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« My understanding of the pretzelosity
« Why we measure it?
 How we measure it?
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@ Pretzelosity: one of the eight leading twist transverse
dependent parton distributions (TMDs).

@ [ he quark-quark correlator up to the leading twist

el pi S
®(x,p.) = {flfsju flT =) qu

My
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st P i) T i [PQLM£L+]}.(7)

P.J. Mulders and R.D. Tangerman, Nucl. Phys. B 461, 197
(1996), Erratum-ibid. B 484, 538 (1997). K. Goeke, A.
Metz, and M. Schlegel, Phys. Lett. B 618, 90 (2005).



What is “Pretrelosity” ?

i Lpl 2) = /dg_d%l e/ (XPTE—p €1)
1673

X (PSY|1)(0)iotT5ep(0, €7, €1 )|PSY), (12)

|[PSY): the hadronic state with a polarization in the y direction.

@ Some properties of pretzelosity:

1 It is chiral-odd, and needs a chiral-odd partner in the SIDIS.

2 There is no gluon analog of pretzelosity.

3 In a large class of models, it is the difference of helicity and
transversity, and hence a measure for relativistic effects.

H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355.



“Pretrel” or “Brezel”




“Mahua(}k4£)”: the Chinese Preztel




How to get a clear picture of nucleon?

« PDFs are physically defined in the IMF
(infinite-momentum frame) or with space-
time on the light-cone.

» Whether the physical picture of a nucleon
IS the same In different frames?

A physical quantity defined by matrix element is frame-
independent, but its physical picture is frame-dependent.



The Wigner Rotation

for a rest particle (m,0) = p*  (0,s) =w*

for a moving particle L(p)p=(m,0) (0,s)=L(p)w/m
L(p) = ratationless Lorentz boost

Wigner Rotation

5,p, >, p,
s'=R,(A,p)s  p'=Ap
R, (A,p)=L(p)AL*(p) a pure rotation

E.Wigner,
Ann.Math.40(1939)149



Melosh Rotation for Spin-1/2 Particle

The connection between spin states in the rest frame
and infinite momentum frame

Or Dbetween spin states in the conventional equal time
dynamics and the light-front dynamics

XN(T) = wl(g~ + m)x"(F) — ¢"xHF));

XNT) = wllg +m)xHF) +¢" X (F)-



What i1s Aq measured in DIS

- Aqisdefinedby Aqgs,=(p,s|qy,7a|p,s)

AG=(p,s|ayr:a| p,s)
« Using light-cone Dirac spinors

Aq = dx[q"(x)-g"(x)]

 Using conventional Dirac spinors

Aq=[d*pM,| q"(p)—a*(p) |

—2
M :(p0+p3+m)2_pj_
T 2(py + Ps)(Py+M)

Thus Aq is the light-cone quark spin
or quark spin in the infinite momentum frame,
not that in the rest frame of the proton




The proton spin crisis
& the Melosh-Wigner rotation

It is shown that the proton “spin crisis” or “spin puzzle” can
be understood by the relativistic effect of quark transversal

motions due to the Melosh-Wigner rotation.

« The quark helicity Ag measured in polarized deep inelastic
scattering is actually the quark spin in the infinite momentum
frame or in the light-cone formalism, and it is different from the

guark spin in the nucleon rest frame or in the quark model.
B.-Q. Ma, J.Phys. G 17 (1991) L53

B.-Q. Ma, Q.-R. Zhang, Z.Phys.C 58 (1993) 479-482



B.-Q. Ma, J.Phys.G 17 (1991) L53-L58
B.-Q. Ma, Q.-R. Zhang, Z.Phys.C 58 (1993) 479-482

An intuitive picture to understand the spin puzzle

Lorentz Boost

s = Ru(A, p)§
Rest Frame Infinite Momentum Frame

>§=S5, 5 S,




B.-Q. Ma, Phys.Lett. B 375 (1996) 320-326.
B.-Q. Ma, I.Schmidt, J.Soffer, Phys.Lett. B 441 (1998) 461-467.

