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How to measure decay parameter α ?
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Λ and Λbar spins are correlated in J/ψ→ΛΛbar. Their joint 
decay angular distribution allows to determine α. 
- Angular momentum and parity conservation constrain the ΛΛbar  
system to S=1
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e+ + e→ → J/ω → !+ !̄

CP asymmetry provides a hunting ground for physics
beyond the standard model [39]. A clear transverse
polarization is observed for the Λ and Λ̄ as shown in
Fig. 3. The phase between helicity flip and helicity
conserving transitions is determined to be ΔΦ ¼
0.7521" 0.0042" 0.0066, where the first uncertainty
is statistical and the second one is systematic.
The large value of the phase makes it possible to simu-
ltaneously determine the decay parameters of Λ → pπ−

and Λ̄ → p̄πþ to be α− ¼ 0.7519" 0.0036" 0.0024
and αþ ¼ 0.7559" 0.0036" 0.0030, which represents
the most precise measurements to date. Owing to the
large correlation coefficient of the two decay parameters
ρðα−; αþÞ ¼ 0.850, the Λ and Λ̄ averaged value is deter-
mined to be αavg ¼ 0.7542" 0.0010" 0.0024 for the first
time, which are the most precise measurements in the
baryon sector. Being the lightest baryon with strange-
ness, the measurements of polarizations, decay parameters,
and CP asymmetries of heavier baryons, therefore, implic-
itly depend on αΛ [20–24].
Results of the Λ decay parameter from different experi-

ments are shown in Fig. 4. The α− value obtained in this
Letter agrees with the previous BESIII measurements [12]
and the BESIII result extracted from the J=ψ → Ξ−Ξ̄þ

decay [40], but deviates from the CLAS result by 3.5σ.
In addition, we obtain the value of CP violation for
the Λ decay ACP ¼ ðα− þ αþÞ=ðα− − αþÞ ¼ −0.0025"
0.0046" 0.0012, which is compatible with zero, thereby,
indicating a non-CP-violation scenario. The next gener-
ation of charm factories [41,42] will greatly improve the
accuracy of the CP-violating measurements, and shed light
on the mechanism of CP violation in the baryon sector.
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TABLE II. Absolute systematic uncertainties for the measured
parameters αJ=ψ , ΔΦ, the asymmetry parameters α− for
Λ → pπ−, αþ for Λ̄ → p̄πþ, the CP asymmetry value ACP
and the average value of the Λ asymmetry parameter αavg.

Source (10−3) αJ=ψ ΔΦ α− αþ ACP αavg

Background 0.4 0.2 0.3 0.4 0.4 0.0
Tracking 1.7 0.6 1.7 2.1 0.2 1.9
Λ=Λ̄ vertex fit 0.2 0.0 0.1 0.3 0.3 0.1
Kinematic fit 1.4 3.0 0.8 1.4 0.3 0.4
Fit method 2.1 5.8 1.5 1.6 1.0 1.4

Total 3.1 6.6 2.4 3.0 1.2 2.4

0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76
)- p Λ(-

PDG 2018 PDG 2022

)/(BES3 1.3 billion J/

CLAS19

)/(BES3 10 billion J/

)/(BES3 1.3 billion J/

FIG. 4. Results of the Λ decay parameter from different
experiments. The green band represents the PDG 2018 value,
and the pink band represents the PDG 2022 value.

PHYSICAL REVIEW LETTERS 129, 131801 (2022)

131801-7

BESIII, PRL129, 131801(2022)

JP=1- JP=1/2+ JP=1/2-

Cronin and Overseth, Phys.Rev.129, 1795 (1962)
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ω→ + p → !+K0
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! →p+ ω→

p+ C → p+XJ. %V. CRONIN AN D O. E. OVERSETH

n= [22'p'/(s"+p")] cos(8,—8„),
P= [2s'P'/(s" +P")]sin(8,—82).

The parameters are related by the equation

~2+p2+p2 —1

(~)

(10)

The analysis above also applies to the neutral decay
mode A'~ 2r2+n. There is fairly strong evidence that
the nonleptonic decay of the A.' hyperon is governed
by the I

AT
I
= 2 rule. ' For this circumstance the neutral

decay mode amplitudes are related to the charged mode
amplitudes by

s'= (1 v2)s-,
p2= (1/V2) p, (11)

where the superscripts "0"and "—"refer, respectively,
to the neutral and charged modes. To the extent that
the

I

GATI

= s2 rule is valid for the h.' decay, the specifica-
tion of the charged mode amplitudes specifies the
neutral decay mode amplitudes.

