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@ Start with Constituint Quark Model for v*N — N* reactions
=> Nucleon Deep Inelastic Scattering (DIS)
P: nucleon momentum:; g: momentum transfer
P2 =Q% = $:2flg—,2p—>const
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Start with Constituint Quark Model for v*N — N* reactions
=> Nucleon Deep Inelastic Scattering (DIS)

P: nucleon momentum; q: momentum transfer

%, > =0Q% = LL’ZQZQ;P—)COHS’C

Calculate Parton Distribution Functions: PDF(x)

(4

(]

Include quarks with orbital angular momentum

(]

Check if the data can be explained only by valence quark effects
[Reparametrization of the model]

©

Interpret the effects of orbital angular momentum states
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Model for the Nucleon form factors [PRC 77, 015202 (2008)]

Quark-Diquark model (S-state configuration: L = 0)

571015 20 25 30 35
Q(Gev?) QGev)

@ Describes proton and neutron data
Explains the G,/Grp suppression (Jlab 2000)

Jones, PRL 84, 1398 (2000); Gayou, PRL 88 092301 (2002); Puckett, PRL 104, 242301 (2010)
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Model for the Nucleon form factors [PRC 77, 015202 (2008)]

Quark-Diquark model (S-state configuration: L = 0)

04G~ 51615 20 25 30 3
QiGev) Q(Gev?)

@ Describes proton and neutron data
Explains the G,/Grp suppression (Jlab 2000)

Jones, PRL 84, 1398 (2000); Gayou, PRL 88 092301 (2002); Puckett, PRL 104, 242301 (2010)

@ Shape (wave functions) and Quark form factors (e.m. structure
— gluon and ¢q effects) fitted to nucleon form factor data
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Model for the Nucleon form factors [PRC 77, 015202 (2008)]

Quark-Diquark model (S-state configuration: L = 0)

04G~ 51615 20 25 30 3
QiGev) Q(Gev?)

@ Describes proton and neutron data
Explains the G,/Grp suppression (Jlab 2000)

Jones, PRL 84, 1398 (2000); Gayou, PRL 88 092301 (2002); Puckett, PRL 104, 242301 (2010)

@ Shape (wave functions) and Quark form factors (e.m. structure
— gluon and ¢q effects) fitted to nucleon form factor data

@ No pion cloud or sea quark effects included
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DIS with a quark model

ﬁij (opan ) = — (5, 59)7 (@) (@) s (P, )
—> <

A: nucleon; A: quark-pair
Hadronlc tensor:

W) = 3 ] Ohoaa )

// = // d dk @2m)*6*(p' +k—q— P)
e (27)32¢, (2m)32E, 0 O WP 1
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DIS with a quark model

ﬁij (opan ) = — (5, 59)7 (@) (@) s (P, )
—> <

A: nucleon; A: quark-pair
Hadronlc tensor:

W) = 3 ] Ohoaa )

d3 I &k 454/ 1
= 9 a_p
/]p/k; // 2m)32e, (27) 32E(7T)5(p +k—gq )
Input:

@ Nucleon wave function (W )a)
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DIS with a quark model

ﬁij (opan ) = — (5, 59)7 (@) (@) s (P, )
—> <

A: nucleon; A: quark-pair
Hadronlc tensor:

W) = 3 ] Ohoaa )

d3 I &k 454/ 1
= 9 a_p
/]p/k; // 2m)32e, (27) 32E(7T)5(p +k—gq )
Input:

@ Nucleon wave function (W )a)

m
o Qual’k current: q/gT: include interaction currents behind impulse [Z. Batiz, F. Gross, PRC 58, 2963 (1998)]

s ot q,
@) =yro0) (= 29) w0 (1)
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DIS structure (structure functions)
q oA
il
P k P

v v q#ql’ P'q v P'Qu WQ
W :—27r{<g” — = >W1—<PM—QQQM> (P _qu)W

qOéSﬁ( S “q iep,yaﬁ qOéPﬂ 9
P-q M(P-q) q-P

+ighves g1+ g2) —

Wi, Wa: unpolarized PDFs
g1, g2: polarized PDFs (encode details of the spin structure) Spin S*
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S-state (previous work): W7y, W

PRC 77,015202 (2008)

S-state approach 06/ '\
I
Qualitative description of DIS 0.5 I/ \\ 1
Callen-Gross scaling = — -2 E 04r | \ )
8 M L og \\ 1
vWa(x) = 2MaWq(x) 0.2 II \ i
= e%qu(x) 0.1/ \\ ]
L L L L L * — .
% 02 04 06 08 1

Quark distribution function (normalized to 1):

N d*k

fo(z) = in m’l/}%(kbw)~
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S-state (previous work): W7y, W

PRC 77,015202 (2008)