A relativistic quark—-diquark model




A relativistic quark—-diquark model

# The unpolarized distribution of quark ¢ in hadron /. can be
written as

glx) = f':{.!‘.t.;(.i") + r':} ay (),

where ap(x)is
Hf;(.f') > / [{lj kJ_Hf,'J[:.E'. kJ_HE LD — S or IP)

# BHL prescription of the light-cone momentum space
wave function for quark-diquark

1 Hi‘ﬁ + k3 mi, + k?
r T 1 —x '

o(x, k)= Apexp {—

Y .}
t:u};,



B.-Q. Ma, Phys.Lett. B 375 (1996) 320-326.
B.-Q. Ma, I.Schmidt, J.Soffer, Phys.Lett. B 441 (1998) 461-467.

A relativistic quark—-diquark model
# |ongitudinally polarized quark distribution
Ag(w) = &as(x) + ¢y av ()
where
ap(z) = /'[{12 k (Wp(e.k)|o(e. k)| (D= SorV)

#» Melosh-Winger rotation factor

Longitudinally polarized

i ]

(kT + My )= — ki
(et + Mg )<+ ki

Wplae. k) =

‘ 2 2 3 2
where Lt = 2 M, M* = mqtlu 4 omhtkl

| —7



Different predictions in two models
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The Melosh-Wigner Rotation in
Transversity

20g=<p. Mg,y v q_,lp.1>
5q(x) = f[dk | M, (x.k ) Agge(x.K )

. (k" + h‘r;r)E
M(x.k,)= —
(KT+m) + k7]

|.Schmidt&J.Soffer, Phys.Lett.B 407 (1997) 331

B.-Q. Ma, I. Schmidt, J. Soffer, Phys.Lett. B 441 (1998) 461-467.



The Melosh-Wigner Rotation In
Quark Orbital Angular Moment
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Ma&Schmidt, Phys.Rev.D 58 (1998) 096008



The Melosh-Wigner Rotation in “Pretzelosity”

gl (z, k1) — h¥(x, k) = hy %z, kL) .

(kT 4+m)* — k3 (kT +m)* k2

(kt+m)24+ k5 (Bt +m)2+ k% (Kt +m)2+ k%

Pretzelosity = Aq — 0q = —L4

kﬂ
Pl'{".‘f}ﬂ{"tl{}f‘éit}-’ = — /[ 12kJ_] I+ 111} n kg fi(lQM (}{_. kJ_)
1

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008



New Sum Rule of Physical Observables

gl (z, k1) — h¥(x, k) = hy %z, kL) .

(kT 4+m)* — k3 (kT +m)* k2

kt+m?2+k2  (t+mP2+k2  (kt+m?2+k2

Pretzelosity = Aq — 0q = —L4

kﬂ
Pl'{".‘f}ﬂ{"tl{}f‘éit}-’ = — /[ 12kJ_] I+ 111} n kg fi(lQM (}{_. kJ_)
1

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008



A Simple Relation

e [ he difference of helicity and transversity is the first moment
of pretzelosity.

2
1L(1)qv PL | Lqv v v
hﬂ(r )9 (x.pL) = ﬁhﬂq (x,p1) =g (x.pL) = h"(x.p1):
N

@ [ his relation has already been obtained in
H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355. B. Pasquini, S. Cazzaniga and S. Boffi, Phys.
Rev. D 78, 034025 (2008).

e But this relation is not fully satisfied in
A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D 78,
074010 (2008).



The Melosh-Wigner Rotation in five 3dPDFs

27 R 2 Melosh#:#h |+ (Wp(D =V, S))

81L (xAMp + my)* — p1]/[(xAp + mg)* + p7]
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Preztelosity in SIDIS

Pretzelosity can be measured through sin(3¢y, — ¢s)
asymmetry in the SIDIS process, where the cross section can
be written as

d®oyr 200 I
dXdyd@stdQPhJ_ SX_)/Q{( Y + ~Y ) uu

2
+51 sin(30p — 05)(1 — y)Fgr o) 4.}, (23)

with Fyy = Flwi1fD4]. Ff,rl; (3¢n—9s) ?[w2h1LTH1L]
The sin(3¢,, — ¢s) asymmetry

sin(3op—ads) 5xy2( UT
AUT h—®s) _ o (24)
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Quantities in Calculation

@ DFs and FFs to be parametrized:

x dependence z dependence TM dependence

fi well known — not so clear
hi- not known — not known
1T

Dy — known not so clear
Hi- — a little known not clear

@ T heoretical understanding: non-perturbative, model
calculation, cannot give the exact value so far.

