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Introduction (proton spin)

European Muon Collaboration
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™ ELLIS-JAFFE sum rule
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J gh(x)dx=0.111£0.012(stat.) £0.026 (syst.)
010 0.01
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0.08 J‘g'i’(x)d_x=0.114'_+‘0.012(stat.)i0.026(syst.)
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0.0 _
Bjorken sum rule:

0.04 '
J dx[gf (x) =g} (x)]1=%|GA/Gv| (1 —ay/7)
0

0.02
=0.191+0.002 for a,=0.2710.02.

g1 (x)dx=—-0.077£0.012(stat.) £0.026(syst.)

J. Ashman et al. [European Muon Collaboration],Phys. Lett. B 206 (1988) 364.
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Ellis-Jaffe sum rule: SU(3) symmetry and unpolarised strange quark sea

J'gp(n)(x)dx 112 gA ( +(=)1+ é%—) = 0.189%0.005
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Introduction (proton spin)

EMC results:
(S.>, =1Au=0.348 +0.023+0.051

(S8.>a=38d=-0.280+0.023£0.051

(S:>u+a=0.06810.047+0.103

(14:9%21)% of the proton spin is carried by quarks.
If assuming the discrepancy between EMC result and the Ellis-Jaffe sum rule
prediction is due to the polarisation of the strange quark sea, then:
(8.:>.=0.3731+0.019+0.039,
(S:»a=-0.25410.01910.039,
(S:>s=-0.113%£0.019£0.039,
(8.5 yrdss=0.006+0.058+0.117

(1+12£24)% of the proton spin is carried by quarks.

J. Ashman et al. [European Muon Collaboration],Phys. Lett. B 206 (1988) 364.
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TABLE 1 High energy spin experiments: the kinematic ranges in r and Q? correspond to the average kinematic values of the
highest statistics measurement of each experiment, which is typically the inclusive spin asymmetry; r denotes Bjorken r unless
specified.

Experiment | Year | Beam | Target |Energy (Ge\/')lQ2 (GeV’2)|

Completed experiments

SLAC — ES0, E130
SLAC - E142/3
SLAC - E154/5

CERN - EMC
CERN - SMC
FNAL E581/E704

19761983
1992-1993
1995-1999
1985
1992-1996
1988-1997

H-butanol
NHs, NDg
NHs, °LiD, *He
NHs
H/D-butanol, NHs

p

<23
<30
<50
100, 190
100, 190
200

1-10
1-10
1-35
1-30
1-60
~ 1

0.1-0.6
0.03-0.8
0.01-0.8
0.01-0.5
0.004-0.5

0.1 <zrp <08

Analyzing and /or Running

DESY - HERMES
CERN - COMPASS
JLab6 — Hall A
JLab6 — Hall B
RHIC - BRAHMS
RHIC - PHENIX, STAR

1995-2007
2002-2012
1999-2012
1999-2012
2002-2006
2002+

et,

H, D, 3He
NHs, °LiD
He
NHjs, NDs
p (beam)

e

p (beam)

~ 30
160, 200
<6
<6
2x (31-100)
2x (31-250)

1-15
1-70
1-2.5

1.5
~1-6

~ 1-400

0.02-0.7
0.003-0.6

0.1-0.6
0.05-0.6

—06 < zr <0.6

~ 0.02-0.4

Approved future experiments (in preparation)

CERN - COMPASS-II

JLab12 — HallA/B/C

2014+

2014+

Br;
w

€

unpolarized H;
NHs
~ |HD, NHs, NDs, *He

e

160
190
<12

~ 1-15

~ 1-10

~ 0.005-0.2

—02<zr <08

~ 0.05-0.8

C. A. Aidala, S. D.

Bass, D. Hasch andG. K. Mallot, Rev. Mod. Phys. 85 (2013) 655.




Introduction (proton spin)

1 1

1 5 N\ 2 L\ 3
/ (1;17971)(”)(1?. Q?) = &) — 3.5833 (&) — 20.2153 (O—s> (£—=l|ga| + ==ag)
0 T T s 12 36

/I /I

2 3
Yg s Ys 1.
+—1—03$330L)—05%59C1) —44MQ5CL> = dio

T T T 9

l(y_adQﬁ

AENLO,  T(Q?) = +0(02)) (a0(@?) + 7as)

T

COMPASS result:
'Y (Q% = 3(GeV/c)?) = 0.050 + 0.003 (stat.) + 0.003 (evol.) & 0.005 (syst.)
Hyperon beta decay: ag = 0.585 £ 0.025

ap (Q% = 3(GeV/c)?) = 0.35 4 0.03 (stat.) & 0.05 (syst.)