S-state approach 0.6 '\
L — - Mode |1
Qualitative description of DIS 0.5- I/ \\
Callen-Gross scaling = = 2%1 §UO'4f / \ ]
% 03+ | .
vWo(x) = 2MaxWi(x) 0.2 \ 1
= et f,(x) 0.1/ \\ -
0 L | L | L * —
0 0.2 0.4 0.6 0.8 1

Quark distribution function (normalized to 1):

N d*k
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S-state (new result): ¢
Predicts go = 0, but
02— 7
Lo ]
!/ \ ]

5
QI(x) - Eequ(x) I
0.15-
. A
First moment (proton) 2 [ \ ]
1 5 = 01 | \ ]
= / dzgi(x) = — =0.28 x / \
0 18 00s- / \ 4
i/ \
{ \\\\\\\\ Lo \\H>>\ﬁ'ﬁ-—u.d_‘4_ua_u
%02 04 06 T0sT T

>> T = 0.17.
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Predicts go = 0, but
5

lgequ(x)

g1()

First moment (proton)
1 5
r = /0 dzgi(x) = 18 = 0.28

>> T = 0.17.
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S-state (new result): ¢
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S-state (new result): ¢

Predicts go = 0, but
I > :gL\A/SCEms ]
\ + HERMES | |

5 0.2
g1(x) = Eequ(:U)
0.15-
. S Y
First moment (proton) z [ | \
1 5 D-U')_‘ O'lj / \ ]
= / dxgi(z) = — = 0.28 * 0 \
0 18 oos |  aas®B\3 1
L L \\\‘l} Il.d_t
0 et 04~ 06 08

>> T = 0.17.
Proton spin puzzle AYX =~ 0.3 < 1

1 1
~— ~—
q OAM  gluons

q spin
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Predicts go = 0, but
0.2 e e 1
EVANNH < 5F

5
g1 (x) = Eequ(:U) i
0.15-
. S Y
First moment (proton) z [ | \
1 5 D-U')_‘ O'lj / \
= / dxgi(z) = — = 0.28 * 0 \
0 18 oo | _as®tB\s
1/ Ne o
L L \\\‘l} Il.d_t
Qo 04~ 06 08

>> T = 0.17.
Proton spin puzzle AYX =~ 0.3 < 1

1 1
~— ~—
q OAM  gluons

q spin

S-state quarks are insufficient !!
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S-state (new result): ¢;

Predicts go = 0, but

5 0.2 re-rrweemrerre v SN S— 7
() = EeNf{I(x) . * §%ceus
0.15- j \\ + HERMES |
First moment (proton) S / \
-1 5 D-U')_‘ Olj I \ ]
r = / dzgi(x) = — =0.28 * o \
0 18 oos |  aas®B\3 .
>> TP = (.17. |/ N g
1 \\ i s,
Proton spin puzzle AY ~ 0.3 < 1 Y — (O |V S O Y S Y- N
X
1

1
S=-AS+ L, + J,
2 2 —~ =~

¢ spin q OAM  gluons

Uy => [ns¥) +np¥, +np®)]
q
S-state quarks are insufficient !!

What about P,D & Wl #£ Wl ?
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Covariant Spectator Theory

Covariant Spectator Theory ©, Franz Gross et al., applied to:
[See A. Stadler and F. Gross, FBS 49, 91 (2011)]

@ NN scattering, deuteron and three-nucleon bound states
@ Deuteron and triton electromagnetic form factors

@ mN scattering

@ ¢g models of mesons

Covariant Spectator Quark Model (See arXiv:1008.0371 [hep-ph])
GR, F. Gross, M. T. Pefa, K. Tsushima, ...

@ Nucleon and A electromagnetic form factors

@ Electromagnetic transition form factors v*N — N*
N* = A(1232), N*(1440), N*(1520), N*(1535), A(1600), N*(1710), ...

... [SQTM: PRD 90, 033010 (2014)]

@ Octet baryon and decuplet baryon e.m. form factors:
physical regime, nuclear medium and extension to lattice QCD

@ A(1232) mass distribution for the Dalitz decay: A — Nete™ (pp — pp)
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Covariant Spectator Quark Model (1) T
Wave function ¥ with 2 on-mass-shell quarks iZTE@D_ B $_

@ On-shell integration (kl, kg) = k=k+kyr= %(kl — kg)
= integration in k and s = (k; + ko)?
F. Gross, GR and M. T. Pefia: PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/d3k1 / d3ko w/dﬂ /+ s—4m2/
2Ey, J 2B, 4 " Jam?2 *\ 2\/s+k2
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Covariant Spectator Quark Model (1) T
Wave function ¥ with 2 on-mass-shell quarks iZTE@D_ B $_