~ F. S. Crawford, M. Cresti, R. I.. Douglass, M. L. Good, G. R.
KalbReisch, M. L. Stevenson, and H. K. Ticho, Phys. Rev. Letters
2, 266 (1959).

proton polarizations along the three axes:

P.= fyP2+a cos8+Pz(1—y) cos'8]/
[1+nP2 cos8], (3)

P,= [a sin8+Pq(1 —p) sin8 cos8]/[1+aP2 cos8], (4)

P2= [JPP2, S1118]/[1+QP2cos8], (5)
where

v = (I & I

'—
I P I ')/(I &

I
'+ IP I

')
and

&=»m P'/(I I'+ IPI'). (7)

The parameter y is positive or negative depending on
whether the s- or p-wave decay amplitude is larger. If
y is negative, indicating a predominance of p wave,
then the direction of I', at 8=90' will be opposite to the
original direction of the A' polarization. This is a con-
sequence of the fact that the p-wave amplitude contains
a spin-Alp tern1.
The parameter P is closely related to time-reversa, l

invariance. Time-reversal invariance implies that the
amplitudes s and p are real, relative to each other, in
which case P vanishes. The strong final-state interaction
between the pion and nucleon wi11 alter this condition
and I8 will be expected to have a smail but nonzero
value. If time reversal is valid, s and p may be rewritten

s= s' expiB„
P=P' exP282,

where s' and p' are now real amplitudes, and 8. and 8„
are, respectively, the s- and p-wave pion-nucleon scat-
tering phase shifts at the appropriate center-of-mass
energy and isotopic spin state. %ith these definitions
n and P become
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Frc. |.Schematic diagram showing arrangement of apparatus.
An example of an event has been sketched in.

III. EXPERIMENTAL APPARATUS

The observation of an up-down asymmetry of the
A' decay pions in the reaction 2r +p —+ Jt'+IV demon-
strates that the reaction produces polarized A. hy-
perons. ' The topology of the reaction allows it to be
singled out from many kinds of possible 2r +p inter-
actions. Ionization, initially due to the incoming pion, is
interrupted at the interaction point and only resumes
when the A' and/or the EC' decay. Since the A' and IC'
always go in the forward direction near threshold, there
is a downstream gap in the ionization. Figure 1 shows
the schematic arrangement of the experiment. A count
in the counters C~C2C4 with an anticoincidence in C3
(indicated by C2C+2C4) is the signature of a gap in
ionization and a possible A -producing interaction. This
signature triggers a spark chamber array which dis-
plays the event. The decay protons pass into an array
of carbon spark chamber plates where some will scatter
aHowing polarization analysis.
The apparatus for visual observation of the A' event

consisted of three distinct spark chambers all contained
in one large gas-tight box. The first chamber consisted
of eleven 6-in. )&4-in. )&-,'-in. plates separated by ~~-in.

gaps. These plates were made of hollow aluminum
frames with surfaces of 0.003-in. aluminum foil secured
on the frames with Mylar tape. In the hollow centers
of the last four plates a 4'-in, )&3-in. )&3-in. piece of
polyethylene was placed. These polyethylene inserts
served as a target for the production of the A' hyperons.
Each target being only 4 in. thick enabled the stopping
point of the pion to be determined to an accuracy of
&-,' in. The effective thickness of the target was 2 in.
which is about 1.5 A' mean decay lengths.
The production chamber was followed by a 12-in.

X 12-in. g-,'-in. anticoincidence counter, which was then
followed by a decay chamber whose plates were 0.001-in.
aluminum foil. This chamber was constructed from
—,'-in. -thick Lucite frames. The frames were 10 in. X10in.
on the inside, and 12 in. &12 in. on the outside. The
foils were attached to the frames with double-sided
tape and then the frames were glued together. The gas

Daughter-proton polarization was measured with  
a pC polarimeter, to determine decay parameters

