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Motivation and goals

sl
@ Describe Deep Inelastic Scattering (DIS)
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unpolarized PDF: W, Ws; polarized PDF: g1, g2

@ ... using a constituent quark model (CQM)
Covariant spectator quark model: PRC 77,015202 (2008)

@ Valence quarks with orbital angular momentum

@ Interpret the effects of orbital angular momentum states
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DIS in a quark model

q o
—>§il<— (Jsgan)! = =a(p', 59)3" (@) (Y N)ar (P, k)
P k P

Hadronic tensor:

W)= 32// UL Uegan)”

i d*k Acdy
//p’k - // (2m)32¢, (27)32E (2m)%0*(p' +k—q— P)
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DIS in a quark model

q o
—>§il<— (Jsgan)! = =a(p', 59)3" (@) (Y N)ar (P, k)
P k P

Hadronic tensor:

WH()) = 32// A (Jegan)”

//p/k // BBy B @r oW + k— g — P)

27)32e, (27)32E;
Required:

m
] QUa rk current: q’%: include interaction currents behind impulse [Z. Batiz, F. Gross, PRC 58, 2963 (1998)]

K ot q,,
J*(q) = jq(+00) (v“ - qqqz) +0 <7 2Mq >
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DIS in a quark model

q o
—>§il<— (Jsgan)! = =a(p', 59)3" (@) (Y N)ar (P, k)
P k P

Hadronic tensor:

WH(A) = 32// st (Tsgan)”

//p/k // BBy B @r oW + k— g — P)

27)32e, (27)32E;
Required:

m
] QUa rk current: q’%: include interaction currents behind impulse [Z. Batiz, F. Gross, PRC 58, 2963 (1998)]

K ot q,,
3"(@) = jq(+00) (7” - qu) +0 <7 qu >

@ Nucleon wave function (W)

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 4 / 60



S-state (previous work): W7y, W

PRC 77,015202 (2008)

S-state approach o,e} // \
Qualitative description of DIS 0.5 / \\ 1
. 2 < 04F ]
Callen-Gross scaling © = -2 x 04 \ ]
2Mv u>—< 03l II \\ ]
vWa(x) = 2MaWq(x) 02, \ 1
= e%qu(x) 0.1/ \\ ]
07 n | L | L X — N E—— 1
0 0.2 04 X 0.6 0.8 1

Quark distribution function (normalized to 1):

N d*k

folz) = in m’l/}%(kbw)~
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S-state (new result): ¢;

Predicts go = 0, but

77—
5 L 1
g1(z) = —en fq(x) RN 1
18 os- [\ 1
ST 1
First moment (proton) z L1 \ 1
5 o 0l ] \ ]
>> TS = (.17 7,/ N
Proton spin problem ¥ ~ 0.3 <« 1 O 02 014“‘)‘(“‘(‘)‘.8”““‘678““ 1
1 1
= IR+ L, + I
2 2 —~ =~

q spin g OAM

gluons
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S-state (new result): ¢;

Predicts go = 0, but

0.2 T T
5 [ [ ]
g1(z) = Eequ@') I e a gLM,ECEms ]
015 \\ * HERMES | -
First moment (proton) S / \
5 & 0/ \ ]
1 / :1:91(1‘) 18 o.osj/ g%ﬁ%\? i .
>> T = 0.17. ¥l L# ,
| | \\J ildJ_A
Proton spin problem ¥ ~ 0.3 <« 1 S 02 0.21‘”)‘(”‘(‘).6 s T
1 1
. SE R
2 2 ~~ =~
g spin q OAM  gluons Uy = Z[nS\Ilg + np\I/éD + nD\I}qD]
q

S-state quark are insuficient !!
What about P,D & Wl # Wl ?
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Covariant Spectator QM view

@ Gluon interactions between ¢q

= quark form factors

@ Quarks dressed by gluons
and qq interactions

@ Massive quarks with anomalous

magnetic moments K, kg

@ Covariant formalism with

manifest rotational invariance
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(b)
Light Front view
@ Pointlike quarks

@ Baryon states as a sum of
Fock states:
994, 4999, 499(49); ---

o Light quarks
Ky, kg =0

@ Does not handle
rotational invariance
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Formalism (CSQM vs Light Front)

If angular momentum is the explanation for the proton spin problem,
we need a covariant formalism with manifest rotational invariance and
well defined angular momentum states