@ On-shell integration (kl,kg) = k=k+kyr= %(kl — kg)
= integration in k and s = (k; + ko)?
F. Gross, GR and M. T. Pefia: PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/ 3k / ko w /dQ /+oo J [s — 4m2 / d3k / A3k
= — ¢ S
2Ey, J 2By, 4 " Jam?2 E s+, viomp S g fm2 e

Mean value theorem = covariant int. in diquark on-shell momentum
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Covariant Spectator Quark Model (1) T
Wave function ¥ with 2 on-mass-shell quarks QTE@D_ B $_

@ On-shell integration (kl,kg) = k=k+kyr= %(kl — kg)
= integration in k and s = (k; + ko)?
F. Gross, GR and M. T. Pefia: PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/ 3k / ko w /dﬂ /+oo J [s — 4m2 / d3k / A3k
= — ¢ S
2Ey, J 2By, 4 " Jam?2 E s+, viomp S g fm2 e

Mean value theorem = covariant int. in diquark on-shell momentum
@ Integrating over the diquark internal degrees of freedom

/k/ w(k,r)(...)%/g;t B ) ()

¢ P-state diquark; €7, D-state diquark
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Covariant Spectator Quark Model (1) T
Wave function ¥ with 2 on-mass-shell quarks ’EE@D_ B $_

@ On-shell integration (kl,kg) = k=k+kyr= %(kl — kg)
= integration in k and s = (k; + ko)?
F. Gross, GR and M. T. Pefia: PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/ 3k / ko w /dﬂ /+oo J [s — 4m2 / d3k / A3k
= — ¢ S
2Ey, J 2By, 4 " Jam?2 E s+, viomp S g fm2 e

Mean value theorem = covariant int. in diquark on-shell momentum
@ Integrating over the diquark internal degrees of freedom

/k/ w(k,r)(...)%/g;t B ) ()

¢ P-state diquark; €7, D-state diquark

- - -
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Covariant Spectator Quark Model (2)

@ Up is not determined by a dynamical equation
use phenomenology = Mp is a parameter
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Covariant Spectator Quark Model (2)

@ Up is not determined by a dynamical equation
use phenomenology = Mp is a parameter

@ Baryon wave functions: B = diquark & quark
Use symmetries (SU(6) ® O(3), ...)

b1
Up= > (color)®(flavor)®

P
(spin-orbital)® 15 (P, k) o @
N—— P

radial k
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Covariant Spectator Quark Model (2)

@ Up is not determined by a dynamical equation
use phenomenology = Mp is a parameter

@ Baryon wave functions: B = diquark & quark
Use symmetries (SU(6) ® O(3), ...)

p1
Up= > (color)®(flavor)® P
(spin-orbital)® 15 (P, k) e* @
———— P
radial k

@ Up in rest frame using quark states
= Covariant generalization using baryon proprieties
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Covariant Spectator Quark Model (2)

@ Up is not determined by a dynamical equation
use phenomenology = Mp is a parameter

@ Baryon wave functions: B = diquark & quark
Use symmetries (SU(6) ® O(3), ...)

p1
Up= > (color)®(flavor)® P
(spin-orbital)® 15 (P, k) e* @
———— P
radial k

@ Up in rest frame using quark states
= Covariant generalization using baryon proprieties

@ Wave function with manifest rotational invariance,
well defined angular momentum states (important spin/DIS)
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Covariant Spectator Quark Model (2)

@ Up is not determined by a dynamical equation
use phenomenology = Mp is a parameter

@ Baryon wave functions: B = diquark & quark
Use symmetries (SU(6) ® O(3), ...)

p1
Up= > (color)®(flavor)® P
(spin-orbital)® 15 (P, k) e* @
———— P
radial k

@ Up in rest frame using quark states
= Covariant generalization using baryon proprieties

@ Wave function with manifest rotational invariance,
well defined angular momentum states (important spin/DIS)

@ Phenomenology in the radial wf (momentum scale parameters, ...)
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Nucleon wave function

Tk (P k) = O% u(P,\)

Isospin: ¢, ¢!
Covariant notation
- . Pk
M= e
~ « Pa
=7 _W’P
~Q «@ PQPB
97 =g - =5
- . 1.
DP(P, k) = k*kP — §k2§a5
Gk, G) = k¢ + (Ok°

2 - —af
_g(k G

POt

Replacements:
k — —k, k? — —k?
5Zm — ga,@’

[PRD 85, 093005 (2012)]

@ S-state
1
o0 = 50 s (P k)L

-5

OP' = = s (P k)(€R)ars7™

S

@ P-state L
OO = ¢ yp(Pk)K
A \/5(17 wP( )k

1
P1 _
ot = —

ﬁqslwp(P, k) K(ER) avs 7™

@ D-state
=1

~ /_’5
?°lkl¢p (P, k) (eh)a G (k, C) 757

oDO0 _ V3
NVEWAT)