Traditional way BES-III way

MEASUREMENT OF DECAY PARAMETERS OF A' PARTICLE

y positive. The quoted error is the l/e point on the
likelihood curve. This is chosen as an error since the
likelihood curve is not quite symmetrical about the
peak.
In Fig. 15 we plot the likelihood curve as a function

of y for the assumed signs of o, both positive and nega-
tive. The relative probability that o,=+1 compared to
the best solution +0.61 is 10 ".The relative probability
that n is negative is less than 10—".The relative proba-
bility that p is negative is less than 10 ", Thus, the
experiment is quite conclusive in establishing the signs
of n and y.
The likelihood curves were computed using the value

of aI'+ as a fixed constant. By repeating the computation
with varying (nPa), we find da/d(aP&)= 10.80. This
contributes an error to o, of +0.03. %hen this error is
folded into the error +0.07, its contribution is negligible.
The sensitivity of the result to analyzing power has

also been investigated. This test was done by first re-
placing the analyzing power assigned to each event
with the average analyzing power of the entire sample,
(S)=0.565, and repeating the likelihood analysis. This
gave the same result as the assignment of individual
analyzing powers. Then the analyzing power was varied
and the results gave a value for dn/dS=+0. 25. Thus,
if the analyzing power were changed by ~0.10, e would
change by 0.025, so that we conclude from this measure-
ment that n is una6'ected by any reasonable error in the
analyzing power. The consistency between the value of
n determined from the unpolarized sample (Sec. VI A),
and that determined in the present analysis, is strong
support that the analyzing power has been correctly
chosen. Any a priori uncertainty in the analyzing power
would be in the direction of assigning too large values,
since it is unlikely that an inelastic contamination can
result in anything but a lowered analyzing power. A
lowered analyzing power would reduce e slightly in the
present analysis and increase e in the analysis from the
unpolarized Ao particles, making the consistency poorer.

20-

TAaI.E II. Results of likelihood calculation
removing constraint cr +P=1.

+0.54
+0.58
+0.61
+0.63

+0.56
+0.68
+0.78
+0.87

0.60
0.80
1..00
1.16

Ploglgg(a) j
17.2
17.8
18.1
18.2

Our concern over the analyzing power has been stimu-
lated by the fact that in the experiment of Engels et al."
a spark chamber was calibrated in a polarized proton
beam. In that case the observed analyzing power was
25% lower than that predicted from the elastic curves.
In that calibration there was absolutely no range re-
quirement so that inelastic scatters with large energy
losses which appeared as kinked tracks could not be
separated from elastic events. In this present experiment
we did have some check on the elasticity and aH events
with a range inconsistency were rejected. The consis-
tency of our results for the assignment of elastic analyz-
ing powers leads us to the conclusion that the inelastic
contamination in this experiment was small. The in-
sensitivity of the results to the analyzing power gives
us confidence that our result is free from any systematic
error that might depend on the amount of inelastic
scattering.
Finally, we have removed the constraint that

o,'+y'= 1, and have computed the likelihood for 0.'+y'
=0.6, 0.8, and 1.16, the latter sum being physically
impossible. The results of these calculations are given
in Table II. One can see there is very little sensitivity
to p in this analysis. The solution for tr'+y'=0. 8 is
certainly possible. This would yield a value of P'=0.2,
and hence P=0.45. This value of P, though large, is
little more than one standard deviation away from our
result from the direct determination of p. Our results
for o. and y are not changed significantly even if such a
large time reversal violation would occur. In particular,
the conclusions we will draw from our value for y are
not altered even if P=0.45.

io-
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o -io-
O

-20—
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FIG. 15. Plot of the likelihood function for y for both positive
and negative values of a and v. ~a ~

must be greater than 0.355
since aPg =0355.

VII. CONCLUSIONS AND DISCUSSION

The values of the decay parameters measured in this
experiment are given in Table III.

TABLE III. Results of measurements.

a =+0.62~0.07
ie =+0.18&0.24
y =+0.78&0.06'

I f'/& I
= o 56-0.os

p/{2+p }= 0.11,.„~04
a Result based on assumption that P =+0.08, the value expected fortime-reversal invariance.

'0 E. Engels, T. Bowen, J.W. Cronin, R. L. McIlwain, and L. G.
Pondrom, Phys. Rev. I,'to be published).