Introduction (proton spin)

Possible explanation:

1. The singlet axial current is not conserved and it receives an additional
contribution from the gluon polarization.

T Nfg—;AG

2. The large contribution to the proton spin from the strange quark

ag = Aut+Ad—2As = 0.5840.03 As =- 0.08

3. Relativistic effect + meson cloud contribution + one gluon exchange

(0.7,0.8) x (0.65—0.15) = (0.35, 0.40)




Finite-range-regularization

Why finite-range-regularization?
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Finite-range-regularization

The contribution of diagram a:

cotta) _ (D FP ey ma(D+3FPI + 3my(D = FRITE
N smify 48 f2

(10 — mJ\T(D + F)Z NN mJ\T(D - F)Z NX

Ru(T +7/2u( - 2/2(wi(F +7/2) +w(F - 7/2) +5%)
A;.tﬂ

1= [d¥




Finite-range-regularization

Perturbative chiral quark model

Liny(x) = Y(@)[i § ="V (r)]e(2) + %[D;AI):-(I)]Q — S(r)
B

2

Lysp(x) = =Y () Mi)(x)

Tr [@2(1‘) ..\4] |

Gy, y) — 1Golx,y) = ue(T) tg(v) e~ €a(To—Y0) O(xo — Yo),

<
>
>




Finite-range-regularization

9 'Q-Alzj“ﬁ fl J—

N 2 < 2 2 / 2
— —— - - —_ I'Y -./‘
Gz(O7) UC—4OO( F) , dpp _lda(p +p\VO~x)

X Fann(p?,0%.x) 15 (p?, 07 ,x)

1 1
. (p? )|Vc—5W (p?)— Wi(p? )+ =7, (p?), , 1

wi(p?)

(P | pe=W (p?) — Wi(p?).
Fani(p?.0%.x)=F yn(p?)F oyn(p® + 0 +2p\0O°x).

| | JEe ( 5
F  an(p?%) | 1+T.1_E




Finite-range-regularization

Non-local quark-meson coupling model

L4 (z) = gy H(x) /(1;171/(1:172FH (x, 1, 29)Go(22)T g Ay qr (1)

Fy(z,zy,25) = 0(x — wo1 27 — Wwia2o) Py (2 — ;1:2)2)

LV (z) = eq(z) AQq(x)
+ ieA,(x) (H"(;l‘)@"H“"(I) = H+(;l*)€)"H"(;l*)) 4 eQ‘Aﬁ(;l‘)H"(;r)H“L(I)
Lm0y — g0 H () /d;rl A2y Fy(z, 71, 22) 3o (15 €21 @2:2:P)

x I'yAyg e teq I (@1,2,P) qr(x1),

I(z; z,P) = / dz, A (2)




Finite-range-regularization

qt

A (p.p) = = [E(p") = Z ()] + AL(p. D)

A (p,p') = P" F-(Q%)

p2=p'2=M2

Ni(p.p') = Na, (p.9) + Apus, (p.7)

3g°
\Al bubl)(p p) = A2 ]Zl(bubl)(l)-l)l)

S LG T

Sk +p)y°S(k)




Finite-range-regularization

Baryon octet charge radii:
1.0 T I I
0.8 O Quench result

. 4
086 Final result
® Experimental result ®

0.4
g 0.2

~— 0.0
/\
w —0.2
\V4
—0.4
—0.6
—0.8

~1.0 | R
P N X X = U

2 =,

D. B. Leinweber, S. Boinepalli, A.W. Thomas, P. Wang, et at, Phys. Rev. Lett. 97 (2006) 022001
P. Wang, D. B. Leinweber, A. W. Thomas, R. Young, Phys. Rev. D 79 (2009) 094001 15




Finite-range-regularization

Chiral extrapolation of proton magnetic moment at LO and NLO
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P. Wang, D. B. Leinweber, A. W. Thomas and R. D. Young, Phys. Rev. D 86 (2012) 94038




Axial charges

Heavy baryon chiral effective Lagrangian:

L, = iltB,(v-D)B, + 2DT1‘BF.S'§_‘{.4#, B,} + 2FTrB,S* A, B,]
—iT*(v-D)T,, +C(T*A,B,+ B,A,T"),

nes 2(p. s|.123|p. s) (Au — Ad)s,.
18 S 273 (p, s|.J>%|p, s) (Au + Ad — 2As)s,,
ag(p?)sy = (p.s|]2|p,s) = (Au+ Ad+ As)s, = AS(p?)s,

k
O U (12

2

Yy s




Axial charges

Contribution from octet intermediate states:
Au® = [CNﬂ' Ing + CZK Ié\;: + CAZK IE’:\;?E ‘|"CN7) Ié\;N] Su

_ (D+F)?
28873 f27
5(D — F)?
- 28873 f2
(D — F) (D + 3F)
= 288m3 f2
2 (3F — D)?
~ 3 28873 f2

7 T ]. ] ]. '\
Ad® = [§cAr,, [ il 8 =Cok T i B ~ZCnn 12“,,“‘ Sd




Axial charges

Contribution from decuplet intermediate states:

Ad® = [2 CanINA 4 = cZ KI;,'\?‘] S4

7

3 ro
:-5-021\122 Ss

SAt+=28,184, 8vu— =281 8,
35C*
648 w3 f2°
5

—Cw
28 4

CA‘I\’ T




Axial charges

Contribution from octet-decuplet transition:

5

Auctd = [CNAvr Ié\;A + Cyy-k I'\I’(E 23 + Crxek I 1oy ]

- (D+F)C
AR = &= 97 3 f.2 3

5 (D-F)C
8 27m3 f2 ’
- 1 (D+3F)C
ST T8 orengE

Cyy-K

Adt® = |-CnarIf2 e Cz:z kK ISg™ —Cas-x I | 8

6
+d NXY2™"
A8C+ — —g szoK ISK Sg




Axial charges

The integrals are expressed as:

. - k2u(k )2
w3 (B )y (F) + 629)2

dipole regulator:

g ool o 1
£ _/d" w;(k )2 (w; (k) + 6% ®)= T

/ wi( k)(wi( k) +6%%)(w;( k) + 6°7))
The proton spin carried by each quarks:
4
Au = §Zsu + Au® + Aub + Auct?,