Covariant Spectator QM view Light Front view

@ Gluon interactions between ¢q @ Pointlike quarks
= quark form factors @ Baryon states as a sum of
@ Quarks dressed by gluons Fock states:
and ¢q interactions 999, 9999, 999(qq), ...
@ Massive quarks with anomalous o Light quarks
magnetic moments K, kg Ky, kg =0
@ Covariant formalism with @ Does not handle
manifest rotational invariance rotational invariance
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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

@ 7N scattering and baryon resonances

@ ¢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, N*(1440), N*(1535), A(1600)

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

@ A(1232) mass distribution on Dalitz decay: A — Nete™
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Spectator QM: Baryon wave functions

@ Baryon: 3 constituent quark system

@ Covariant Spectator Theory: wave function ¥ defined in terms of a
3- quark vertex ' with 2 on-mass-shell quarks

1 8
) R N O SO

@ Confinement insures that vertex I" vanishes when the 3 quarks are
on-shell [I" cancels the quark propagator singularity]

=P—-

Stadler, Gross and Frank PRC 56, 2396 (1998); Savkli and Gross PRC 63, 035208 (2001)

o U free of singularities = modulate directly ¥ (instead of I")

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 12 / 60



Spectator QM: Baryon wave functions (2)

@ Integrating over the on-mass-shell quark momenta:
k= kl +k2, r = %(/ﬁ — ]{2);
reduce current integrals to the integration in k and s = (k1 + k2)?
F. Gross, GR and M. T. Pefia: PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/d3k1/d3k2 B /dQ/ /s—4m2 d3k
2B, | 2Bn, Am 25,

with F), = /s + k2 as the energy of the diquark.

@ Mean value theorem: average in diquark mass /s — mp

/d3k1 /d3k2 / d*k
2Ey, J 2E, m% + k2

mp=eff. mass; covariant integration in diquark on-shell momentum

- - -
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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 + ¢ ®g] ¥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

@7 — o', ®f — ¢
(I’% - u(P’ /\)’ (I)}S’ - _(ERP>QUQ(P7 )‘>

¢! 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) — 6 (£1)al™ (P, N)] (P, k)

!

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

g

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

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

Up (P k) ~ [éf)% + 0" R3] o (ki ko)

g

Integration in r: [[ d;lr{)% (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™ + K36/,
() = Zzomli) (1) =KK™ + 1%,
D-state function
3
0P (k;) = e8)e D (k) Uy (N
Ralk) = 5 (306D (1)U

Ry = T[GAA(kl) @%\(kﬂ] ¢p(k*,r?)
= (ERG ™ (1)U (Y) (%, x?)

[cos¢ (—)/[\)/\(k) + sin ¢ (—)f/\(r)] ép(k*,r?),  cosp = %

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 !

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

/=1
Wi = s EAGT K GV p(P.R)
=0
Ry - ?’\f (en)e D™ () U (V) (P, K)
T+ () U ¥n(P,)

S

=0
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Wk (P k) = OF u(P,\)

Covariant notation

7.0 « P-k «
~Q « P
=7 _W’P
gaﬁ :gaﬁ_ paps
M2

- 1-
D(P k) = k*kP — nggaﬁ
GP (k) = K¢ + (k7
2 .
2k )Ges
3(k C)g
Replacements:

k — —k k? — —k?
5lm - gaﬂ

Nucleon wave function: summary

@ S-state
030 - L susirin
O = 50" s (PR
@ P-state
ove = %d’o'l/)P(P: k) k
O = Z50 (PR a5
@ D-state =1
oP0 = idp\w (P k)(eR) Gaﬁ‘(’; ) 15
D Nova (P, Vo 3 Cv) Y57
=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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Nucleon wave function: summary (2)

@ Covariant wave function
consistent with isospin and
angular momentum

Upxn =nsWiy +npWhy +npUiy
@ [L-states normalized
nzs + n?o + n%) =1
@ We can also consider
Isospin breaking v # d
@ Radial wf ¢ (P,k) 7

@ Not determined by a
dynamical equation

o Determined by DIS
phenomenology

@ S-state
1
030 = ﬁ@otﬁs(ﬂ k)1
1 « .
oyt = 750" Us(PRER e
@ P-state
1 -
OR" = sy (P R
1 Th( =% ~
ot = Easlwp(P, k) K(eR)arsT
@ D-state ,
(=1
po_ V3 ?° kYD (P, k) (eR)a GP (K, C0) 757
_ T — D b oY [ANZ -
A V/2v/10 A ‘
=2
1 7. * ~Q
ot = —EM%(R k)(€pa)a 57
£=0

