” Hydrogen Atom, Electron (g-2)-factor, QED

- analogue of Lamb shift ' '
<

ge=2(1+a/2m - 0.328 a?/m? + ...)

| (g : alh  Thomas Jefferson National Accelerator Facility = ‘ Sci
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Conclusion (cont.)

 Proton spin problem appears to be resolved
— relativistic motion, OGE, chiral symmetry

« Large fraction of the spin is carried as quark
orbital angular momentum

« Caution not RGI: this inverts LY and L¢

 Future experiments at JLab, using DVCS should test
this quantitatively

Initial investigations promising
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