_%st 1+ AdS + Adb 1+ AdHe

As® + Asb + Astte




Axial charges

Only one parameter Sq (Su = Sd = Ss = Sq) determined by ga =1.27.
84 = 0.79 Au=094, Ad=-0.33, As=-0.01
ag = 0.63 and ¥ = 0.61

D Z Sq Au Ad

0.8
0.8

0.76
0.76

regulator A (GeV)

0.7
dipole 0.8
0.9

0.434
monopole 0.496
0.558

0.539
Gaussian 0.616
0.693

0.366
sharp cutoff 0.418
0.470




Axial charges

After the inclusion of one gluon exchange:
8q = 0.82 Au=090, Ad=-0.38, As=-0.01

ag = 0.53 and X = 0.51

D F C Z Sgq Au Ad
0.8 0.46 -1.2 0.71 0.82 0.90
0.8 0.46 -1.5 0.68 0.78 0.90
0.76 0 -1.2 0.71 0.82 0.89
0.76 0 -1.5 0.68 0.78 0.90
regulator A (GeV) VA Sq Au

0.7 0.77 0.83 0.91

dipole 0.8 0.71 0.82 0.90

0.9 0.64 0.79 0.88

0.434 0.72 0.81 0.90

monopole 0.496 0.65 0.79 0.88
0.558 0.58 0.75 0.87

0.539 0.81 0.831 0.92

Gaussian 0.616 0.75 0.828 0.90
0.693 0.68 0.81 0.89

0.366 0.85 0.833 0.93

sharp cutoff 0.418 0.79 0.837 0.91
0.470 0.73 0.833 0.90

D
D




Axial charges

If Sg is chosen to be 0.65, then:

ga = 1.00, Au = 0.70, Ad =- 0.31, As =- 0.01
ds =0.40, 2 = 0.38

Au Ad As
—0.31 —0.006
—0.31 —0.005
—0.30 —0.005
—0.31 —0.004

Sq

A=0.8%40.2 GeV
Au = 40901003
Ad = —0.38 1093

As = 0007 5oas-

ao=2=0517007 and as=0.53700%




Axial charges

Q"2 evolution

R. L. Jaffe, Phys.Lett. B 193 (1987) 101

Qs

d . ,
E a-o(t) = —.L\f 2—,”

Ygq o(t)

ao(Q*) _ 6Ny (@) —as(p?)
ao(p?) 33 — 2Ny T
83 Ny 33 — 2N as(Q?) + ag(n?)
& [1+(24+ 36 8(153 — 10 "f)>x 7r

log

S. A. Larin, Phys. Lett. B 303 (1993) 113.




Axial charges

Go(3 GeV?) = 0.31 3:0¢

i A 24 23 & 35 40
0%(GeV?)

TABLE I: The predictions of the meson-cloud model presented herein for proton spin structure as a function of the regulator
parameter, A = 0.8 + 0.2, governing the size of the meson-cloud dressings of the proton.

A (GeV) Z g Au Ad As ga as ¥ ao (3 GeVQ)
0.6 0.84 0.83 0.93 —0.35 —0.003 1.27 0.59 0.35
0.8 0.71 0.82 0.90 —0.38 —0.007 .27 0.53 0.31
1.0 0.58 0.76 0.86 —0.41 —0.014 22T 0.47 0.26

H. N. Li, P. Wang, D. B. Leinweber and A. W. Thomas, Phys. Rev. C 93 (2016) 045203




Summary (proton spin)

. At low energy scales the total quark spin contribution to the proton spin,
¥ = 0.517907, is of order one half in the valence quark region.

. The parameter Sq reflecting the role of relativistic and confinement effects and
constrained by as is around 0.82, smaller than 1 as expected but larger than
the typical “ultra-relativistic” value 0.65.

. The non-singlet axial charge as = 0.53700¢ lies between the value extracted
from the hyperon beta decays under the assumption of SU(3) symmetry
0.58+0.03 and the value 0.46 + 0.05 obtained in the cloudy bag model.

. The strange quark contribution to the proton spin is very small and negative
and its absolute value is of the order 0.01.

. The experimental value of ao at 3 GeV/2 is reproduced through a combination
of the chiral correction and Q”2 evolution of Sigma from the scale of 0.5 GeV/2.
We find ao (8 GeV”2) is 0.311: which agrees with the experimental
measurement 0.35 + 0.03(stat.) = 0.05(syst.)




Axial charge ga

2(p. s|.J>3|p, s) (Au — Ad)s,,
2v/3(p, s|128|p, s) (Au + Ad — 2As)s,,
(p.s|T2|p.s) = (Au+ Ad+ As)s, = AX(p?)s,

1.40¢

135}
1.30f
1.25f

m 2 (Gev?)

experiment
124 1.75GeV 2.71fm, 2009 i
124 1.75GeV 2.71fm, AMA 2013 ——
1+D 1.37GeV 4.61fm, 2012
1+D 1.37GeV 4.61fm, AMA 2013 ¢ T




Axial charge ga

ga = a3z = Au— Ad

Z[=(co + cam? + cam) + Au® + Au® 4+ Auct?),

1
Z[—=(co + com2 4 cam?) + Ad* + Ad® + Ad“T

3

[ara = 3 (i—”)gf(nx,ny.n»

Ny My, N2

27

by T”xs

c2 (GeV™2) ¢4 (GeV™H)

-0.03 0.03
-0.08 0.06
-0.12 0.09




Axial charge ga




Axial charge ga




At Q? = 0.1 GeV?
+17(0.1) = 0.37 £ 0.20 +0.26 + 0.07 SAMPLE 2004

737(0.1) = 0.23 £ 0.36 4+ 0.40 SAMPLE 2005
G%(0.109) + 0.09G5,(0.109) = 0.007 £ 0.011 £ 0.006 HAPPEX-II 2007

At Q? = 0.23 GeV?