3 * e} 5
oY% = \/;¢>le@, k)(eR)a D (P.k) 7595

November 8, 2012 19 / 60
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Normalization (1)

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

Jo= 3y / U (P, k) jy(0)7 W ar (P, k)
A Yk

1 -
= 5(1+T3)€0/ [N
Jk
1

. 2 1 +
]q(+oo) = (é + %7—3) DQu = +§» Qaq = 3 /

. 1,1 2 L o e0

Jq(0) = e (g + 573) D Qu= +§€o7 Qa = —360

Q2
Wave functions normalization Q% = 0:  (rest frame k> = —k?)

eo/k sl = €0A(*é2)|¢P|2 - eo/kl?:‘*wm? —1
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Normalization (1)

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

JO = 3Z/$M(P, k)jq (007N (P, k)
~ K
1 T2
= 51 +m)eo | ||
LI
1
2 1 1
]q(+oo) = (é + %7—3) D Qu= +§7 Qaq = ~3 /
- 1,1 2 | eO
Jqa(0) = eo (g + 57'3) DQu= +§€0, Qa = —560
QZ
Wave functions normalization Q2 = 0:  (rest frame k2 = —k?) u #d, eg — ¢)

o [P =i [Rr = [Rupp =1
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Breaking isospin symmetry

Write wave function in terms of u and d isospin states
11, deppendent of the flavor of the quark 3

Proton: x'/? = < (1) ) =u; Neutron: y~ /2= ( (1) ) =d
Isospin-0 component:

Oy = °x yr = \T(Ud du) < ) b1 — "X Wl

Isospin-1 component:

Opp, = —\}E(Ud‘i‘du) ( Z >1/JL + \/E( _(?;2)(2 >1/1L

-~

-~

/=0 I=F1

— (i) XI%f(d) + (¢r=s1) X' wﬁ(u)

Vv, — qu: different distributions for « and d

Gilberto Ramalho (UTL, Lisbon)
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DIS in a quark model (2)

"ﬁ—;il* (Tsgana) = —u(p', 54)5" (@) Car(P, k)

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

1 i I\ v
= 3Azfjk 503 OL(a) (mq + )7 (@)O (M + )1+ 35 8)

quark p N spin-S proj
- ks 2 _ 2
Integration: Ey = /m?2 + k2, z:cosﬁzm, o =m;
k| = Mk, Es = ME, DIS condition

//k /54];2 +(mg p/2)6+(m§7k2):/%5<%[(1*I)*Es+lk\z]>

M?2z [T°° kdk 1 M2z [T°° kdk wx Mms [T°
= 5 dzd(z — z0) = —; =—=— dx
Q% Jo ArEg J_1 Q 4 Ey Q? 1672 J¢

Kmin
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DIS: wave functions

Y1 (P, k) can be represented usind the covariant variable
b1

(M —m)?— (P} Pk, u
= —_ %
Mmyg Mmg €p

because P2 = M? and k? = m?2.

X:

k
Then, with 7 =

Mms
M

9 wx Mmg /+°° 9 r 11—z
=— d , = -2
JLro=Gtes [ et =i
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DIS: wave functions and quark distribution functions

@ Caser =1: M = my

I2

(1—x)

Wave functions will have only 1 singularity at x =0

&=
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DIS: wave functions and quark distribution functions

@ Caser =1: M = my

I2

(1—=x)
Wave functions will have only 1 singularity at x =0 Good

&=
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DIS: wave functions and quark distribution functions

@ Caser =1: M = my
2
(1—=)
Wave functions will have only 1 singularity at x =0 Good
@ We can calculate f, (S-state, Normalized to 1) PRC 77,015202 (2008)

S(p) - Mmg +°°d S/ 2
15 (@) /E (5 (0]

&=

1672
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DIS: wave functions and quark distribution functions

@ Caser =1: M = my
2
(1—=x)
Wave functions will have only 1 singularity at x =0 Good
@ We can calculate f, (S-state, Normalized to 1) PRC 77,015202 (2008)

Mmg [T
HORET= MY,

&=

@ Inverse relation
dfs _ z(2—x) Mm;
dr (1 —x)? 1672

UAGIR
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DIS: wave functions and quark distribution functions

