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Energy-momentum tensor

A lot of interesting physics is contained in the EM tensor !
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Energy-momentum tensor
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Spin density gradient Four-momentum circulation

Rest frame M = f d3 rT

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



Energy-momentum tensor

Quark energy-momentum tensor

al i . piHv

e _
Py ED I = —e P, (Prygysi))
based on QCD EOM

General parametrization [Bakker, Leader, Trueman (2004)]

2 4M

~ { v} . v V__ 1Y
[T |p) = T(p') | B35 Al + B B(t) + AMATA o)

A, +Ag =1

By + Ba =10

C'q—l—(_j(;=0
Sum rules

+ Mg C(t) + i‘;’ﬂ D(t)| u(p)

Non-conservation Asymmetry
Highe'r twist
J. = £ [A(0) + B(0)] [3i (1997)]
L. = 3[A(0) + B(0) +D(0)] [Shore, White (2000)]
—285,

t dependence <==m=) spatial distribution Cf. Luca Mantovani’s talk



Proton spin structure

A quark
nucleon A l,=A—X—pu
- =— = = [I  spectator
Quark spin Yy tysy
(SD) ~ 5mys 2 BAWRP ~ (55'82)
A A,
Quark OAM Pyt (FL xiD 1),
(L)) ~ ( 3 > KBy~ (SVLY) -ov
A
Quark spin-orbit correlation oyt (FL x iD ),
(O ~ 5 2 BB WAL ~ (S2L2)
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[C.L., Pasquini (2011)]
[C.L. (2014)]



Parity-odd energy-momentum tensor

Right-handed Left-handed

Chiral decomposition . .

rt+v ot ax . — .
= PyH DW ™ =Tp"+17" T =P D", a=R.L
— ¢7u75%DVUJ Tgl—u _ Tgy B TE_V YRL = ﬂﬂ;ﬁ/s W
General parametrization [C.L. (2014)]

(w12 p) = a(p') [ 22500 A(r) + 22470 B(t)

+ B2 O(t) + LA D(t) + Mo s (1)) w(p)

Higher twist

Longitudinal spin-orbit correlations

C,=
C, =

[A(O) + C(O)] Asymmetric
121(0) Belinfante

b= D=



Chiral-odd energy-momentum tensor

Transversity basis

Transversity decomposition * ‘

A
Al 2T A oY v _ v AR . _ .
TH” =y 5 DY 777 = TT — Ti v — %7+%Buwa —]
~ — - H ~ - ~ ~ J 5
T =icMysiDvy TV =T — 1) Py = Y
General parametrization [Bhoonah, C.L. (2017)]

~ A\ _ v plA A v plA LK
([T p) = () [ELhs Aq(t) + 220200 Br(t)

+ A”Ai;}#]% Cr(t) + PYic s Dp(t)
+ 42850 Ao (8) + M g"Py#ns Br(t) + £57 Dr(t) | u(p)
Higher twist
Transverse spin-orbit correlations
Cj = —55p7 [Br(0) +2B7(0) +4D7(0)]  Asymmetric
Cj = —575p7 [Br(0) +2B7(0) — 2D7(0)] Belinfante



Burkardt’s correlation

Instant-form correlation with Belinfante tensor

(6°J%) = Cjlip

Transversity asymmetry of total AM

T 7T [Burkardt (2005)]
Restframe  (§*.J") = 5 Dr(0) [B::k::dt 22006;]
Movingframe  (§*.J") = 1 [ZM Br(0) + Dr(0)] [Bhoonah, C.L. (2017)]

Transverse total AM

) 3i (1997
Rest frame (J*) = £ [A(0) + B(0)] EBIu(rkardZ](ZOOS)]

Moving frame (J*) = L {E=4 B(0) 4+ [A(0) + B(0)]}  [Leader (2012)]



Link with GPDs

GPD correlators

1 [dz™

Pl =2 [ 5 emf’“‘<p'|a(—%m}vw(%>|p>
Wison ine
Mellin moment of GPDs
ﬁ (p'| T |p) = fda:th’M] Vector
m ' |TE p) = / dz z FD" 7] Axial-vector

W <p’|T5Au+ |p> - /dm xr F[WI\M%] Tensor



Leading twist (u=+)

/da::cH(:c,.f,t) = A(t) +4€°C(t)
Vector 1 [Ji (1997)]

/dme(m,&,t} — B(t) — 4€°C(t)