=2

1 . et B
0P = ———=0"k*Yp (P, k) (€ha)a 157>

V30

£=0

3 * ~/
oy? = \/;ﬁl%(P, k)(ex)a D (P, k) v595
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Nucleon wave function (2)

[PRD 85, 093005 (2012)]

@ Covariant wave function
consistent with isospin and
angular momentum

s P D
Uax = nsWix +npPax +npo Wiy
@ [L-states normalized
n% + n?: + n2D =1

@ We can also consider
Isospin breaking v # d
@ Radial wf ¢, (P k) 7
@ Determined by DIS
phenomenology

@ S-state
050 = L ustrion
ot = %Msua ) (ER)ars 7
@ P-state
ove = %d’o'l/)P(P: k) K
O = Z50 (PR a5
@ D-state =1
oD _ id)%m (P,k)(e}) G"é(l?: Cv) V57
D \/ﬁ p(P, Aa » Qv ) V5YE
=2
o)t = *\/%le]?"pD(P, k)m%?a
£=0

3 * «@ ~
0% = \/;wwD(P, k) (R )a D (P, k) 7595
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Breaking isospin symmetry

Write wave function in terms of v and d isospin states
Proton: y'/? = ( (1) ) —=u; Neutron: y /2 = ( (1) ) =
1, dependent of the flavor of the quark 3
Isospin-0 component:

Py = ¢"x Y1 =

%(ud—du) < p )wL L

Isospin-1 component:

Oppp = —\%(ud—i—du) ( Z )1/1L + \/E( _(zg)du )1/1L

-~

/=0 /=F1

- (ﬁb%:o) X' 5(01) + (45%:;1) X! 1/’£(u)

Vv, — ¢§3 different distributions for « and d
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Normalization / quark charge

) = (dm) Qumta Qum
Jq(0) = eo (é + %7'3) DQu = +§60‘ Qaq = 7360

Wave function normalized by the nucleon charge (Q? = 0); P = (M, 0,0,0)
Elastic form factors

eo

_ ~ =
Jo = 32/\IIAA(P,k)jq(O)VO\IIM(P,k) 1
A k

1 -
= 5(1+7-3)60/|1/)N|2
k

———
1

Wave functions normalization Q% = 0:  (rest frame k2 = —k?)

eo/k sl = eo/k<—i%2>|wp|2 - eo/kl?:‘*wmz ~1
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Normalization / quark charge

) = (dm) Qumta Qum
Jq(0) = eo (é + %7'3) DQu = +§60‘ Qaq = 7360

Wave function normalized by the nucleon charge (Q? = 0); P = (M, 0,0,0)
Elastic form factors

eo

_ ~ =
Jo = 32/\IIAA(P,k)jq(O)VO\IIM(P,k) 1
A k

1 -
= 5(1+7-3)60/|1/)N|2
k

———
1

Wave functions normalization Q2 = 0:  (rest frame k2 = —k?) u #d, eg — ¢)

eg/k\wiﬁ =e2/k<—/%2>|w5|2 =e2/kfc4|¢5|2 ~1
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Normalization (more details) T+

Mmg [T
S _ s S 2
570 =g [ e
DIS normalization WF normalization (Q? = 0)
! S 0 S 2 0 ! S
JRHER [ 15 00P oy = b [ dasfi@) =1
N

How to fix €0 ?
S Jo duf (@)

TN O dafS(x) + [y dufS(x)

@ DIS define qu for0 <z <1
° ff for x < 0 = determine quark charge (62) at Q> =0

(&
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DIS with a quark model (2) {

—»Ii—;ilq- (Jsgan)! = =a(p, 8¢)5" (@) Var(P, k)

Hadronic tensor: W), = Opu(P, \), S* spin operator

W) =33 [ Jird 0Lt my + ) OA L+ P14 258)

quark p’ N spin-S proj
Integration: |k|, z = cos§ = £, pP=ml~0
2
k| = Mk, Es = ME, = M\/ 375 + K? DIS condition

//k / o )2 (7”3’p/2)5+(m3"“2)=/%5<% [(1*"17)*Es+|k\z]>

o kdk M2ac too kdk rx Mms [T°
= dz6 (z — 20) = — dx
0 AT E,, Q2 4mEy Q2 1672 ¢

Kmin
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DIS: wave functions {

(P, k) can be represented using the covariant variable
p1

_(Af—ms)Q—(P—k)2_2P-k P
X= Mmg T Mmy

€p
k
because P2 = M? and k? = m?2.