@ Caser =1: M = my
2
(1—=x)
Wave functions will have only 1 singularity at x =0 Good
@ We can calculate f, (S-state, Normalized to 1) PRC 77,015202 (2008)

Mmg [T
HORET= MY,

&=

@ Inverse relation
ﬁ . z(2—=x) Mm,
dr (1 —x)? 1672
o If f(f ~ z*(1 — x)7, we should have
1
S 2 ~ o —2 +1
W)q (O] ~ £1-0/2(3 4 £)1+e/2 ~ (1—a)

[ dimessionless parameters (wf momentum scale in M -units)

UAGIR
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DIS: wave functions and normalization

Mmg [T
S _ s S 2
F70 =g [ e
DIS normalization WF normalization (Q? = 0)
! S 0 S 2 0 ! S
JRHER [ 15 00F oy = b [ dasf@) =1
N

How to fix €0 ?
S Jo duf? (@)

17N fi)oo da;f(f(:c) + fol da:f(f(a;)

(&
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DIS: wave functions and normalization

Mmg [T
S _ s S 2
F70 =g [ e
DIS normalization WF normalization (Q? = 0)
! S 0 S 2 0 ! S
JRHER [ 15 00F oy = b [ dasf@) =1
N

How to fix €0 ?
S Jo duf? (@)

¢ N fi)oodxf(f(:c)+f01 da:f(f(a;)

@ DIS define qu for0<z <1

(&
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DIS: wave functions and normalization

Mmg [T
S _ s S 2
F70 =g [ e
DIS normalization WF normalization (Q? = 0)
! S 0 S 2 0 ! S
JRHER [ 15 00F oy = b [ dasf@) =1
N

How to fix €0 ?
S Jo duf? (@)

¢ N fi)oodxf(f(:c)+f01 da:f(f(a;)

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

(&
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DIS: gluon effects

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

/ dz f2 () / dzf3(x
3/ dz [qu( )+ fg?(x)} =1 [proton charge]
Proton momentum sum rule: N, gluon contribution, N, ~ 0.5
1 1
2/ dzx f (x) +/ drxfi(x) + N, = 1.
0 0

S-state approximation (np =np =0) and f,, = fq = fy:

1 1
/ dxa:qu(x) = 0.167, 62/ dmff(a:) =1

0
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DIS: Toy model

Quark distribution function given by Dirac function
(symmetry of £ invariance in the
transformation 1 — 2 — ——):

1—z /-
g 1
fe(@)=0(1—2—yo)+0 1T=5 ¥ Uy’
pole z=1—yjg S—
pole z= y%;1<0 °T 1

Result:
! 1
/ damff(x):l—yo, €2<1+2):1
0 Yo

= yo = 0.833, e) = 0.41

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM

November 8, 2012 27 / 60



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 Pozo)k?0S (0P (x) (D interference)
B(w) = / 2ok 95 (0VE () (SP interference)

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

h;(m) = /(1 ) . wf(x)wf;(x) (SP interference)

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

fu(x) = u-distribution in the proton [d-distribution in the neutron]
fa(x) = d-distribution in the proton [u-distribution in the neutron]

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

Proton:
2
= cgfa(@) Zquz
q
Neutron: e, < ¢4 fq:ngvfs—‘rnpfp—‘ranD—2nsnph2
2 8 8 29 2 2
g = gfu nbfi — §npd tg nbg. + o 50 nhoy — gdspdu + §aPDh3
8 4 4 8 8
g = —§fd + 15and + gnPfd - 5”P9d - §aSDdd + §aPDh?l
Y 4 29 4 2
gy = _gn%’gu 20" nhoe + 3ade 3nSnP(h11L_h )+ 9aPD(h — )
2 4 4 2 2
gzd = +§n§agd - gand + §aSDdd + gnsnP(hclz - h?z) + §GPD(h§ - hﬁ)
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Structure functions (2) [Using charge symmetry|

fu(z) = u-distribution in the proton [d-distribution in the neutron] asp = —3,/Znsnp
fa(x) = d-distribution in the proton [u-distribution in the neutron] app = —3,/Znpnp
gi(x): u-contribution of g; in the proton [d-contribution of g; in the neutron]
gd(z): d-contribution of g; in the proton [u-contribution of g; in the neutron]