@ Transverse momentum dependence: not so clearly yet, usually
parametrized in a Gaussian form.

o D; and Hi-: Gaussian parametrization given by
S. Kretzer, et al., Eur. Phys. J. C 22, 269 (2001).
M. Anselmino, et al., arXiv:0807.0173.
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Approach 0 to TMDs

@ Starting with the equation

1 (uv uv L (av % 1 (av ~
00 = [H00 = 3H900| Wat) = A0 W (x).
1 (dv 1 dv 5

7 x) = =YW (x). (25)
where Wp(x) = [ d?p, @?(x.p )W (x.p.)/ [ d’pL*(x.pL)

@ fi(x): CTEQ6L as an input.  hi5(x): from Eq. 25

@ Transverse momentum dependence: Gaussian form.

@ How to fit the Gaussian width? p,, /k,, ~ 27
H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
arXiv:0805.3355.

28



Approach 1 to TMDs

@ Model calculation.

Y x,p) = 161?T3x(%sinzégo%Jrcos?Qcng),
(0p) = gy x o sint Ol
PPy = oy X (g sin® 0h Wy — cos? G W),
hﬂdv)(x,pL) = _8?173 X éSiHQQ{p%/WV.

® vp(x,p): adopting the BHL form:

2 2 2
pp(x,p ) = Apexp{ a%[ =

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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Approach 2 to TMDs

@ Staring with the equation (an unintegrated version)

1 (uv uv 1 dv
) = |80 = 5 0ep,) | Walxp)
1 dv
_Efl( )(X PL)WV(X PL)
1 (dv 1 dv
7 (xpy) = AN P )Walx.p)) (27)

o f1(x,p): a Gaussian form

2 /2
exp(—p? /P2,
fibep)) = ) Z2ELP) (28)

with CTEQ6L parametrization for fi(x).

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
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i (x) and £i(x)
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Figure: The ratio h#l)(x)fﬂ(x). Left panel for approach 0 and right
panel for approach 1 (thin curves) and approach 2 (thick curves). Solid
curves for the u quark, and dashed curves for the d quark. Only valence
quarks are considered.

J.She, J.Zhu, B.-Q.Ma, Phys.Rev.D79 (2009) 054008
31



Results at HERMES kinematics.
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Figure: The results for HERMES kinematics with a proton target. Left
panel for approach 0 and right panel for approach 1 (thin curves) and
approach 2 (thick curves). Solid curves for the 7" production, and
dashed curves for the 7= production.
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Results at COMPASS kinematics.
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Figure: The results for COMPASS kinematics. a) proton target, b)
neutron target, and c) deuteron target.



Results at JLab kinematics.
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Figure: The results for JLab kinematics. a) proton target and b) neutron
target.
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Figure: The predictions on the sin(3¢, — ¢s) asymmetry at JLab
kinematics. a) proton target, b) deuteron target and c) neutron target.
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Boffi's work
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Figure: The sin(3¢, — ¢s) asymmetry on a proton target.

Much smaller than Aviank's result, but a little larger than ours.
S. Boffi, A. V. Efremov, B. Pasquini, and P. Schweitzer,

arXiv:0903.1271.
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A short summary

@ Results are sensitive to different transverse momentum
approaches.

@ T he asymmetry is not an increasing function of x.

@ The asymmetry is too small, up to a maximum less than 1%.
A great challenge for a direct measurement.

@ Can we enhance the asymmetry? We observe that the
asymmetry is an increasing function of pi, but pi cannot be
manipulated directly.

@ A compromise method is to select large P, | events instead,
Pn. =z(p; —ki). We can exclude most small p; events.
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The Necessity of Polarized p pbar Collider

The polarized proton antiproton Drell-Yan process

IS Ideal to measure

the pretzelosity distributions of the nucleon.