.(0.23) 4+ 0.225G5,(0.23) = 0.039 £ 0.034 PAV4 2004
74(0.23) + 0.26G5,(0.23) = —0.12+0.11 +£0.11  PAV4 2009
,E( 0.23) 4+ 0.224G5,(0.23) = 0.020 +0.029 £ 0.016 ~ PAV4 2009
At Q® = 0.477 GeV?
5(0.477) + 0.392G5,(0.477) = 0.014 £+ 0.020 + 0.010  HAPPEX-I 2004
At Q? = 0.62 GeV?
G5(0.62) + 0.517G5,(0.62) = 0.003 4 0.010 £ 0.004 £ 0.009 HAPPEX-IIl 2012
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Approach

(15 (n.m.)

< r? >% (fm?)

QCD equalities [7]
Lattice QCD [§]
Lattice QCD [9]
Lattice QCD [10]

—0.75 £ 0.30
—0.16 = 0.18
—0.36 = 0.20
—0.28 = 0.10

—0.16 = 0.06

HBCLPT [12]

0.18 = 0.34

0.05 = 0.09

Poles [13]
Poles [14]
Poles [15]

—0.31 = 0.09
—0.185 = 0.075
—0.24 £ 0.03

0.14 = 0.07
0.14 = 0.06

Kaon loop [16]
Kaon loop + VMD [17]

—0.355 £ 0.045
—0.28 = 0.04

Skyrme model [19]
NJL soliton model [20]

—0.13
0.10 = 0.15

VQSM [21]

0.115

CBM [22]
CQM [23]
CQM [24]

0.37
~ —0.05
—0.046

~ 0.02

PCQM

—0.048 = 0.012

—0.011 = 0.003

—0.024 = 0.003

0.17 = 0.04

V. Lyubovitskij, P. Wang, T. Gutsche, A.

Faessler, Phys. Rev. C 66 (2002) 055204




Strange magnetic form factor:

——

134
Valence

§ .
: ___—Full

(R BRI

G, (0.23GeV?)
G,’(0.23GeV?)

1041

0.94:

0.84:

M — : 06— —
0.0 ! 04 i ) 0.0 . 04
m.(GeV?) 73 = —0.034 £ 0.021 m?(GeV?)

TABLE II: The strange magnetic form factor at different Q2. Uncertainties reflect the range of A
considered herein.
Q? (GeV?) 0 0.1 0.23 0.477 0.62

o — 70034 — 70,031 ———10.020 ~oF0.024 - 70023
u(QF) —0.058 ¢ 053 —0.052Z( 051 —0.046Z 045 —0.038Z¢ 010 —0.035Z¢ 010

P. Wang, D. B. Leinweber, A. W. Thomas and R. D. Young, Phys. Rev. C 79 (2009) 065202
P. Wang, D. B. Leinweber and A. W. Thomas, Phys. Rev. D 89 (2014) 033008
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u/d quark in 7/ =7
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lattice QCD (this work, m; = 317 MeV) "
lattice QCD (this work, physical point) ot - J.Green, S. Meinel, M. Engelhardt, S. Krieg,

. ; J. Laeuchli, J. Negele, K. Orginos, A. Pochinsky,
lattice QCD [17] —e— S. Syritsyn, arXiV:1505.01803 [hep-lat].
connected LQCD + octet g from expt. [16] ettt :

..same, with quenched lattice QCD [29] —a— (4,.%)3 — —0.0067(10)(17)(15) fm?,
5)(5) fm?,

4)(6) un,

finite-range-regularized chiral model [30] ~ F——e—r (r2,)¢ = —0.018(6

(
(

light-front model + deep inelastic scattering data [31] +—— p® = —0.022(4

perturbative chiral quark model [32] -

| —e = . : -0.011 +- 0.003
dispersion analysis [33] : PCQM -0.024 +- 0.003

parity-violating elastic scattering [34] : -0.048 +- 0.012

—0.5 —0.4 —0.3 —0.2 —0.1
e (Uy)

[30] P. Wang, D. B. Leinweber and A. W. thomas, Phys. Rev. D 89 (2014) 033008
[32] V. Lyubovitskij, P. Wang, T. Gutsche, A. Faessler, Phys.Rev.C66 (2002) 055204




uuds ground state

uuds P—state

31]rs[211]F[22]s
31]ps[211] 7 [31]s
31]rs[22)r [31)s
31]ps[31] 2]
(31 rs[31]F [31]s
31]rs[31]r[4]s
31]rs[4]F[31]s

(-1
(- 40/3)
(-28/3)
(-8)

(-16/3)
(0)

(+8/3)