When 1 = % — 1 (diquark mass = nucleon mass)

9 wx Mmg /+°° 9 x?
= —— d . =
/p’k ’(zZ] (X) Q2 1672 : XQ/) <X>/ g 1—2
S-state PRC 77,015202 (2008): PRD 85, 093006 (2012)
Mm, [t daf? x(2—1xz) Mm
S s S 2 Jq S1.0.8 2
= d — =
B0 =T [ aW0R G = e e
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DIS: gluon effects t

Gluon contributions are not considered in this model
Only valence quarks (no sea quarks):

1 1
| datuta) = [ datato) =1,
0 0
1 /1
3/ dx [2fy,(z) 4+ fa(x)] =1 [proton charge]
0
Proton momentum sum rule: N, gluon contribution, N, ~ 0.5

2/01 dzxx fu(x) + /01 dzx fg(x) + Ny = 1.

S-state approximation (np =np =0) and f, = fqa = fg:

1 1
/ da:a:f(f(a:) = 0.167, 62/ dxff(x) =1, 62 =041
0 —o0 N———

15 (@) o 6(x—20)
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Structure functions (1) §

Use elementary structure functions fx — f;oo dx

qu(x):/XkQL [WE(0]? L=0,1,2 (S,P,D)
gh(z) = / Pk [E(0)°  L=12 (P,D)
dy(z) = /X Pazo)k?0S (0P (x) (D interference)
B(w) = / 2ok ¥ (0VE () (SP interference)

hi(z) = / 20k Y )L (x) (PD interference)
X

hé(m) = /X(l - 28)4]k\jjx qu(x)wf(x) (SP interference)

hg(:c) = /(1 ) 4x ¢5(X)¢£(X> (PD interference)
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Structure functions (2) [Using charge symmetry|

fula) =
(z) = 2

fa(z) = d-distribution in the proton [u-distribution in the neutron] app = —3 snpnp

u-distribution in the proton [d-distribution in the neutron] asp = *3\/%7L37’LD

gi'(z): u-contribution of g; in the proton [d-contribution of g; in the neutron]

g2(z): d-contribution of g; in the proton [u-contribution of g; in the neutron]

Proton:
2
= Zeqfqo:) Zquz
Neutron: ¢, < eq4 fq= nSfS +77pr +n3 [P — 2ngnphl
., 2 8 8 29, 5 2 2
1 8 4 4 8 8
gf = _gfd + 15”pgd + 9nPfd - §n%gd - §GISDdd + §“’PDh(2i
4 29 1 4 2
g2 = _g’rLQng 40 2Dgu + SaSDdu - 3nsﬂp(h - ho) + 9aPD(h3 hi)
2 4 4 2 2
g5 = +§n§39d - 5”D9d +gaspda+ gnSnP(h — hg) + 9aPD(h —h3)
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Functional form for the radial wave functions

Wave functions for L =S, P,D: 0 # 0
Apart kinematic factors:

L,y . PBcos+ xsinb
1/}11 (X) ~ Xno (6 + X)nl—no

3 is a (momentum range scale/M)?
ny define the high Q? behaviour of the nucleon form factor (large z)
no define fo(x), = — 0

5,0,n9,n1 depend of L and ¢
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DIS data

Data:

SMC, SLAC, HERMES, Jlab and COMPASS

obtained for several regions of Q2 (not only large Q?)

Fit to the data — parametrizatigp for Q% = 1 GeV?
@ Unpolarized Z dz fiP(z) = 1

Martin, Roberts, Stirling and Thorne, PLB 531, 216 (2002)-(MRSTO02)
z f&P(z) = 0.130 2" (1 — 2)*°°(1 + 3.83/z + 37.65z)

z f7P(z) = 0.061322 277 (1 — 2)"%(1 + 49.05\/7 + 8.65z)
@ Polarized: Leader, Sidorov and Stamenov (LSS10)
PRD 82, 114018 (2010), Q2 =1 GeV?
hi(x)
QZ
zAu(z) = 0.548 2" (1 — 2)33%°(1 — 1.779/x + 10.2 )
zAd(z) = —0.394 29547 (1 — 2)*90(1 4+ 6.758 z)

g91(z) = Aq(z) +
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Data (polarized)

hi(z)[1 & 6q(2)]

gi(x) = Aq(x) + o

——
SMC -
E143 1

HERMES
COMPASS

1
I’ = / dwg'ls;p(at) =0.128 £ 0.013
0

1
o /O dzg® (z) = —0.042 + 0.013

<— high twist corrections

0.02/

L gheii=vy
L o ~
— Op—————— -/_}j__f___:_i__
x
= |3 7
o' %{ if 3
x L -
-0.02
b + SLAC E154
L A Jab E99-117 4
-0.04+ e Jab E01-012| |
Lo
0 0.2 0.4 X 0.6 0.8 1

ry = %(41"‘1’ —I'?) =0.333£0.039

rf = §(ary — 7)) = —0.355 + 0.080
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Fit to the data: Structure functions (review)