PHYSICAL REVIEW D 82, 114022 (2010)

Probing the leading-twist transverse-momentum-dependent parton distribution
function hllT via the polarized proton-antiproton Drell-Yan process

Jiacai Zhu
School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Bo-Qiang Ma™
School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
Center for High Energy Physics, Peking University, Beijing 100871, China
(Received 10 October 2010; published 22 December 2010)



Probing Pretzelosity in pion p Drell-Yan Process

COMPASS pion p Drell-Yan process

can also measure

the pretzelosity distributions of the nucleon.

Physics Letters B 696 (2011) 513-517

Contents lists available at ScienceDirect X

Physics Letters B

i

www.elsevier.com/locate/physletb

Single spin asymmetry in 77 p Drell-Yan process
Zhun Lu®P, Bo-Qiang Ma%*, Jun She®¢

 Department of Physics, Southeast University, Nanjing 211189, China
b Departamento de Fisica, Universidad Técnica Federico Santa Maria, and Centro Cientifico-Tecnolégico de Valparaiso Casilla 110-V, Valparaiso, Chile
€ School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China



Eur. Phys. J. C (2012) 72:2037 THE EUROPEAN
DOI 10.1140/epjc/s10052-012-2037-7
ePICIS PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Azimuthal asymmetries in lepton-pair production at a fixed-target
experiment using the LHC beams (AFTER)

Tianbo Liu', Bo-Qiang Ma'-22

:School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
“Center for High Energy Physics, Peking University, Beijing 100871, China

unpolarized and single polarized pp and pd processes. We con-
clude that it is feasible to measure these azimuthal asymme-
tries, consequently the three-dimensional or transverse mo-

mentum dependent parton distribution functions (3dPDFs or
TMDs), at this new AFTER facility.



Three QCD spin sums for the proton spin

Joop = / f"’-a-"ff'*.-"f’TE'{:’f-‘ + / 2T T x (=iV)
—|—/.5-£3;3;E“ < AC + /dg.’f:Ea"i;‘f % VA%

=S, +L,+S,+ L,.

L

- . E . — — —
Jocp = / c'ﬂ“}‘:xr-'{,-’ff;1,.-’1 + / Lax)TT x (—iD) + / d*x7 > (E x B)

qu—kiq—k,f;__

Joop = f f'!.“]‘:z:f{,.-'f!TE*{.-'f-‘ + f AT T X (1D et
+ / PrE® x ;ihhys + / P EYT x \_4;}1”3

p

=S, + L, + S, + L.

X.-S.Chen, X.-F.Lu, W.-M.Sun, F.Wang, T.Goldman, PRL100(2008)232002



Angular momentum of quarks and gluons
from generalized form factors

iy = [ @xutiys 3 x Dy
I, = [ d*x[X X (E X B)]

(P'ITEEIP) = T(P)[Ago(A)y WP + B, ((A)PHig" Ay /2M + C,o(A%) (AHA
+ Cp (A2 MIU(P).

Jgg = %[Aq,g(o) + B, ,(0)].

X. Ji, PRL78(1997)611

— g""A*)/M



Angular momentum of quarks and gluons on the light-cone

5 NUCLEAR
‘*E PHst:s

ELSEVIER Nuclear Physics B 593 (2001) 311-335

www.elsevier.nl/locate/npe

Light-cone representation of the spin and orbital
angular momentum of relativistic
composite systems *

Stanley J. Brodsky ®*, Dae Sung qungb, Bo-Qiang Ma ¢4-€,
[van Schmidt'



Angular momenta of quarks and gluons on the light-cone

{J!) — ; Ijkfdgx (TC'R Tﬂjxk)

AO) (L") + [A(0) + B(O)]a(P) M(PJ

(1,
(J9) =(50° [A(0) + B(0)].

One can define individual quark and gluon contributions to the total angular momentum
from the matrix elements of the energy—momentum tensor [9]. However, this definition is
only formal; A, -(0) can be interpreted as the light-cone momentum fraction carried by the
quarks or gluons (x, ). The contributions from B, ,(0) to J; cancel in the sum. In fact,
we shall show that the contributions to B(0) vanish when summed over the constituents of

each individual Fock state.