[4]Fs[22]F[22]s  (-28)
[4)rs[31)r[31]s  (-64/3)
[31]rs[211]F[22]s (-16)
[31]rs[211]r[31]s (-40/3)
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negative strange magnetic moment for
the configurations on the left side

positive strange magnetic moment for
the configurations on the right side

positive strange magnetic moments for
the diquark-diquark-antistrange quark
configuration

negative strange magnetic moments
for the {ud}{ussbar} configuration

B.S. Zou and D.O. Riska, PRL95(2005)072001




u/d quark in 7/ =7

Heavy baryon chiral effective Lagrangian:

L, = iTtB,(v-D)B, + 2DTyB,S"{A,.B,} + 2FTtB,S"[A,, B,]
—iT#(v-D)T,, + C(T*A,B, + B,A,T"),

£=—— (upTxB,o" {F%.B,} + urTrB,o™ [F%,B,))

dmpy i

e
— H v
L= _lFﬂCqukT it Lo i E
N

(&

[ — ﬂTF,,u/ (GzJAQIBJ SpTV Klm + GUAQ Sz/Bm)

9771\ vm ™~ v 1= v,klm™ v
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7 G«I(Qz)} (»)




FIG. 1: Feymann diagrams for the calculation of the magnetic
form factor of the ¥7. Diagrams a and b correspond to the
leading- and next-to-leading-order diagrams, respectively.

Leading order contribution: Gdzfa) = P.+v0 + P.+p + Prtx-o0

Octet intermediate state:

2
Priso = _Im 2 (13/17—1{2 e Prip = —D +x0
8 1273 f2 2 w3 " 3F2° 7

Decuplet intermediate state:

my C2 /dgk k2 uyug (1+ A/ (w1 + w2))

Priseo = —
T 30 p2 wiws (w1 +A) (w2 +A)




Next to Leading order contribution: Gg(jb) = Pso0 -;t%o + P50 -;1%*0 + Psox0(p) -

Octet intermediate state:

Decuplet intermediate state:

D—F)C .
Octet-decuplet transition: Ps+oxo0p) = (‘ — ) /(13/{, 5

Tree level:




TABLE I: d quark contributions to the magnetic moment of
the ¥ in unit of pun at different A.

A (GeV) 0.6 0.7 0.8 0.9 1.0
LO —-0.21  -0.27 034  —-042  —0.49
NLO  —0.017 -0.025 —0.035 —0.045 —0.057
B -0.22 —0.30 —0.38 —0.46  —0.55

1
Uk = A=08%+02 GeV
T T k2/A2)2

Magnetic moment:  —0.3879-1%,/y

7 times larger than the strange magnetic moment of the nucleon.

P. Wang, D. B. Leinweber and A. W. Thomas, Phys. Rev. D92 (2015) 045203.




1 2 2 - 2 2 ™ 1 . 1
0.6 . ’ . 0.2 0.3

Q2 (Gev? mk (Gev?)

Q"2 < 0.2 GeV”*2 pion mass 300-400 MeV
G is larger than 0.2 uN magnetic moment around 0.2 uN

P. Wang, D. B. Leinweber and A. W. Thomas, Phys. Rev. D92 (2015) 045203.




Strange form factors of nucleon are supposed to be the best quantity to study the sea
quark contributions. Current experiments are not able to precisely determine its value.

Effective field theory with finite-range-regularization provide a successful method to
study the pure sea quark contribution in baryons. No low energy constant related to the
sea quark is needed in the calculation.

We propose the pure sea-quark contributions to the magnetic form factors of baryons,
G- and G‘é+ as priority observables for the examination of sea-quark contributions
to baryon structure, both in present lattice QCD simulations and possible future
experimental measurement.

It is about seven times larger than the strange magnetic moment of the nucleon found
in the same approach. Including quark charge factors, the u-quark contribution to the

magnetic moment exceeds the strange quark contribution to the nucleon magnetic
moment by a factor of 14.




Gottifried sum rule (GSR):

1 .
INGERADE

$6=0.235*0.026

1
/ [(ip(lz') - H-p((r)] dr =0.147 £ 0.039
New Muon Collaboration, PRD 50, 1 (1994) 0
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—> Drell-Yan process

te Il

l||l||l||||||||l||l||l|||||]||||||
005 01 015 02 025 03 035
q X

|||I||l||||||||||||l||||||||||||||

© [T

d*o Ao’ . B B
dxydx, N 9()? Z eé (q(z0)q(ze) + qlap)q(x1))

Fermilab ES66, PRL 80, 3715 (1998)

> -1
: > » / dx (d_,— u) = 0.118 £0.012
X4 J

)
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Generalized parton distribution function:

1 (1:_ irPt>— _
F1 5 | o- etz <p'\q(—%.:"

1 _
2P+ x, & t)u(p )y Tulp)

)7 a(d

Y
/

Forward limit:  HY(x.0.0) = q(x)

Zero-th order moments, Dirac form factor, Pauli Form factor:

1 1
/ dr Hi(x, &, t) = Fi(t), / dr E(x. &, t) = F

J—1 1

First moments:




Theoretical research:

Parameterization method:
M. Guidal, M.V. Polyakov, A.V. Radyushkin, M. Vanderhaegen, Phys. Rev. D72(2005)054013

Quark models:

Bag model: X. Ji, W. Melnitchouk, X. Song, Phys. Rev. D56(1997)5511

Cloudy bag mode: B. Pasquini, S.Boffi, Nucl.Phys.A782(2007)86

Constituent quark model: S. Scopetta, V. Vento, Phys. Rev. D69(2004)094004
Light-front bag model: H. Choi, C.R. Ji, L.S. Kisslinger, Phys. Rev. D64(2001)093006

