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Aqa) = 3 [ dy" e (PS1G 057,0.) 775 0(0) | P.S)

Ag(z) = @_, _ @_,

* in QCD: Ag(x,p”), Ag(z, pn*)

e DGLAP evolution:

24 (Balzp?) /1 dz [ AP, Aqu> (Aq ) (g u2)
dp? Ag(a:,uz) . 2 AP, APy, Ag P



« proton helicity sum rule:

1

1
!

Jaffe, Manohar; Ji, Hoodbhoy, Lu; Brodsky;
Ji, Yuan; Wakamatsu; Chen et al.; Burkardt;
Leader et al.; Ji, Zhang, Zhao; Lorce;

Hatta; ...

1
AY = / dw[Au+Aa+Ad+AJ+As+A§](a¢)
0

1
AG = / dxr Ag(x)
0

e known for past ~25 years: A ~ 0.2 <1



Aqg, Ag “beyond the proton spin sum rule”

Models of nucleon structure, e.q.:

« valence region

Ad . .1 { 1 counting rules/pQCD

—1/3  constituent quark model

» flavor / sea structure

AT vs. Ad

large-N,,
chiral quark models,
meson cloud,...

e |attice (= recent work by X. Ji et al.)



e connection to hyperon 3-decays, SU(3)

1 —
AZqE/O iz (Aq+ AQ) (2,Q%) o (P, s| e vs e | P,s)

(axial charges)

Bjorken;
Ellis, Jaffe;
Sehgal;

AY, —AYy = ga=1257T%... Karliner, Lipkin
AY, + AYy; —2AY, = 3F — D = 0.58+£0.03 7

Savage, Walden; ...

« strangeness”?
AY =AY, +AY;+AY, = 3F — D + 3A3,



Overview of global analyses



Key players over past ~4 years:

DSSV: De Florian, Sassot, Stratmann, WV, PRL 113 (2014) 012001

NNPDF: Nocera, Ball, Forte, Ridolfi, Rojo, NPB 887 (2014) 276

LSS: Leader, Stamenov, Sidorov, PRD 82 (2010) 114018:
arXiv:1410.1657

BB: Blimlein, Bottcher, NPB 841 (2010) 205

JAM Jimenez-Delgado, Accardi/Avakian, Melnitchouk, (+Sato),
PRD 89 (2014) 034025; PLB 738 (2014) 263

BBS: Bourrely, Buccella, Soffer, PRD 83 (2011) 074008,
arXiv:1408.7057

(also: COMPASS (Andrieux et al.), Arbabifar et al.
“older generation” GRSV, AAC,...)



é features
jets,
DSSV v 4 v o full fit
jets, | reweighting,
NNPDF 4 X v w replicas
LSS v v X higher twist
BB v X X o
JAM v X X large-x
BBS v X X statistical PDF




(Some) news and highlights



Not so new:

Strangeness “puzzle” (DSSV 2008)
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Evidence for Ag # 0
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Proton Spin Mystery Gains a New
Clue

Physicists long assumed a proton’s spin came from its three constituent quarks. New

measurements suggest particles called gluons make a significant contribution

Jul 21, 2014 | By Clara Moskowitz

Protons have a constant spin that is an
intrinsic particle property like mass or
charge. Yet where this spin comes from is
such a mystery it’s dubbed the “proton spin
crisis.” Initially physicists thought a
proton’s spin was the sum of the spins of its
three constituent quarks. But a 1987
experiment showed that quarks can account
for only a small portion of a proton’s spin,
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Mystery of ‘proton spin’ solved? Particle
collider reveals that quarks AND gluons
may hold answer to great subatomic puzzle

« Researchers using a collider in New York say they have solved 'spin’
mystery

. Since an experiment in 1987 the origins of proton spin have been unknown

- It had once been thought to be cause exclusively by quarks

. But this was proved to be wrong in the failed experiment 27 years ago

- Now a new study says gluons play an important role in proton spin

. Could bring to a close one of the greatest mysteries of subatomic physics

By JONATHAN O'CALLAGHAN
PUBLISHED: 09:23 EST, 22 July 2014 | UPDATED: 09:37 EST, 22 July 2014
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W bosons at RHIC

e N@xl)d( 2)(1 — cos8)? —/Ad\z,)a ( )(1+cose)

)d(x2)(1 — cos6)? —I—W)u 1 4 cosf)?
A/ﬁv 2
PR ~ (1 + cosB)
\/:@
P p (1 — cos )



n =2 +
p+p > W —ef+ v
B s=510 GeV 25 < E < 50 GeV

GRSV 2000
Based on:
Rel lumi Au, +Ad, = 3F — D

""" Ad _ Au
Au  Ad
(Gluck, Reya)

~ i+ ~+ STAR Data CL=68%
—_— DSSV08 RHICBOS
--- -.-.DSSV08 CHE NLO
—  ===== e LSS10 CHE NLO
DSSV08 L0 Ay?/y2= 2% error
3.4% beam pol scale uncertainty not shown
L l | . L | | L | | L I | L L L