Proton:
2
=2 cafal@) Zquz
q
Neutron: e, < ¢4 fq:ngvfs—‘rnpfp—‘ranD—2nsnph2
2 8 8 29 2 2
g = gfu nbfi — §npd tg nbg. + o 50 nhoy — gdspdu + §aPDh3
8 4 4 8 8
g = —§fd + 15and + gnPfd - 5”P9d - §aSDdd + §aPDh?l
Y 4 29 4 2
gy = _gn%’gu 20" nhoe + 3ade 3nSnP(h11L_h )+ 9aPD(h — )
2 4 4 2 2
gzd = +§n§agd - gand + §aSDdd + gnsnP(hclz - h?z) + §GPD(h§ - hﬁ)
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Functional form for the wave functions

Wave functions for L =S5, P,D: 0 #0 k2= 1x(x+4)

1 1 pcost+ xsin6
T NS mg X (B X))

1 1 1 [cosh+ xsind
vy () = p

- N[f Mk mg x™ (8 + x)1—"0

WP (x) = 1 1 1 PBcost+ xsind
0 0 = ND ()2 iy 30 (5 + )0

¥ (x)

5,0,n0,n1 deppend of L and ¢

Normalization:

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 30 / 60



Data:
SMS, SLAC, HERMES, Jlab and COMPASS

obtained for several regions of Q2 (not only large Q?)
Fits to the data: ° =1 GeV? ,

@ Unpolarized / dz fiP(z) =1
0
Martin, Roberts, Stirling and Thorne, PLB 531, 216 (2002)-(MRSTO02)

(z) = 0.1302%°(1 — 2)>°(1 4 3.83\/z + 37.652)
exp

z f7P(z) = 0.061322 277 (1 — 2)"%3(1 + 49.05\/7 + 8.65z)

@ Polarized: Leader, Sidorov and Stamenov (LSS10)
PRD 82. 114018 (2010), Q2 = 1 GeV?

exp
T Jy

hi(x)

QZ
zAu(z) = 0.548 2" (1 — 2)33%°(1 — 1.779/x + 10.2 )
zAd(z) = —0.394 29517 (1 — 2)"95(1 4 6.758 z)

Gilberto Ramalho (UTL, Lisbon)
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Data (polarized)

hi(z)[L + 64(2)]
Q2

< high twist corrections

gi(x) = Aq(x) +

P2 ] 0.02} 1
HERMES | | r
COMPASS F L~ \} |
] [ i |
= 0 s _} — N 5>
j=] 4
1 & [ |
= .0.02F e
\\ ] ® SLAC E143
N teAcEE ]
N -0.04r ® Jab E01-012] |
o b T i, L P T (S SO E BN S IT
1 0 0.4 X 0.6 0.8 1
P = / dx f{3P (x) = 0.128 £ 0.013 IY = 2(4I% —I'}) = 0.333 £0.039
= / dz f&P () = —0.042 +0.013 I = 8(4ry — %) = —0.355 £ 0.080
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Data (polarized)

hi(z)[L + 64(2)]
Q2

< high twist corrections

gi(x) = Aq(x) +

————
P2 ] 002" 1
HERMES 1 r 1
COMPASS| 1 //"‘\\
] . o] ./_}j__f___:_s__
X
1 %{ig}/ ]
< -
-0.021- =
\\ ] + SLAC E154
% % A Jab E99-117|
-0.041- e Jab E01-012] |
N 1 ]
\\\\\\\\\\\\\\\\\\\a_ P Y O S S S SO BN SINT
1 0 0.2 0.4 N 0.6 0.8 1
F{_/ dmfe""(z =0.128 £0.013 Y= %(41“” I'?) =0.333+0.039
7/ da fiP(z) = —0.042 + 0.013 Fd:2(41“?—1“‘17):—0.35510.080
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Fits to the data: Structure functions (review)

Proton:
2
=Y _cafa®) Zquz
q
Neutron: e, < ¢4 fo=n%fl +nbfE +nd fP — 2nsnphd
., 2 8 8 29 2 2
91 = gfu - n%)qu npdy, + = 9 ?395 + = 60 %95 - §aSDdu + §aPDh3
1 8 8
g = —gfd-i- 15”D9d + npfi — —npgy — gafSDdr1+§aPDh(2i
., 4 29 1 4 2
gy = _§n2Pgu 4On2Dgu + §GSDdu - gnsnP(hi —hY) + 9aPD(h —h3)
2 4 4 2 2 .
95 = +§”§395 - 5”ngD + gaSDdd + gnSnP(h(li — hY) + §aPD(hf1 — h3)
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Fits to the data

Spectator QM: very rich structure in the DIS regime
How can we study the effect of the individual L states ?