Betha-Salpeter approach: B.C. Tiburzi, G.A. Miller, Phys. Rev. D65(2002)074009
NJL model: H. Mineo, S.N. Yang, C.Y. Cheung, W. Bentz, Phys. Rev. C72(2005)025202
Color glass condensate model: K. Goeke, V. Guzey, M. Siddidov, Eur. Phys. J. C56(2008)203

Experiments:

ZEUS and H1: 107(-4) < x < 0.02
EIC: Uptox=0.3

HERMES: 0.02 <x < 0.3

JLab 12 GeV: 0.1 <x<0.7
COMPASS: 0.006 <x <0.3




Relativistic Lagrangian:

L.er = Tr[B(i D— My)B] — DTr(By*~” {A,, B}) — FTr(By*4° [4,, B))

/

T, (iv"'* Do — Mpy*) Ty, 4+ C(Ty (¢" — Z 4*~7) AuB + h.c),

Heavy baryon Lagrangian:

L, = iTrBy(v-D)B, + 2DTrB,S"*{A,. B,} + 2FTrB,S"[A,. B,]
—iTH(v-D — A)Tyy +C(TH A, By + By A TH),




The convolution form:

q(x) = Zaqo(x) +(f, 03¢ qi) ()

1
1— 27, = / dy |
2 i Zﬁ(y)

d—1u= (f7r+n, + fr+a0 — fr-a++ + f7r(bub)) & (jg

f@q= [ dy[ dz0(x—yz)fy)q(z), withy = k+/p*

U is the light-cone fraction of the proton’s momentum (p) carried by pion (k).

Tree level contribution is zero X




Pion momentum distribution in nucleon:

Frenly) =121

9 d4 ) N ([ﬁ—#+x\[) . | i i s B
thT) /(2/_> u(p) (Kvs) Dn (IS#)UO))D_WD_ﬂ-ZA (kT —yp™)

fren(y) =2 177 W) + 19 )]

On-shell (nucleon pole) contribution:
(on)(l ) _ g,zq
N (47 fr)?

Dxy = —[k3 +yM? + (1 — y)m2]/(1 — y)

Off-shell contribution:

2 —
(%) ga 2 1. 8o
n(y) = nf )2 '/dAL log > 5(y)




Delta intermediate state:

on end-pt )
Frrao(y) = Y () + £P) (y) + £ (v)

On-shell (Delta pole) contribution:

—32
on M — 2
AV () = Ca / arz L)

I —y

X{(TQ m2)(A%2—m2)  3(A%Z—m?2 )—+——l\[\[A]
D721-A Dxra

End-point singularity at y=1:

Xend—pt)(y) = (Cp /dl‘i (5(1 _ ,lj)

x{[QA —2(A2 — )—6\[\[A)]1




Off-shell contribution:

) = Ca / dk2 5(y)

{ [3(Qn +m2) + \_[2} log — —
Bubble diagram: fﬂ(bub)(y) —

In the HB limit;

on) () _ S0ana M / 2 (AT —me -

5, 2
28,y _ 29xNA DY
fa(y) = Q(I—W)Q/Wu 0(y) 105%#7

f(y) (m<<M)=f(y)



LNA behavior:

9 2 2
= 594 + 1 m2 log m2 — mNA
ENA S 2Umf)2 T T T 1272

(D -TU) J1

J| = (m?r—fZAQ) log 77172r+2A1' log[(A—r)/(A+r)]

A = Max—M o= \/AQ — m?2

Sullivan approach (on-shell component):

(D — F)(Sul) _ 293 B gaNA
LNA (—l’/TfW)Q 072

2

22 140
m; log m>




dbar-ubar asymmetry

General regulator:  r(¢, u) = F[K%, (p—k)*]=

Sfor )

_-i*(F+D)’ J d'k
(

2m)




Non-analytic term with DR:

First term: i 1In(m”) m”

T 1 ln(m2)

1
Second term: [‘ 4

Third term:

Same as that with form factor when A A ~a b==>infinity

LNA is the same as that with form factor at finite A .




The constituent building blocks of the nucleon and the pion U and D [Gluck et at]:

p =UUD
)

fr(a, Q)

U(np?) @ (nap?) gt (n )

vP(n, p?)  qP(n., p?) a gP(n, u?)

1 | 1 |
/ w0 (r,Q%)dr = / 2P (z,Q%)dx
Jo Jo




Pionic parton distribution function :
v (2,Q%) = Na"(1+ AVr + Br)(1 — )"
N = 1.212+0.498 5+ 0.009 s
0.517 —0.020 s
—0.037 — 0.578 s
0.241 4+ 0.251 s
0.383 + 0.624 s .

