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Energy-momentum tensor

A lot of interesting physics is contained in the EM tensor

[Polyakov, Shuvaev (2002)]
[Polyakov (2003)]

Ener_gy Mome|_1tum [Goeke et al. (2007)]
density density [Cebulla et al. (2007)]
i * 701 702 703 ]
TlO
Tm/ — — Shear stress
T20
TSO -~ Normal stress (pressure)
T
Energy Momentum 3
flux flux

E.g. M = /d?"r TOO(’F')

L' = fd?"r' eijkroOk(F)



Energy-momentum tensor

Momentum-space expression

j'(r)= F.T. (p+ 3"p - 3) "=ty
T (r)= F.T. (p+ 5|T"|p - $) TH = PytiD" )

General parametrization

A . {pm v} { iO‘V}A AFAY — ,LLUAZ
W7 |p) = u(p) |25 A(t) + ZLg= B(t) + 5858 o)

HMg" C(t) - P“;’UJ D(t)]} u(p)

Non- Asymmetry
conservation

Angular momentum

J. = £ [A(0) + B(0)] [3i (1997)]
L. = 5[A(0) + B(0) + D(0)] [Shore, White (2000)]



Link with GPDs

« Trick »
Local Non-local
(Frinto|= [ 2w o [T 5 W= 5, 0D W, 5105 )
/ /de+ WP T (=2 )y W[—%,O]iB+W[O, =v(5)
pr [an [ e g e wie o)
d + - - ~
2P [ dm[2 / St w(—%)wﬂW[—%,%M%)]
GPD operator
Twist-2 A(t)+ B(t) = /d:c:c[H(x 1)+ E(z,&,t)] [3i (1997)]
u=+
Twist-3 A(t) + B( )—I- D _2/d$$G2 x, &, t) [Penttinen et a/. (2000)]
=1 [Kiptily, Polyakov (2004)]

[Hatta, Yoshida (2012)]
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« Quark spin »
(82)) ~ 2( B D AR ~ (57ST)

A p

« Quark OAM »

(LD)) ~ Z Al [P, 17 ~ (STLY)
2( A AL
Quark spin-orbit correlation
(c? ~ (SZLY)
A AL

Not involved in proton spin sum rule!

Proton spin structure

b,=A—X—pu

vyt sy

L 4

Py H(FL x D).

L 4

Py s (FL x iD ).

[C.L., Pasquini (2011)]
[C.L. (2014)]



Proton spin structure

Quark number Pyt

(N)) ~ proy + pry + ppg + Ly

Y\
Spin OAM
« Quark spin » Uy sy
(SE)) ~ pra + pro — pun — PLu ‘O‘ LL
« Quark OAM » Py x D L)
((LD)) ~ pry — pry + P — PLy ‘0’ LU
Quark spin-orbit correlation Pyt (FL % iD )

((CT)) ~ pry — pry— p1y + oLy uL

[C.L., Pasquini (2011)]
[C.L. (2014)]



P-odd energy-momentum tensor

Right-handed: Left-handed:

Chiral decomposition

PyriDYep = TH = Tﬁu + Tf Y T = Ppy"iD" YR
UytsiD e = T8 = TR = 17" T} = $ur"iD v

General parametrization

A v _ {p~ v} ~ {r AV} ~
T8 |p) = u(p') [ 225702 A(t) + PER7 B(1)

+ B G() + ZERE D(#) + Mo 15 F(8)| u(p)

C. = 3[A(0) + C(0)]

2

Twist-2 = %fdsc [zH (x,£,0) — H(z, £ 0)] + O(54)
p=-t

Twist3 - / dz 3 (G, €,0) + 2Ca (. £, 0)]
ll,:

[C.L. (2014)]



Valence number F'(0) =2 F0) =1

[dexAu  [dxxAd C¥ Cd

NQM 4/9 1/9  -7/9  -5/9
LFCQM 0.34 0.09  -0.83 -0.54
LFYQSM  0.39 0.10  -0.80 -0.55
LSS2010 0.19 0.06  -0.90 -0.53

Spin and kinetic OAM of valence quarks are anti-correlated !

[C.L. (2014)]



Phase-space transverse modes

Parametrization of a correlator is not unique ==s=) Natural modes ?

> b,

[C.L., Pasquini (in preparation)]



Phase-space transverse modes

Parametrization of a correlator is not unique ==s=) Natural modes ?

b'y
A 2up L/(GeV?- fin®)]
0.4 45
L 26
0.2 p

S 0o - H g
Ao S -0.9
< o
=-0.2 -27
-3.6
-0.4 b L B

-0.4 -0.2 0.0 0.2 .0.4
k. [GeV]
> b

[C.L., Pasquini (in preparation)]



Phase-space transverse modes

Parametrization of a correlator is not unique ==s=) Natural modes ?

b’y
A Pt LL/(GeV? - fim?)] Properties under
0.4 parity and time-reversal
L 26
0.2 e
: 0.9
Y B
o I
-0.2 -27
—0.4 bJ_ :i: ap — —Cpa Xp =cCp X
Z04 —02 0.0 02 \04 e — g —_
K [GeV] \ at =cra XT =cCT X
> b,
b L k L gz = % S X
cp | +  + + - =
cT |+ — — — +

[C.L., Pasquini (in preparation)]
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Unpolarized quark in unpolarized target
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Phase-space transverse modes

[C.L., Pasquini (in preparation)]

-°v Unpolarized quark in longitudinally polarized target




Phase-space transverse modes

[C.L., Pasquini (in preparation)]
‘ Unpolarized quark in transversely polarized target (1) Fi3 = Fi3— Iy
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Phase-space transverse modes

[C.L., Pasquini (in preparation)]

Unpolarized quark in transversely polarized target (2) Fig=F3—LiF,

-




Phase-space transverse modes

[C.L., Pasquini (in preparation)]
‘ Unpolarized quark in transversely polarized target (1+2)
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Conclusions

« Complete characterization of spin
structure requires spin-orbit correlation

* Like quark OAM, quark spin-orbit
correlation is given by moments of
measurable parton distributions

 Natural phase-space transverse modes
help to understand the physics contained
in parton distributions




Backup slides



Energy-momentum tensor

In presence of spin density 7"V £ TV

Belinfante Tgy =TH + %3)\ [SMW + S 4 SVM]
« improvement » _
- B

OD0OO0O o A
O000 = j
OOOO - .

Spin density gradient Four-momentum circulation

<
>

In rest frame M = /d3?“ T,%O(’F)

J = / d*r ¢RI TR (7) No « spin » contribution !



Light-front overlap representation

. B (") ax . B

A LyR] — TJ_ €Ty R + A_QJ_

=3 bt A N
|I I\ : : I‘ I|

N . ~ =\ —t {lll*;
_®— x| | | o L b AL

P P+, __21_ \/ : > P > : .\/' P y o

I 1 e /
Wi (z, 6.k, &) = 3 / [d]3[d2k ]5 3(k) Wi g (') ag(r) MITIFP
VI-& 55
: ) )
| |
Momentum Polarization
Light-front quark models Wigner rotation
3
. ~ ~ 1 K. Kj . . .
fr ’ = 117 (I..JJ_O'Q 3 D T kz ) = — . _= T
Uag(r) = N (r) Zg; A £[1 Ao (Ki) D(k) T4 (KR I{z) : Kpp =K, ik,
Model U (r) K, K, Ko
LFCQM U(r) m + yMy Rl yMo — w

LEXQSM [, IKi|  fy(y,51) Fifi(y.r1) yMN — Erey

[C.L., Pasquini, Vanderhaeghen (2011)]