Fiting process (MRSTO02 & LSS10 parametrizations):
@ Step 1: S-state component - fited to unpolarized PDFs
(Adjust ﬁsq,esq,nosq and nlsq)
@ Step 2: Estimate the strength of the P and D states (np,np)
Uses the moments I'¥, T'¢
@ 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 ¢(2) = f,

Bsq Osq nosq n1sq cy €q

U 0.9 0.4 0.51 3 2.197 0.3545

d 1.25 %71’ 0.49 3.2 2.279 0.3940
e
0.4 [
0.8
0.3 |
d(.‘f] 0.6;
xf(x) o |
f 0.2 1(x) D.dé
0.1 0.1;
ol

0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.a 1.0
X X

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 36 / 60



Effect of the P state: f, ~ f — 2ngnph),
-+ Fit;, — 00, ——02;,-—- 04;--- 0.6

Gilberto Ramalho (UTL, Lisbon)

np <0
NN
BN N\ 03 ?-}\ 03
R g N 2
Y 02 RN T o2
“'\- 01 .>' 01
0w 02 1;4 0.6 08 10 Y c;t 06 08 10 0w 02 04 06 08 10
= 2 T
- \ % 0.0 .- \,‘; 0.0
’,- .".-..‘..\\" ﬂk—n,l .:_-;-;/-T ga—0.1
.__.~\. -
|#p] 0 0.% 0.3 0.4 e¥pt
1 (np >0) 0.667 0.627 0.563 0.448 0.333
r¢ (np > 0) —0.333 —0.313 —-0.280 —-0.223 —0.355
I'f(np<0) —0333 —0321 0307 0289 -0.355

Nucleon spin structure functions in a CQM
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Fits to the data: step 2: adjust np

Effect of the D state: ws (Mk)? 1/)
'LSS].O:—0.0;——02——— 04"' 0.6 np <0
02 //::. 22\ :5 00 ;.,/‘/ === E, 00 "/’f h
7o -0.1 =~ =01 = /f
01 !:,- .t :_: .:"‘
Inp| 0 0.2 0.4 0.6 expt
Ty (np > 0) 0667 0643 0544 0367 0333
I (np>0) -0333 —0293 0252 —0218 -—0.355
F‘f (np<0) —-0333 —-0.369 —0.395 —0.404 —0.355

Gilberto Ramalho (UTL, Lisbon)
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Fits to the data: step 2

Same funcional form for all states:
S~ (1 P o (Af)\2,,D
1/)(, ~ (A[K) q (AII{) Q/}(]

Fit np and np to the moments I'{

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

Gilberto Ramalho (UTL, Lisbon)
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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" (6 + X)nl_n(]

Refit wave functions
o Brq, NoLg; N1, Same for all L

e 01, adustated in same cases
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np = —0.43, np = —0.18

' % 04
06 3 3
' . 3
04 ! L s
|‘ 1 \.‘i
B . -
& b 'E 0z | f. "
: o '
- —
\ ’ 0Ly, - 5 -
-02 \ ’ ~ =
\ ’ / b
rs b ]
04 N =
X1} 02 04 06 [} 1L 0o 02 04 Lo 08 10
x
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Nucleon spin structure functions in a CQM

Total
- === SZp2p2
— ISP
......... MRST(02)
Total
PR —— qu

—— — adll others

seennnnns |S5(10)
10
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xu(x)

xAu(x)

Fits to the data: step 3 (model 2) [P: 0.6%, D: 35%|

np = 0.08, np = 0.59

04

02

0o

f———————T

np = —0.08, np = —0.59

04
o
A
= 02
1

LX)

T ———

0.0 02 04 0.6 0.5
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Total
524P24 )2
SP
MRST(02)

Total

xf,

all others
LSS5(10)
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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

0.8

il 0.2 04 0.6
X

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

Data: ¢5: SLAC-E143, SLAC-E155

November 8, 2012
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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 8, 2012
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Conclusions

Spectator Quark Model formalism appied to the
Deep Inelastic Scattering

©

@ No gluon or sea quark effects considered
o Formalism 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 g5 data