In[Q?/(0.204 GeV)?]
In 0.26 /(0.204 GeV)?]

s=In

¢ ¢ _K
valid for 0.5 £ Q* £ 10° GeVZ? and 1077 £ = < 1




Input: valence quark distribution function in pion [Gluck, 99]

0.869(1 — )%™ (1 — 0.572%° + 0.53x)
10.456

At o (1, Q? = 1GeV?) =

For M ranging between 0.1 and 1 GeV, A is fixed by matching the dbar-ubar
integral extracted from the E866 Drell-Yan data over the measured x range:

1.2

1 ® E866/NuSea — CTEQSM
0 Hermes --—- MRST

|

T T[T 1]

AQQ,:-—A e

0.8

0.35

06 0.015

de(d — 1) = 0.0803(11)

R. S. Towell et al., Phys. Rev. D 64, 052002 (2001')
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Integrated asymmetry J = jol dz (d — u)(x)

k. cutoff

0.18 A (GeV)

02¢

~(on)
* /:‘\"'

S5 HERMES

4] total

In= f'.'r(N int. state)

fA - f‘rr(A int. state)

04 . 0.6
u (GeV)

—> N on-shell contribution = total!

Y.Salamu, W.Melnitchouk,C.R.Ji,P.Wang, Phys. Rev. Lett. 114 (2015) 122001
60
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bub
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w (GeV)

HB limit is comparable with the relativistic case.




Y.Salamu, W.Melnitchouk, C.R.Ji, P.Wang,
Phys. Rev. Lett. 114 (2015) 122001

Y.Salamu, W.Melnitchouk, C.R.Ji, P.Wang,
Few Body Syst. 56 (2015) 355

FIG. 3: Flavor asymmetry d — @ from the N and A interme-
diate states, and the total, for cutoffs p = 0.3 GeV and A =
0.2 GeV, compared with the asymmetry extracted at leading
order from the E866 Drell-Yan data [4] at Q2 = 54 GeV?2.
The band indicates the uncertainty on the total distribution
from the cutoff parameters (for p between 0.1 and 1 GeV)

and from the empirical D — U normalization.




We compute the dbar-ubar asymmetry in the proton within relativistic and heavy baryon
effective field theory Including both nucleon and baryon intermediate states.

In addition to the distribution at nonzero x, we also estimate the correction to the
integrated asymmetry arising at x = 0, which have not been accounted for in previous
empirical analyses.

Without attempting to fine-tune the parameters, the overall agreement between the
calculation and experiment is very good.

As with all previous pion loop calculations, the apparent trend of the E866 data
towards negative dbar-ubar values for x > 0.3 is not reproduced in this analysis. The
new SeaQuest experiment at Fermilab is expected to provide new information on the
shape of dbar-ubar for x < 0.45.

The analysis described here can be applied to other nonperturbative quantities in the
proton, such as the flavor asymmetry of the polarized sea, the strange-antistrange
asymmetry, transverse momentum dependent distributions and generalized parton
distributions, etc.




s-sbar asymmetry

BEBC, CDHS and CDHSW experiments concluded that the s-quark PDF was somewhat harder than the sbar.

Beyond extractions from individual experiments, global QCD analyses of charged lepton and neutrino DIS, along
with other high energy scattering data, have generally found positive values for S-.

Taking into account some of these uncertainties, the phenomenological analysis of Bentz et al. concluded that
S-=(0+-2) X0.001.

Catani et al., showed that perturbative three-loop effects can induce nonzero negative S- values ~ -0.0005,
through Q2 evolution of symmetric s-sbar distributions from a low input scale Q ~ 0.5 GeV.

1
ST = {x(s—3) :f dx x (s(x) — 5(x))
0

In 2001 NuTeV collaboration, using v DIS, measured:

¢ sin? Oy = 0.2277 + 0.0013(stat) + 0.0009(syst)
+ G. P. Zeller et al. Phys. Rev. Lett. 88, 091802 (2002)
World average (not including NuTeV):

¢ sin? 6y = 0.2227 4 0.0004

3 o discrepancy!!! = “NuTeV anomaly”




s-sbar asymmetry

D _ F - .-
£ = =5 Buos 1, BY = 5 Byns v, Bl +i By [D5, B

convolution form: 5(x) = (Zf[((r)tzw) +Z f(bub)
KY

W@ = T (7 5y + K0 g (KN
YK

+ Z . f[((tad) ® Sﬁad)’




s-sbar asymmetry

z(ﬁ —k+ My)
Dy D Dy

4
() = MOy / (" 3y 1) ()

- 2 kT
_Z.CKY (27!')4 D;‘!(Dy + D;‘!( + D?{ y p

dk [M(p-k+MA) MM p-k Kt
2y 0

70 = [0+ 200

(on) 1.2 1 Y . (on)
fy =y | dk’ F

1
KO = = f dk’ log Qk 5(y) F*
M

(15K )u(p) 2k o

yp")




s-sbar asymmetry

4 i(p — i(p —
AR = MChy [ (;“; ap) () L LI OB gy

) = i /d% [W(k?-Qyp-k—zyMA_A‘l)_2MH;,+2HA_ 1
Yy Ky (

27)4 Dk D} Dk Dy Dk

" ( Gn? [f‘°“’<») + 100 - 120

o 2 [My— (1- \)M]
a ff) — dl\z F(oﬂ)
fr0) = f (1= y)Dry




s-sbar asymmetry

o °Up — M Up—k+ M
fr(y) = —iMCy / L )[vas 7 g:l Y)7'+75+7+”/5 @ f): MY)lé“rs] u(p)

— [ d'% [My+A 1 k™
(KR)(y — _9;C2 M/ J oy——
vk (Y) ky (27)* | Dk Dy +MDK Y p*

frg O = [ AP0 + 210

(4f)2

Gauge invariance: R+ g = iy




s-sbar asymmetry

i M [ d% . .
R0 = [ (e ) Ruo) g 2K — )

(bub) d*k p-k kt
120 = 72 [ty 29 (0 57)

(bub) )y (bub)( ) = IV ®) ()
e ClnfpE
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¢

d4
7 [ Gy o ulp) 0k = )
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i
W) =237 = e

f(tad) _ (bub)
k ~ Jk




s-sbar asymmetry

Input PDF, global parameterazation

§K+ = UK+ = §K0 = Upg+ = d,r+ = dﬂ— — ’l—l,,r—

sa(z) = %[zu(x) — d(z) +25(x)|

sy+(z) = syo(z) = d(z).