Proton:

= _cal(@) Zquz

Neutron: ¢, <> ¢g4

o = n2F5 3 SE + 0% fP — 2nsnpht

2 8 8 29 2 2
gt = Sho-npfy - gni ff 9 ?»gfi + 5 — gaspdu + Gapphi,
1 8 8

9i = —gfat 15ﬂpgd + nbfi — onbgy — gdspda + §GPDh3

. 4 29 4 2
95 = —gnﬁagu 4071%% + gawdu - gnsnP(hi —hy) + gaPD(h —h)

d 2 2 P 4 D 4 2 1 0 2 3 2
92 = +3npgi — 5%% +gaspda+ gnsnp(hg —ha) + gapp(hg — ha)

Covariant Spectator QM: very rich structure in the DIS regime
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Covariant Spectator QM: very rich structure in the DIS regime

How can we study the effect of the individual L states ?
(and learn from the phenomenology)
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Covariant Spectator QM: very rich structure in the DIS regime
How can we study the effect of the individual L states ?
(and learn from the phenomenology)

Fitting process (MRST02 & LSS10 parametrizations):

@ Step 1: S-state component - fitted to unpolarized PDFs
(Adjust Bsq, 054, n054 and n154) o =35 +nbsP 40D P — 2ngnphd
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Covariant Spectator QM: very rich structure in the DIS regime
How can we study the effect of the individual L states ?
(and learn from the phenomenology)
Fitting process (MRST02 & LSS10 parametrizations):

@ Step 1: S-state component - fitted to unpolarized PDFs

(AdJUSt ﬁSQ7QSQ)n05q and nlSq) fq :n?gfern%:fwanQquD 72nsnphg

@ Step 2: Estimate the strength of the P and D states (np,np)
Same o} for all L: o} ~ 7 = fit moments I't, I'{
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Covariant Spectator QM: very rich structure in the DIS regime
How can we study the effect of the individual L states ?
(and learn from the phenomenology)
Fitting process (MRST02 & LSS10 parametrizations):
@ Step 1: S-state component - fitted to unpolarized PDFs
(Adjust Ssq, 054,105 and nis,) fo=n2fS +nbfP +nB P — 2ngnphd
@ Step 2: Estimate the strength of the P and D states (np,np)
L e L o oS - d
Same ¢ for all L: ¢y ~ 7 = fit moments I'{, I']

@ Step 3: Global fit
Improves the description breaking the symmetry
between S, P and D radial wave functions
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Fits to the data: step 1 ¢(z) = f,

Bsq Osq n0sq N1sq Cy €
u 0.9 0.47 0.51 3 2.197 0.3545
d 1.25 i 0.49 3.2 2.279 0.3940
T
0.4 |
0.8
0.3 |
d(.‘f] 0.6;
xf(x)o-z mu.di
0.1 0.1;
ol
0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
X X
— fu, - fa (Models)
xfu(l') ~ m0.20(1 _ x)S.O T uexp(x) ~ 1’0'31(1 _ .1?)3'50
xfd(x) ~ .’13'0'36(1 _ SC)3'4 T sxp(x) ~ :CO'35(1 . x)4.03
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Fits to the data: step 2

Same functional form for all states: k2 = Ix(x +4) = 2
S _ () P (M) 24)D
1/)(, - (A[K) q (AI/{) Q/}(]

Fit np and np to the moments I'{

'Y =0.333 £0.039, 'Y = —0.355 +0.080
solution np(u) np(u) np(d) np(d)
1 0.43 0.18 —0.43 —0.18
2 0.08 0.59 0.08 —0.59

Two possible solutions (equal quality):
@ Solution 1: large P state; np(d) <0, np(d) <0
@ Solution 2: large D state; np(d) <0, np(q) =0
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Fits to the data: step 3

np,np fixed for models 1 and 2

L,y . [BcosO+ xsind
¢q (X) ~ X" (B + X)nl_n(]

Refit wave functions
o Brq, NoLg; N1Lq same for all L

e 01, adjusted in same cases
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Fits to the data: step 3 (model 1) [P: 18%,

np = 0.43, np = 0.18

06
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i 04
‘\UJ
.
=
Y ‘-..501 i
i Zo2|f. .
- d l‘
Vi (] L
’ o . 2
/ e s
\ Bl
N, P
X1} 02 04 06 [} 1L L 02 04 06 08 14
X
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Total
- === SZp2p2
— ISP
......... MRST(02)
Total
PR —— qu
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Fits to the data: step 3 (model 2) [P: 0.6%, D: 35%]|

np = 0.08, np = 0.59

04

02

xu(x)

0o

f———————T

np = —0.08, np = —0.59

04
o
A
= 02
1

LX)

T ———

xAu(x)