S.J. Brodsky, D.S. Hwang, B.-Q. Ma, I. Schmidt, Nucl. Phys. B 593 (2001) 311



Sum rules of quarks and gluons on the light-cone

Ar(0) + Ap(0) = F1(0) =1,
which corresponds to the momentum sum rule.
B(0) = Bf(0) + By (0) =0,

which is another example of the vanishing of the anomalous gravitomagnetic moment.

A and B are called gravitational form factors

S.J. Brodsky, D.S. Hwang, B.-Q. Ma, I. Schmidt, Nucl. Phys. B 593 (2001) 311



PHYSICAL REVIEW C 89, 055202 (2014)

Generalized form factors of the nucleon in a light-cone spectator-diquark model

. . . 73k
Tianbo Liu' and Bo-Qiang Ma'->3:
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Q°1GeV?

We start from a quark model with total angular momentum from
quarks, but we don’t have a correct sum of angular momenta from
generalized form factors.

The definition of quark angular momentum as from generalized form
factors is artificial.



Arbitrary in defining angular momenta: what is C?
. [
(J*) = <55*>[A(0) -+ B(U)].
Jg1g = %[Aq/g(o) + By, (0)] = C
a¢ B(0) = Bf(0) + By(0) =0,
) [
do (J3)= (Em>[m0) +§00)].
0 J,, = 3[A,.(0) + ¢ (0]

But A(0) is the momentum fraction, not angular momentum



A simple QED system as thought experiment

PHYSICAL REVIEW D 91, 017501 (2015)

Angular momentum decomposition from a QED example

Tianbo Liu"*" and Bo-Qiang Ma'>*
'School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,
Beijing 100871, China
*INFN, Sezione di Pavia, via Bassi 6, 27100 Pavia, Italy
YCollaborative Innovation Center of Quantum Matter, Beijing, China
YCenter for High Energy Physics, Peking University, Beijing 100871, China
(Received 22 September 2014; published 6 January 2015)

We investigate the angular momentum decomposition with a quantum electrodynamics example to
clarify the proton spin decomposition debates. We adopt the light-front formalism where the parton model
is well defined. We prove that the sum of fermion and boson angular momenta is equal to half the sum of
the two gravitational form factors A(0) and B(0), as is well known. However, the suggestion to make a
separation of the above relation into the fermion and boson pieces, as a way to measure the orbital angular
momentum of fermions or bosons, respectively, is not justified from our explicit calculation.

DOI: 10.1103/PhysRevD.91.017501 PACS numbers: 14.20.Dh, 11.15.-q, 12.20.-m, 13.40.-f
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A simple QED system as thought experiment: an electron

L kD —ik?

ry = 1 m)qﬁ(ﬂca’a),
o= -5 e ),
Y, = 1 ; “m(a, kL),
Pl =0,

oz, EJ_) _ 2e z(l — x)
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A simple QED system as thought experiment: an electron
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A simple QED system as thought experiment: an electron

o, e e’ o2 o2
Ap(0) =1 2 Ap(0) = i
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A simple QED system as thought experiment: an electron

]
5 Ap(0) + Bp(0)] # Sy + Ly,

]
E [Ah({)) T BFJ(UH — Sh + Lh-

Therefore J(,],g — %I:AQ,g(O) - B(,],g(o)] iS unjUStiﬁed.

T.Liu and B.-Q.Ma, Phy.Rev.D91 (2015) 017501, arXiv:1412.7775
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Spectator diquark model calculation
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We cannot identify the canonical angular momentums
with half the sum of gravitational form factors:

1
S[45(0) + B3(0)] =0.356 # J,

1
E[/-1}1."(0) + By (0)] =—0.038 # ]

T.Liu and B.-Q. Ma, Phys.Lett.B741 (2015) 256, arXiv:1501.00062

54



Conclusions

» The relativistic effect of parton transversal motions plays an
significant role in spin-dependent quantities: helicity and
transversity, five 3dPDFs or TMDs, GPDs, the Wigner
distributions.

 Itisstill challenging to measure the quark orbital angular
momentum: The pretzelosity with quark transversal motions
IS an important quantity for the spin-orbital correlation of
the nucleon

« [Itis necessary to push forward theoretical explorations and
experimental measurements of new quantities of the nucleon.