©

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

©

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

o D-state mixture
@ What is the physical source of that effect (larger than other models) ?
o 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
@ 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 nedded)
o ... gluon effects expeced for larger Q2 (Altareli-Parisi equation)
@ 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 Q?
(even if there are only quarks at the Q3 regime)
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Discussion

o D-state mixture
@ What is the physical source of that effect (larger than other models) ?
o 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
@ 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 nedded)
o ... gluon effects expeced for larger Q2 (Altareli-Parisi equation)
@ 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 Q?
(even if there are only quarks at the Q3 regime)

Thank you <
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Nucleon wave function: D-states (1)

D-state algebra (rest frame): k =ki + ko, r = (k1 — ko)
EPJA 36, 329 (2008); PRD 78, 114017 (2008)

1 1
Up(N) = —=0m |3\ D™ (k) = k'K + =K%6;,
() = Zoml4Y) (1) = KK + 1,
D-state function

3

V2

$Pe = ji[@ (k1) — OB, (ka)] 6 (K2 1)

O (ki) = —=(4)e D" (ki) Um(N)

_ g(g)G”m(k r)Un () ép (K%, r?)

Uiy = = [20%0(ks) — OFx (k1) — OF, (ko)] ép (K2, 1)

%p

12

[cos¢ @%\(k) + sin ¢ @E/\(r)] ¢D(k2, r2), cos ¢ = %
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Nucleon wave function: D-states (2)

2
G (k,r) = kK'r™ + r'k™ + 3 (k- x)dem
r’: diquark with internal P-state; define spin-1 vector (!

2
/ /
r (25 — ——cplk
D \/3 P‘ ’CV¢D

R, (r): diquark with internal D-state; define spin-1 vector 75,

OR®) = (1D ™ ()0 — 2 e () K0

cp,cp determined by the exact integration in r in the rest frame

Wi = NG (R GU(N) (P
W %(emwm(k)vmm U(P.K)

+ ()" Un() Y0P W
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Normalization
=0); P = (M,0,0,0)

Wave function normalized by the nucleon charge (Q?
1
*(1 + 7’3)

0_ = . 0 _
J —3;/]€\I/A>\(P,k)jq(0)7 U (P k) = 5

) 2 1 .
Jo+o0) = (F+4m): Qu=+43,  Qu=-3 1/
......... &

. 2 1
§g(0) = e (g +373): Qu= +§607 Qa4 = —3¢0
Q2
(rest frame k2 = —k?)

Wave functions normalization Q2 = 0:

%AW%Z%AF%WWZ%A#Wﬁ=1

Then, using [ [in[? = n [ hés|? +n% [i(-k)p[? +nd fi K ol?

(1473), if nk+nph+n3 =1

N |

1 S
J = 5 +7'3)€o/ | =
k

November 8, 2012
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Normalization
0); P = (M,0,0,0)

Wave function normalized by the nucleon charge (Q

T . 1
J=3%, / Tar(P, k)j(07° U an(Prk) = = (1 + 75)
A Tk 2
; 2 1 1
Jq(+oo) = (é + %7’3) D Qu = +§7 Qu= -3
'7(1(0) = € (% + %7-3) D Qu= +§60’ Qa4 = 7560

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

g =l [ RDITE =) [ Rep -
Then, using [, [oNT® = f Wsl? + 1 fy (~E2lpl? +nd f, Bl

J

N |

1 R
0= *(14‘7'3)60/ lYn|? =
2 k

Nucleon spin structure functions in a CQM

Gilberto Ramalho (UTL, Lisbon)
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Spectator QM: Baryon wave functions (3)

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3):

p1
Up= > (flavor)®(spin) ~ P
@ (orbital)®@ ¥ (P, k) o @
~—— P
radial k
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Spectator QM: Baryon wave functions (3)

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3):

p1
Up= > (flavor)®(spin) ~ P
@ (orbital)®@ ¥ (P, k) o @
~—— P
radial k

o Up in rest frame using quark states
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Spectator QM: Baryon wave functions (3)

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3):

p1
Up= > (flavor)®(spin) ~ P
@ (orbital)®@ ¥ (P, k) o @
~—— P
radial k

o Up in rest frame using quark states

o Covariant generalization of Wy in terms baryon properties
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Spectator QM: Baryon wave functions (3)