0.0 02 04 0.6 0.5
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Predictions for g

.-~ Model 1 (P=0); - - - Model 2 (P=0)

— — Model 1; — Model 2;

0.04
—
[t
it
A, 0.00
=
-0.04

Data: ¢5: SLAC-E143, SLAC-E155
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Predictions for g
.- Model 1 (P=0); - - - Model 2 (P=0)

— — Model 1; — Model 2;

.04

0.00

xg P(x)

-0.04

0.6 0.8

04

0.2
X

g5 SLAC-E155, Jlab-Kramer, Jlab-Hall A

Data: ¢5: SLAC-E143, SLAC-E155

Only Model 2 gives a good result (35% D-state)

November 5, 2014
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Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering
@ No gluon or sea quark effects considered
@ Data used to constrain the shape of wave functions
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Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering

@ No gluon or sea quark effects considered
@ Data used to constrain the shape of wave functions
@ Good description of the f, and g{ data with model 1 and model 2
= consistent with J, =~ 0
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@ No gluon or sea quark effects considered
@ Data used to constrain the shape of wave functions

@ Good description of the f, and g{ data with model 1 and model 2
= consistent with J, =~ 0
@ Model 2 gives a good description of the g» data

@ The model requires a large D-state mixture
(phenomenological calibration of the model)
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Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering
@ No gluon or sea quark effects considered
@ Data used to constrain the shape of wave functions
@ Good description of the f, and g{ data with model 1 and model 2
= consistent with J, =~ 0

@ Model 2 gives a good description of the g» data

@ The model requires a large D-state mixture
(phenomenological calibration of the model)

o Quantitative fit (no systematic fit performed)
(we cannot exclude a model with smaller D-state mixture)
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Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering
@ No gluon or sea quark effects considered
@ Data used to constrain the shape of wave functions

(]

Good description of the f, and ¢ data with model 1 and model 2
= consistent with J, =~ 0

(4

Model 2 gives a good description of the g5 data

(4

The model requires a large D-state mixture
(phenomenological calibration of the model)

©

Quantitative fit (no systematic fit performed)
(we cannot exclude a model with smaller D-state mixture)

©

Other applications:
nucleon resonances; timelike form factors; nuclear medium
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Nucleon Resonance Structure (e.m. structure)

60

L + B
yp->nm
= w
. E/)\ g |
40+ 3 g .
8 =
i s ]

5 30+

A(1600) P,
N(1650) S,,
N(1710) P,

A(1232) P,

20+

T

10

N(1520) D,

1900 1200 1400 1600 1800 2000
W (MeV)
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Electromagnetic Timelike form factors (Q? < 0)

v*N — A: Dalitz decay (A — ete™N)

p+patd.sGeV
! ' : 'data —‘—‘I
GIBUU total —
10! preje -
1 E 5 o
0.01F 2 4
E g 10
S 0.001§ %
& 0.0001¢ =
C 1e0st 10?
1e-06F
1e-07¢ : 10° b s Y N
1e08" 1214 16 18 2 0 02 04 06 08
W (GeV) dilepton mass m,, [GeV]

GR and MT Pefia, PRD 85113014 (2012)
Cross-section: J. Weil, H. van Hees and U. Mosel, EPJA 48, 111 (2012)
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Octet form factors in the nuclear medium

. Gt /GY
Proton and neutron double ratio: Ry = /Gl
Gr/Gnm
T T 12\
—_ 1 { ] — -
3 = / ~
O LR o ‘<
T el S AR w11y ‘< 1
(] e~ (] —
= 0.8 ~ S~ B = LT TS ~
= ~. o -~ = / S~o 'S
*s = . = *s ! SN,
O ~.< O ~ix.
"‘\ L \'\ i "‘\ [ =~ d
\@106 —_ p=05p0 \.\. Qiu n 3
~|
.—. p=10p, [
Il Il Il Il Il Il Il Il Il Il
04—~ 0E T 18 2 25 3 09598 "1 18 2 25 3
Q*(Gev?) Q* (Gev?)

GR, K Tsushima and AW Thomas, JPG 40 015102 (2013)

Proton data: S. Dieterich et al, PLB 500, 47 (2001); S. Strauch et al, PLB 91,

052301 (2003); M. Paolone et al, PLB 105, 072001 (2010)

Gilberto Ramalho (1IP/UFRN, Natal)

A cov. model for the nucleon spin structure

November 5, 2014

37 /34



Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering
@ No gluon or sea quark effects considered
@ Formalism used to constrain the shape of wave functions

(]

Good description of the f, and ¢ data with model 1 and model 2
= consistent with J, =~ 0

(4

Model 2 gives a good description of the g5 data

(4

The model requires a large D-state mixture
(phenomenological calibration of the model)