/d:cxf{(a:,ﬁ,t) = A(t)
. [Hagler (2004)]
Axial-vector 8 5 [Diehl, Higler (2005)]
fdma:E(x,&,t) = B(t)
/dl‘l‘ HT(CC, £, t) = —ﬁ AT(t) — BT(t) -+ DT(t)
[ dewBrla.g.t) = Ar(e) + Br(
[Hagler (2004)]
Tensor

~ 1 [Diehl, Hagler (2005)]
/dx:nHT(:c,&,t) = —5 Ap(t)

/ dzz Ep(x,&,t) = —£C7(t)



Sub-leading twist

Parametrization [Meissner, Metz, Schlegel (2009)]
/dfcngT(:c,§, t)=0

/ dz z Eor(2,¢,t) =0 [Penttinen et al. (2000)]

Vector ent
/ dz @ Hyp(2, &, t) = —2£C(1) [Kiptily, Polyakov (2004)]

/dxszT(x,S, t) = —1[A(t) + B(t) — D(t)]

[Penttinen et al. (2000)]

Axial-vector ent
/ drz Hyp(z,€,t) = 1 [Bt) — C(t))] [Kiptily, Polyakov (2004)]

/d.fC.IEéT(:C,g,t) =0

[ sz y(w.6.0) = ~€ ot Cr(0) + D(0) + Dr(e)

/ dea By(w,€,1) = € [Cr(t) + D() + Dr(t)

Tensor [Bhoonah, C.L. (2017)]

[ dos By,6.0) =~ = ghm) Br(t) + Ble) - Dr(0)

/dmﬁé(w,ﬁ,t) = €[(1— i) Ar(t) + A(t) + Dr(t)]



Relations between form factors

Vector Efy[#iBV]q’p — _ghvaBy, (E”Yﬁ”/iﬂb) [C.L., Mantovani, Pasquini
(in preparation)]

D) = —Gat)

Axial-vector E»Y[M%igylw = 2m PicH ys1h — PP, (Pypib) [C.L. (2014)]

(1) = 227 Ha(t) = (1)
(t) = 22 Ha(t) — Fat)
(t) = 2 H(t) = 1 [Fa(t) + gl Fo(0)

e O Qe

Tensor BigMygi DY — —2eimag, (V) [Bhoonah, C.L. (2017)]

Eiﬁ)‘“%’iguw = 2m Yy st + 107 (Pys))

Dr(t) +3Dr(t) = 2(t)
~[(1 = g7z) Br(t) + 3Br(t) + g5z Cr(t) — Dr(t)] = 37 Ga(t)
—[(1 = g3) Ar(t) +3A7(t) = Cr(t) + Dr(t)] = 52 Gp(t) — 10(1)




Interpretation of leading-twist relations

Longitudinal OAM

L,= %/dx:c[H(a:,0,0) + E(2,0,0)] — 1 G4(0)
N> (L.SY) = (1.8)) — (5.8 [3i (1997)]

[Shore, White (2000)]

Longitudinal spin-orbit correlation

C, = %/dxwﬁ(w,0,0) — 2 [F1(0) — 32 H,(0)]
N> (L,S.) = (J,5.) — (5.85;) [C.L. (2014)]

Transverse spin-orbit correlation

+ n m
VEPE o %/dxm[HT(:c,O,O) L Bp(a,0,0)] - 2[(0) — 42 Ga(0)]

N> <LJTJ> = (J;.T_;,) — (SJT3> [Bhoonah, C.L. (2017)]



LY L? cy cr CY
LEFCQM | 0.071 0.055 —0.84 —0.54 X X
1?2~ 0.26 GeV?
LEYQSM | —0.008 0.077 —0.80 —0.55 X X
p? =4 GeV? Lattice | —0.175 0.205 —0.90 —-0.53 -36 —2.2
LFCQM, LFyQSM [C.L., Pasquini, Vanderhaeghen (2011)]

[C.L. (2014)]

Lattice QCD [Gockeler et al. (2005)]
[Gockeler et al. (2007)]
[Bratt et a/. (2010)]
[Abdel-Rehim et al. (2015)]

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



Conclusions

Take home message

 In presence of spin density, EMT is asymmetric

« EMT can be decomposed according to parton polarization
 Spin-orbit correlations complementary to nucleon spin sum rule
- Information encoded in GPDs and standard form factors

» Quark models and Lattice suggest negative spin-orbit correlations