T. Niida, HuaDa QCD school @CCNU

How to measure polarization for 3-body decay like Λc?
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! → p+ ω→

!+
c → p+K→ + ω+ (BR~6.37%)

LHCb, JHEP07(2023)228
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current [6]. The transition amplitude of the Λ+
c → pK−π+ decay recently determined by

LHCb [15] enables such measurement of the polarisation. A new opportunity to test the
Standard Model by measuring the electric and magnetic dipole moment of charm baryons
using spin rotation in crystals at the LHC experiments is discussed in refs. [16–18]. Recent
feasibility studies [19, 20] show that the measurement of the electric dipole moment of the
Λ+
c and Ξ+

c baryons can be performed in the near future.
In general, the measurement of the polarisation in baryon decays deserves special

consideration, since the final state of the decay contains a baryon, e.g. a proton, whose spin
state is usually not observed. Due to the averaging over the baryon spin state, the influence
of the initial-state polarisation on the measurable observables is diminished. For example,
angular distributions in the decay of a fermion to a fermion and a scalar are insensitive
to the initial polarisation of the fermion when the decay conserves parity. However, the
forward-backward asymmetry in the distribution of the helicity angle of the decay products
is non-zero in weak decays, where both the parity-conserving and parity-violating currents
contribute to the transition amplitude. In that case, the differential decay rate reads [21]

2
Γ

dΓ
d cos θ = 1 + Pα cos θ , (1.1)

where Γ is the partial width for the considered decay, θ is the helicity angle of the decay-
product fermion, P is the longitudinal polarisation of the initial state, and α is the parity-
violating asymmetry parameter of the reaction. This parameter serves two roles. First,
it is a fundamental hadronic observable that characterises parity violation in the weak
transition. Second, it is a practical quantity, since the value of α does not depend on
the production mechanism of the decaying fermion. The measurement of the angular
distributions in the decay is a universal tool to study the physics behind the production
polarisation once its asymmetry parameter is known.

The observables for polarisation measurements have been extensively explored for the
decays of the τ− lepton [22–24]. For the polarised decay, the differential decay rate reads

Φ
Γ
dΓ
dΦ ∝ 1 + P⃗ · h⃗ , (1.2)

where Φ is the Lorentz-invariant phase space for the decay, P⃗ is the polarisation vector of
the τ− lepton in its rest frame, and h⃗ is a polarimeter vector. In semileptonic decays, the
polarimeter vector is a unit vector whose direction depends on the final state [24–28].

For the decay of a spin-half hadron, eq. (1.2) still holds, but the length of the polarime-
ter vector can be less than 1. The direction of h⃗ is related to the orientation of the final
state particles, but does not have to coincide with any of the momentum vectors. Instead,
the length and orientation of the polarimeter vector depends on the kinematic variables of
the decay. As shown in this paper, the dependence on the decay-plane orientation can be
factored out as

h⃗ = R(φ, θ,χ)α⃗ , (1.3)

where R is a three-dimensional rotation matrix with φ, θ, and χ being the Euler angles that
describe the orientation of the decay products in space. The aligned polarimeter vector,
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Because of 3-body decay, the decay cannot be simply  
characterized by one parameter like αΛ

J
H
E
P
0
7
(
2
0
2
3
)
2
2
8

current [6]. The transition amplitude of the Λ+
c → pK−π+ decay recently determined by

LHCb [15] enables such measurement of the polarisation. A new opportunity to test the
Standard Model by measuring the electric and magnetic dipole moment of charm baryons
using spin rotation in crystals at the LHC experiments is discussed in refs. [16–18]. Recent
feasibility studies [19, 20] show that the measurement of the electric dipole moment of the
Λ+
c and Ξ+

c baryons can be performed in the near future.
In general, the measurement of the polarisation in baryon decays deserves special

consideration, since the final state of the decay contains a baryon, e.g. a proton, whose spin
state is usually not observed. Due to the averaging over the baryon spin state, the influence
of the initial-state polarisation on the measurable observables is diminished. For example,
angular distributions in the decay of a fermion to a fermion and a scalar are insensitive
to the initial polarisation of the fermion when the decay conserves parity. However, the
forward-backward asymmetry in the distribution of the helicity angle of the decay products
is non-zero in weak decays, where both the parity-conserving and parity-violating currents
contribute to the transition amplitude. In that case, the differential decay rate reads [21]

2
Γ

dΓ
d cos θ = 1 + Pα cos θ , (1.1)

where Γ is the partial width for the considered decay, θ is the helicity angle of the decay-
product fermion, P is the longitudinal polarisation of the initial state, and α is the parity-
violating asymmetry parameter of the reaction. This parameter serves two roles. First,
it is a fundamental hadronic observable that characterises parity violation in the weak
transition. Second, it is a practical quantity, since the value of α does not depend on
the production mechanism of the decaying fermion. The measurement of the angular
distributions in the decay is a universal tool to study the physics behind the production
polarisation once its asymmetry parameter is known.