©

No systematic fit performed
(we cannot exclude a model with smaller D-state mixture)

©

Other applications:
nucleon resonances; timelike form factors; nuclear medium
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Conclusions

@ Covariant Spectator Quark Model formalism applied to the
Nucleon Deep Inelastic Scattering
@ No gluon or sea quark effects considered
@ Formalism used to constrain the shape of wave functions

(]

Good description of the f, and ¢ data with model 1 and model 2
= consistent with J, =~ 0

(4

Model 2 gives a good description of the g5 data

(4

The model requires a large D-state mixture
(phenomenological calibration of the model)

©

No systematic fit performed
(we cannot exclude a model with smaller D-state mixture)

©

Other applications:
nucleon resonances; timelike form factors; nuclear medium

Thank you <
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Discussion

@ Where is the glue ?
o No need of gluon effects to explain nucleon spin (gi¥ data)
(gluons included in constituent quark structure)
o Maybe for g&¥ (more precise data needed)
o ... gluon effects expected for larger Q% (QCD evolution equations)
@ Regime of application of the model ?
o Results derived in the large Q2, v limit; but no gluons included
o To compare with the data we should use Q% = 2 — 5 GeV?
o For very large Q? use QCD evolution equations (DGLAP);
gluon effects will emerge for larger Q2
(even if there are only quarks at the low Q2 regime)

o D-state mixture

@ What is the physical source of that effect (larger than other models) ?
@ Without a explicit interaction model
it is not possible to explain the effect
@ We can however look for signs of that effect in other processes like the
nucleon elastic form factors or v* N — A reaction
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Nucleon wave function: S-state

S-state in quark-diquark [PRC 77,015202 (2008)]: gz diquark momentum
1

1 P
Ug(Pk) = 7 (@90 + @ ;@8] ¥s(P, k) o @
P

@ ¢ : anti-symmetric in the exchange of quark states (12) - M
@}75 : symmetric in the exchange of quark states (12) - Mg

Y — ¢, Y — ¢’
DL = w(PN),  ®L = —(eip)alU%(P,N)

¢! isospin operators acting in x! (nucleon isospin state)
€% diquark pol. vector: fixed-axis base [PRC 77, 015202 (2008)]

Vector spin 1/2 S-state [1& 1 — 1]: U*(P,\) = %75 (v = E) u(P,N)
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Nucleon wave function: P-state and D-states

S-state: quark-diquark [PRC 77, 015202 (2008)]: (review)

Ws(P.k) = ¢1§ [OU(P.A) — 0 (£1)al™ (P, N)] (P, )

!

P-state: quark-diquark [PRD 77, 093005 (2012)]: k =k — LZkp

g

Up(P,k) = \}g E[OU(PA) — 61 E0)aU(PN)] $p(P,F)

D-state: quark-diquark [PRD 77, 093005 (2012)]:

Up (P k) ~ 7[¢0¢ + 0" R3] o (ki ko)

3

Integration in r: [[ d;lr{)l:a (d;:Q =J/ (d3k (32 =/ ((21?)(3 b(k)
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Nucleon wave function: D-states (1)

D-state algebra (rest frame): k=ki+ky r= %(kl — ko)
EPJA 36, 329 (2008); PRD 78, 114017 (2008)

1 1

Up(N) = —=0m |3\ D™(k) = k'K™ + =K%/,
() = Zzomli) (1) =KK™ + 1%,
D-state function
3
0P (k;) = X))o D™ (k) Uy (N
Ralk) = 5 (306D () UV

Ry = T[GAA(kl) @%\(kﬂ] ¢p(k*,r?)
= (ERG ™ () Un(N) (%, x?)

12

D
(orey
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Nucleon wave function: D-states (2)

2
G (k,r) = kK'r™ + r'k™ + 5 (k1)

r’: diquark with internal P-state; define spin-1 vector Cf

R\ (r): diquark with internal D-state; define spin-1 vector 7},

/=1
yPe, o \/?;fofewamk, () Un(N) 6 (P.k)
=0
M ?f () D™ (1)U () (P k)
(=2
1 2 Jkn
+%k( Un(X) ¥p(P,k)
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Nucleon wave function: S-state; spin

Example [p 1): T=((1))? XS:G)

Spin-0: o_ 1 _ s
Spin-1: 5= ERIN N+ = —=(-<h)xs
Relativistic generalization:

‘I)gv — U(ZD7 T) (I)Alg — _(573)(1UO[(P7 T)

@ Dirac nucleon spinor u(P,1); Diquark polarization vector: £%
[rest frame-fixed-axis base PRC 77, 015202 (2008)]

@ Vector spin 1/2 S-state [1 & i 1k
UY(P,\,) =

1 POL
5 *— — Pa /\'n,
75" (7 M) u( )
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