-2 -1 0 1 2
lepton 1

"\\""
\
DSSV ‘14

(new NLO calc.
by F. Ringer)
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Moch, Rogal, Vermaseren, Vogt 2008
Moch, Vermaseren, Vogt 2014

NNLO evolution

e DGLAP evolution:
S(HE) =L (3 ) ()6
Paz\ Agla,p?) )~ ) 7 \ Aap, AP, Ag ) \3H

Qs A0 (9s) A p) (X A p2)
AP = 52 APY) + (%) AP + (%) AP 4

Ahmed,Ross Mertig, van Neerven

Altarelli,Parisi, ... WV 1995

1977



v*(q) gl ¥
2@% — — (A)PY, (A)PY
f(p) f f

Gluons in unpol. case:

~ o’
~ V4
scalar ~ s . N
> P gq° P g9
Pol. case:
graviton

N N
— Aqu, Ang




* however, tensor-structure - huge number of integrals

« one can prove that final answer contains only harmonic
sums, e.g.,

Yo
Ehn(]v) — 2{::;;{
i=1

with integer coefficients (in suitable overall normalization)

« - if enough fixed moments are known, one can reconstruct
full result for arbitrary N

C% partof AP

1890473255283802937678830745102921869938637

N =25: —
23419041741351147451035212




) = 1665 (48pea(—) (~11/523 - - X
APy’ (x) = 16C4 (4Apgg(—x) (—11/8C+H 30 —4H 20 —2H 2 10+3H 22 4H 12+ 6Ho0Co+ 8HaCa — THa 00— 2Ha 10— 21 11— 4Hs o — Hs 1 — 6Ha)
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- another important aspect: D Uy po
(dimensional regularization) ﬁ)/ y &

 ‘t Hooft-Veltman or Larin treatments
 already an issue at NLO WV 1995
LO: y
. %ff@ PO(z) = AP\Y (z) —4Cr e(1 — )
(d = 4 — 2¢ dimensions)

e requires one to do scheme transformation at NLO
to avoid problems w/ non-singlet axial current and Bj sum rule



Moch, Rogal, Vermaseren, Vogt
 discovery of interesting large-x feature:

LO: PP (z) — AP (@) ~ (1 —2)* +...

 In accordance with large-x helicity arguments
Brodsky, Burkardt, Schmidt

NLO: P®(x) - AP (g



e can be “repaired” by simple fact. scheme transformation:

p(l) __ 1 1 0 1

APq(q) — APq(q) — Po ngq) - APq(g) ngq)
Hp(l) _ 1 0 1

APfY = AP+ AP <)
p(l) __ 1 0 1 0 0 1

Angq) _ APg(q) - APg(q) Z(gq) T (APq(q) - Apg(g) - 60) Zéq)
p(l) __ 1 0 1

APg(g) N AP;Q) + APq(g) ngq)

where ) — 4Cp(1—2) 2l = —Cp(2 - )

o after this:
1 1 2
Pg(q)(a:) — APéq)(x) ~ (1—ux)

 can be extended to NNLO
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effects of NNLO evolution
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Toward high x



DSSV ‘08
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—> bright future also at JLab12



recent refined analysis: Jimenez-Delgado, Avakian, Melnitchouk

__ force
Ad/d 21

Ag+ A7 = Nz®(1 —2)? + Nz (1 — 2)% log’(1 — z)



« however: perturbation theory also generates log?(1-x):

Fa@) =3 [ p (L) cf(,Q2 )
NLO:
Ci = e? [5(1 — 7))+ %CF {(1+x2) (ln§1_—xx)>+ B g ; _1x)+ N }
where

/; d; (1n§1_—§))+ / (g) - /xl az lnil__;) ef (g) - f(a:)) + %logz(l — ) f(x)

Same logarithms for unpol. and pol. cases

Logarithms recur at all orders of perturbation theory



* Mellin moments: <1n(1 — 1)
"\ 1-12

) — O log2(N)
_|_
k' order of perturbation theory:

aglog”™ (N), aflog® ' (N), aflog™*(N), ...

« can be resummed to all orders: Sterman: Catani, Trentadue: ...

Fixed Order




L eN _1q (1-6)Q* 1.2
Cq™™ ~ exp [ /O s { [ et + 38, (as<<1—f>cz2>>}]

—¢
Allas) = %CF—I— (%)2 B, (as) = % (_%CF) (%)2

* recent development: resummation for spin asymmetry

Anderle, Ringer, WV '13;
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1.0

0.5

-1.0

—— NLO (48;,—810)/(4F,5—F,y)
R, DSSV/MRST2002

R, 'resummed’

$  Hal-aA

CLAS

“resummed PDFs”:

~N res

q

(@%)

é};\ILO(Nv &8(Q2)>

Crs(N, 0, (Q2))

FVNLO (92



« another recent development: resummation for SIDIS
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Conclusions:

Many exciting new developments:

e state of the art global analyses: DSSV, NNPDF, ...

e gluons may contribute (significantly) to proton spin!
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e new information on nucleon sea (SIDIS vs W* ?)

e new frontiers of perturbation theory: NNLO, resummation