The observables for polarisation measurements have been extensively explored for the
decays of the τ− lepton [22–24]. For the polarised decay, the differential decay rate reads

Φ
Γ
dΓ
dΦ ∝ 1 + P⃗ · h⃗ , (1.2)

where Φ is the Lorentz-invariant phase space for the decay, P⃗ is the polarisation vector of
the τ− lepton in its rest frame, and h⃗ is a polarimeter vector. In semileptonic decays, the
polarimeter vector is a unit vector whose direction depends on the final state [24–28].

For the decay of a spin-half hadron, eq. (1.2) still holds, but the length of the polarime-
ter vector can be less than 1. The direction of h⃗ is related to the orientation of the final
state particles, but does not have to coincide with any of the momentum vectors. Instead,
the length and orientation of the polarimeter vector depends on the kinematic variables of
the decay. As shown in this paper, the dependence on the decay-plane orientation can be
factored out as

h⃗ = R(φ, θ,χ)α⃗ , (1.3)

where R is a three-dimensional rotation matrix with φ, θ, and χ being the Euler angles that
describe the orientation of the decay products in space. The aligned polarimeter vector,

– 2 –

<latexit sha1_base64="MUkv+6yQk8b0vm4+Dg0o2fpUmaM="></latexit>

! : decay rate

ωh : polarimeter vector

” : Lorentz–invariant phase space

Momentum distributions of 3 final-state particles  
carry the information of Λc spin
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Figure 1. Definition of the decay-plane orientation angles φ, θ, and χ related to polarisation of the
particle A, produced in the process P +Q → A+X, and observed in the decay, A → B + C +D.
The left yellow plane contains the momenta of the production process, while the right green plane
contains the momenta of the decay reaction. The central blue plane is defined by the momenta p⃗X
and p⃗D in the rest frame of the decay particle A. The white arrows show the orientation of the two
different quantisation axes of the particle A spin in its rest frame.

in the construction of the decay amplitude as a sequence of two-body transitions. Namely,
for a process P + Q → A(→ B + C +D) +X, the angles (θ,φ), and χ are the spherical
angles of the momentum sum p⃗B + p⃗C in the helicity frame of A obtained from the centre-
of-momentum frame of the reaction, and the polar angle of particle B in the helicity frame
of BC obtained from the A rest frame, respectively.

By substituting eq. (2.2) into eq. (2.1), we get an expression for the polarised decay
rate in terms of the kinematic variables and the rotational degrees of freedom,

|M|2 =
∑

ν0,ν′
0,ν,ν

′

Rν′
0,ν0

D1/2∗
ν′
0,ν

′(φ, θ,χ)D1/2
ν0,ν(φ, θ,χ) Xν′,ν(κ) , (2.3)

where X is a hermitian 2× 2 matrix that encapsulates the entire dependence on the decay
dynamics. It can be expanded in the basis of the Pauli matrices and the identity matrix,

Xν′,ν(κ) =
∑

{λ}
A∗

ν′,{λ}(κ)Aν,{λ}(κ) , (2.4)

= I0(κ)
2

(
1 + α⃗(κ) · σ⃗P

)

ν′,ν
.

Here, I0(κ) is the total differential decay rate, I0 =
∑

ν,{λ}

∣∣∣Aν,{λ}

∣∣∣
2
. The aligned polarime-

ter vector α⃗ is computed by expanding the squared decay amplitude in the basis of the
Pauli matrices,

α⃗(κ) =
∑

ν′,ν,{λ}
A∗

ν′,{λ}σ⃗ν′,νAν,{λ}
/
I0(κ) . (2.5)

Equation (2.3) is simplified using properties of the rotation group and the Pauli matri-
ces. The Wigner D-matrix in eq. (2.2) has 4π invariance, since it belongs to the spin-1/2
representation of the rotation group. However, dependence of the physical observables on
the rotation must correspond to the physical, 2π-folded representations. Particularly, the
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The Dalitz plot reveals the resonant substructure of the three-body decay,  
which determines how sensitive each phase-space region is to the Λc polarization

FIG. 3. Comparisons of the phase-space projections between the data and the fitted model for the Λ̄−
c dataset.