(KR); \ __ 1 .
sy (z) = DL3F [2Au(z) — Ad(z)],
1

s (@) = s (2) = 75 Ad(e).

1
$60(@) = Ful)

tad
sV (z) = d().
M. Aicher, A. Schafer and W. Vogelsang, Phys. Rev. Lett. 105, 252003 (2010).

A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Eur. Phys. J. C 4, 463 (1998).
E. Leader, A. V. Sidorov and D. B. Stamenov, Phys. Rev. D 82, 114018 (2010).




s-sbar asymmetry

best fit
1, =545 MeV - 06— ——
- - -- 20 variation | ‘ X(s*s))2 MMHT14

i M1=526 Mev . “ : e §(55+§)/2 NNPDF3.0

----x5

o
~

E d°o/d®p [mb/GeV?]
o
[¥)

Figure 2: Differential cross section for the best fit to the pp — AX data [49]
in the region y < 0.35 (solid curve, y; = 545 MeV), as a function of 1 — y
for k;, = 75 MeV, and for a fit 20 below the central values (dashed curve,

1 = 526 MeV) Figure 3: Comparison between the strange xs (solid red curve) and antistrange

x5 (dashed blue curve) PDFs from kaon loops, for the cutoff parameters (i1 =
545 MeV and pp = 600 MeV) that give the maximum total s+ 5, with the upper
and lower limits of the error bands for x(s + 5)/2 at Q2 = 1 GeV? from the

3 9 5752 92 ) 9 MMHT14 [51] (black dotted) and NNPDF3.0 [52] (green dot-dashed) global
d°o o CK*‘AAJ Y [l\._]_ + (J\Iy + A) ]F(on)

= k2 pK* fits.
d3p 167T3f§ (1—19) ;2<+A (v, k1) Otor (59)

H. Holtmann, A. Szczurek and J. Speth, Nucl. Phys. A569, 631 (1996).




s-sbar asymmetry

TABLE I: The second moments of s(z) and 5(z) in proton at Q%> = 1 GeVZ.
A =0.545 GeV A =0.526 GeV
Ap=mg Ay=11A Ay=mg Ay=17A
<zs> (561 x107%6.10 x 107%|3.40 x 102 4.53 x 102
<z8> |[5.68x 1072 5.68 x 107%(3.41 x 10~? 3.41 x 10

<z(s+38)>[1.13x 1072 1.18 x 1072|6.81 x 1072 7.94 x 1072
<z(8—38)>| —Tx107°042x 1073 —1x107° 1.12x 1073

TABLE II: The second moments of s(z) and 5(z) in proton at @* = 1 GeV>.

A = 0.539 GeV A = 0.533 GeV
Apy=mg Ay=13A] Ay=my A;=15A
<zs> (491 %1072 574 x 1072[4.22 x 1072 5.24 x 103
< 28>  [4.96 x 1072 4.96 x 1073(4.25 x 1072 4.25 x 10~2

——-- 8-function
—— total

< z(s+5) >|9.87 x 1072 1.07 x 1072(8.47 x 107% 9.49 x 103
<z(s—38)>| =5x 1075 0.78 x 1073| —3 x 107 0.99 x 10~*

—7x 1075 < (z[s(z) — 5(x)]) < 1.12 x 1073

X.G.Wang, C.R.Ji, W.Melnitchouk, Y.Salamu, A.W.Thomas, P.Wang,
Phys. Lett. B 762 (2016) 52

X.G.Wang, C.R.Ji, W.Melnitchouk, Y.Salamu, A.W.Thomas, P.Wang,
Phys. Rev. D (to be published)

The distribution functions at Q% = 1GeV? with A = 0.526 GeV and Ay = 1.7A.
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Summary (s-sbar asymmetry)

We perform a comprehensive analysis of the strange(anti-strange) parton distribution function
(PDF) asymmetry in the proton in the framework of chiral effective theory, including the full set
of lowest order kaon loop diagrams with both off-shell contributions, in addition to the usual
on-shell contributions previously discussed in the literature.

With the help of experimental data from inclusive production in pp scattering and results from
global PDF fits we have obtained constraints on the mass parameters for the Pauli-Villars regulators
used in the numerical calculation of the kaon loop contributions.

Phenomenologically important consequence of the delta-function terms is that for the s-quark
distribution the corresponding splitting function is a delta function at y = 1, where y is the fraction
of the nucleon momentum carried by the hyperon. This leads to a valence-like component of the
strange sea, which cannot be generated from gluon radiation in perturbative QCD alone.

We find that s and sbar quarks from this source contribute up to 1% of the total momentum of

the nucleon. The magnitude of the strange asymmetry, s-sbar, is about a factor of 10 smaller than
the sum. Compared with other possible corrections to the NuTeV anomaly, this is a relatively minor
effect, reducing the discrepancy by less than 0.5 sigma.




The End !
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