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3):

p1
Up= > (flavor)®(spin) ~ P
@ (orbital)®@ ¥ (P, k) o @
~—— P
radial k

o Up in rest frame using quark states
o Covariant generalization of Wy in terms baryon properties

o Up can be used on any frame and/or Q? regime

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 51 / 60



Change of variable k = Mk, E, =r\/1+ E, using r = 3

M2z [T kdr
J[ vuPanpa) = G [ S (PP E)
p’ Kmin Ey
where Kmin = %

Wave functions:
1, (P, k) can be represented usind the covariant variable

(M —my)? — (P—k)? __ Pk

= = -2
X Mmyg Mmyg
+oo +oo
KdK 5 Kox T Mmg / 9
d
///kdj /’;min 47TE,€1/J (X) Q2 1671-2 X¢ (X)7
where
T 1—2z
=+
1—=x r

DIS: integration

DIS condition is CST: p'? —m?2 = 0: = %5(5]5 —M(1 —2x)— k|z)
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Nucleon wave function: S-state

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

Us(Pk)= (0705 + ;@5] ¥s(P, k)
@?’S : anti-symmetric in the exchange of quark states (12) - M4
@}’S : symmetric in the exchange of quark states (12) - Mg
Example |p 1): Isospin states
[My]: @Y= 1 [ud — du] u [Mg]: @} = 1 [2uud — (ud + du)u]
V2 V6
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Nucleon wave function: S-state; spin

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

Spin-0: o_ 1 _ s
Spinl: B5= ZERTIL-(L+IDT] = ——= (@ h)xs
Relativistic generalization:

(I)% — u(P, 1) (I)Als’ — —(ep)aU(P, 1)

@ 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

N 1 N pe
U (P, /\71,) - \/375 (’\/ — ]V[) U(Pa /\'n,)

Gilberto Ramalho (UTL, Lisbon) Nucleon spin structure functions in a CQM November 8, 2012 54 / 60



Fits to the data: step 3 (model 1) quark u

np = 0.43, np = 0.18

’ b
L Rl [] 'y
’
06 . . ’ .
’ . 0.6 ’ .
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\51 A Tty t 02 "
= .'|= = »
= 00 = 00
\ 'l . ”
Pl \ /
-02 \ P ~02 \ /
\\ / \ /
-04 — o4 \ y
0.0 02 0.4 0.6 0.8 1.0 00 0.2 04 0.6 08 1.0
- e
02 T 0.2 . .
. L i ey
‘ . - oy '
-~ 01 ] L] L =01 '
\;i 'I ) '.-. \5 ’ .

Ul
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Fits to the data: step 3 (model 1) quark d

np = —0.43, np = —0.18
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Fits to the data: step 3 (model 2) quark u

np = 0.08, np = 0.59
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.
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— .
RaJIN'Y e
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=
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0 02 04 0.6 08 10 0.0 02 04 06 08 10
X X
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Fits to the data: step 3 (model 2) quark d

np = —0.08, np = —0.59

04 04
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—_ % . —_ =
.
02 0.2
= = e
0.0 0.0
e e —————
0.0 02 04 0.6 08 10 0.0 02 04 0.6 08 10
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DIS: wave functions and normalization

Mmyg [T°°
S _ s S 2
=g [ a0
DIS normalization WF normalization (Q? = 0)

1 1 ~
JRHER [ 15 0F oy = b [ dasf@) =1
How to fix 62 ? =1

1
1 1 | dato)
N:/ d:vff(x), egzﬁz o 0 T <1
e / d:cff(:v) +/ dachs(:c)
—00 0
=0 =1
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DIS: wave functions and normalization
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1 1 ~
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@ DIS define qu for0 <z <1
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DIS: wave functions and normalization

Mmyg [T°°
S _ s S 2
=g [ a0
DIS normalization WF normalization (Q? = 0)

1 1 ~
JRHER [ 15 0F oy = b [ dasf@) =1
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1 1 | dato)
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@ DIS define qu for0 <z <1
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Breaking isospin symmetry

Write wave function in terms of u and d isospin states
11, deppendent of the flavor of the quark 3

Proton: x'/? = < (1) =u; Neutron: y~ /2 = ( (1) ) =d
Isospin-0 componeént:

DYy, = "\ = T(Ud du) ( d > v — "X Ul

Isospin-1 component:

1
iy = ¢'x g =- 7 > (o-&)x v

¢=0,¥1
_ —\1f6(ud+du) ( p ) Y1 + \/E( _(?52)(2 ) VL
=0 t=¥1 ’

= (bizo) X"y + (Dig1) X ¥l

¢ — ¢k different distributions for u and d
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