FIG. 2. Comparisons of the phase-space projections between the data and the fitted model for the Λþ
c dataset.

PHYSICAL REVIEW LETTERS 137, 091901 (2026)

091901-4

LHCb, PRL137.091901(2026)
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Where does proton spin come from?

7

p(uud)

In naive quark model, quark spins account for 100% of proton spin.

<latexit sha1_base64="JNGV2tIDIiGcYWI1TLj7seOs4qA="></latexit>

|p→→ = 1↑
6
(2|u→u→d↑→ ↓ |u→u↑d→→ ↓ |u↑u→d→→)

Simplified form with the quark ordering fixed as uud: 

<latexit sha1_base64="61b8ii0O2KdZ7/Ez3YbHAbCwwiU="></latexit>

state Su
z Sd

z

u→u→d↑ 1/2 + 1/2 = 1 →1/2
u→u↑d→ 1/2→ 1/2 = 0 1/2
u↑u→d→ →1/2 + 1/2 = 0 1/2

<latexit sha1_base64="JUKvp9V2h9oS8vDkcqIso9YFe7w="></latexit>

→Su
z ↑ =

4

6
(1) +

1

6
(0) +

1

6
(0) =

2

3

→Sd
z ↑ =

4

6
(↓1/2) +

1

6
(1/2) +

1

6
(1/2) = ↓1

6

→Su
z ↑+ →Sd

z ↑ =
1

2

<latexit sha1_base64="bq8MJAftyJxaWpMzeggb+6k4mw0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRd0IRV24kgr2AW0sk+m0HTqZhHlYSuhfuPFX3LhQxK3u/BunbRbaemDgcM493LkniBmVynW/rczC4tLySnY1t7a+sbllb+9UZaQFJhUcsUjUAyQJo5xUFFWM1GNBUBgwUgv6l2O/9kCEpBG/U8OY+CHqctqhGCkjtWyneUWYQlDDc3hT0PdJU8dIiGgwOoRHqdKOBjzVWnbeddwJ4DzxUpIHKcot+8vEsQ4JV5ghKRueGys/QUJRzMgo19SSxAj3UZc0DOUoJNJPJneN4IFR2rATCfO4ghP1dyJBoZTDMDCTIVI9OeuNxf+8hladMz+hPNaKcDxd1NEMqgiOS4JtKghWbGgIwoKav0LcQwJhZarMmRK82ZPnSfXY8U6c4m0xX7pI68iCPbAPCsADp6AErkEZVAAGj+AZvII368l6sd6tj+loxkozu+APrM8fO0CexA==</latexit>

!u = N(u→)→N(u↑)

<latexit sha1_base64="usEhMCX0oJQxIq11g1XcIeZqye0="></latexit>

!u =
4

3
, !d = →1

3
, !s = 0

!” = !u+!d+!s = 1

↑Sq
z ↓ =

1

2
!” =

1

2
quark spin contribution:
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<latexit sha1_base64="61b8ii0O2KdZ7/Ez3YbHAbCwwiU="></latexit>

state Su
z Sd

z

u→u→d↑ 1/2 + 1/2 = 1 →1/2
u→u↑d→ 1/2→ 1/2 = 0 1/2
u↑u→d→ →1/2 + 1/2 = 0 1/2

<latexit sha1_base64="JUKvp9V2h9oS8vDkcqIso9YFe7w="></latexit>

→Su
z ↑ =

4

6
(1) +

1

6
(0) +

1

6
(0) =

2

3

→Sd
z ↑ =

4

6
(↓1/2) +

1

6
(1/2) +

1

6
(1/2) = ↓1

6

→Su
z ↑+ →Sd

z ↑ =
1

2

<latexit sha1_base64="bq8MJAftyJxaWpMzeggb+6k4mw0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRd0IRV24kgr2AW0sk+m0HTqZhHlYSuhfuPFX3LhQxK3u/BunbRbaemDgcM493LkniBmVynW/rczC4tLySnY1t7a+sbllb+9UZaQFJhUcsUjUAyQJo5xUFFWM1GNBUBgwUgv6l2O/9kCEpBG/U8OY+CHqctqhGCkjtWyneUWYQlDDc3hT0PdJU8dIiGgwOoRHqdKOBjzVWnbeddwJ4DzxUpIHKcot+8vEsQ4JV5ghKRueGys/QUJRzMgo19SSxAj3UZc0DOUoJNJPJneN4IFR2rATCfO4ghP1dyJBoZTDMDCTIVI9OeuNxf+8hladMz+hPNaKcDxd1NEMqgiOS4JtKghWbGgIwoKav0LcQwJhZarMmRK82ZPnSfXY8U6c4m0xX7pI68iCPbAPCsADp6AErkEZVAAGj+AZvII368l6sd6tj+loxkozu+APrM8fO0CexA==</latexit>

!u = N(u→)→N(u↑)

<latexit sha1_base64="usEhMCX0oJQxIq11g1XcIeZqye0="></latexit>

!u =
4

3
, !d = →1

3
, !s = 0

!” = !u+!d+!s = 1

↑Sq
z ↓ =

1

2
!” =

1

2
quark spin contribution:

But now we know that quark spins account for only ~30% of proton spin:  ΔΣ~0.3
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Deep inelastic scattering of a lepton (l) on a hadron (h)

The lepton exchanges a virtual photon with a quark inside the hadron

The virtual photon acts as a probe of the internal structure of the hadron

higher Q2 → shorter wavelength → higher spatial resolution

<latexit sha1_base64="jNrSUSroXW13VR5zByRM4CZFeNc="></latexit>

Q2 = →q2 = →(k → k→)2

!r ↑ ⊋c
Q

<latexit sha1_base64="w/ss0br8GlXX+hn7LZHuG124XM4=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIRB2JajHoBePEcwDsmuYnfQmQ2YfzMwqYclHePFXvHhQxKsHb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w9aMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6mvrtexCSReGtGsfgBmQQMp9RorTUMysOcF4alSvDUqOMHcEGQ0WEiB7w3LhzYsECKOMK7vTMolW1ZsDLxM5IEWVo9Mwvpx/RJIBQUU6k7NpWrNyUCMUoh0nBSSTEhI7IALqahiQA6aazpyb4RCt97EdCV6jwTP09kZJAynHg6c6AqKFc9Kbif143Uf6Fm7IwThSEdL7ITzhWEZ4mhPtMAFV8rAmhgulbMR0SQajSORZ0CPbiy8ukdVq1z6q1m1qxfpnFkUdH6BiVkI3OUR1dowZqIooe0TN6RW/Gk/FivBsf89ackc0coj8wPn8AuUacvw==</latexit>

ω(k) + h(P ) → ω(k→) +X

<latexit sha1_base64="qr06coBAY9CcJcmp7ump4wuqbZI=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlJ7NiqWHPu6UXOvXOjYjlN3K7WMuPWqW4Flo2QogRVao+LncBzimBOhMUNKDcpOpL0USU0xI/PCMFYkQniGJmRgqECcKC9dHDqHF0YZwyCUpoSGC/XnRIq4Ugn3TSdHeqp+e5n4lzeIddDwUiqiWBOBl4uCmEEdwuxrOKaSYM0SQxCW1NwK8RRJhLXJZm2Lz+cmk+/H4f+k69rlml1tV0vNm1U6eXAGzsElKIM6aII70AIdgAEBj+AJPFuJ9WK9Wm/L1py1mjkFa7DevwDgpZPS</latexit>

k
<latexit sha1_base64="DAMq/WQy9xRxeWSz2w4kCTdeCTc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN1xne9WFJO+oWiY1/UKt65Bx3bcapeqZIRr1r2StA1SoYiWKDRL3z2BhFOOBEaM6RU13Vi7adIaooZmeZ7iSIxwmM0JF1DBeJE+ens3ik8NcoAhpE0JTScqT8nUsSVmvDAdHKkR+q3l4l/ed1EhzU/pSJONBF4vihMGNQRzJ6HAyoJ1mxiCMKSmlshHiGJsDYRLW0J+NRk8v04/J+0PNut2OWbcrF+uUgnB47BCTgDLqiCOrgGDdAEGDDwCJ7As/VgvViv1tu8dcVazByBJVjvX2eFlu8=</latexit>

k→

<latexit sha1_base64="QRrGa43n+M6hTteWkZ91xAoTngU=">AAAB93icdVDLSsNAFJ3UV62vqks3g0VwFZK0tnVXdOOyBWsLbZDJdNIOnZmEmYkQQr/Ara7diVs/x6V/4qStYEUPXDiccy73EcSMKu04H1ZhbX1jc6u4XdrZ3ds/KB8e3akokZh0ccQi2Q+QIowK0tVUM9KPJUE8YKQXTK9zv/dApKKRuNVpTHyOxoKGFCNtpE77vlxx7Mtm3bvwoGM7TsOr1nPiNWpeFbpGyVEBS5j853AU4YQToTFDSg1cJ9Z+hqSmmJFZaZgoEiM8RWMyMFQgTpSfzRedwTOjjGAYSVNCw7n6syNDXKmUBybJkZ6o314u/uUNEh02/YyKONFE4MWgMGFQRzC/Go6oJFiz1BCEJTW7QjxBEmFtfrMyJeAz85Pvw+H/5M6z3bpd69Qqravld4rgBJyCc+CCBmiBG9AGXYABAY/gCTxbqfVivVpvi2jBWvYcgxVY71+2JJO3</latexit>

P

<latexit sha1_base64="IKOJh9tahdrQcw3B5EZXE3oveZk=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlI7GhVLjn3dqLlXLnRsx6m7lVpG3HrVrcCyUTKUwAqtUfFzOA5xzInQmCGlBmUn0l6KpKaYkXlhGCsSITxDEzIwVCBOlJcuDp3DC6OMYRBKU0LDhfpzIkVcqYT7ppMjPVW/vUz8yxvEOmh4KRVRrInAy0VBzKAOYfY1HFNJsGaJIQhLam6FeIokwtpks7bF53OTyffj8H/Sde1yza62q6XmzSqdPDgD5+ASlEEdNMEdaIEOwICAR/AEnq3EerFerbdla85azZyCNVjvX+iEk9c=</latexit>p
<latexit sha1_base64="Us9sTdcBqZi2vwYel8xi7VfwXXc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN14rteLCkn/ULRsS9qFe/cg47tOFWvVMmIVy17JegaJUMRLNDoFz57gwgnnAiNGVKq6zqx9lMkNcWMTPO9RJEY4TEakq6hAnGi/HR27xSeGmUAw0iaEhrO1J8TKeJKTXhgOjnSI/Xby8S/vG6iw5qfUhEnmgg8XxQmDOoIZs/DAZUEazYxBGFJza0Qj5BEWJuIlrYEfGoy+X4c/k9anu1W7PJNuVi/XKSTA8fgBJwBF1RBHVyDBmgCDBh4BE/g2XqwXqxX623eumItZo7AEqz3L2+HlvQ=</latexit>

p→

<latexit sha1_base64="WeFTwDekiDC5nlZDe7bQEemP4vk=">AAAB93icdVBNTwIxEO3iF+IX6tFLIzHxtFkWBLwRvXiERIQENqRbutDQdte2a7LZ8Au86tmb8erP8eg/sQuYiNGXTPLy3kxm5vkRo0o7zoeVW1vf2NzKbxd2dvf2D4qHR3cqjCUmHRyyUPZ8pAijgnQ01Yz0IkkQ9xnp+tPrzO8+EKloKG51EhGPo7GgAcVIG6l9PyyWHPuyUXMvXOjYjlN3K7WMuPWqW4Flo2QogSVaw+LnYBTimBOhMUNK9ctOpL0USU0xI7PCIFYkQniKxqRvqECcKC+dHzqDZ0YZwSCUpoSGc/XnRIq4Ugn3TSdHeqJ+e5n4l9ePddDwUiqiWBOBF4uCmEEdwuxrOKKSYM0SQxCW1NwK8QRJhLXJZmWLz2cmk+/H4f/kzrXLNbvarpaaV8t08uAEnIJzUAZ10AQ3oAU6AAMCHsETeLYS68V6td4WrTlrOXMMVmC9fwHqF5PY</latexit>q



T. Niida, HuaDa QCD school @CCNU

Deep inelastic scattering

9

Deep inelastic scattering of a lepton (l) on a hadron (h)

The muon exchanges a virtual photon with a quark inside the hadron

Suppose the parton carries a fraction ξ of hadron momentum: pμ = ξ Pμ

<latexit sha1_base64="jNrSUSroXW13VR5zByRM4CZFeNc="></latexit>

Q2 = →q2 = →(k → k→)2

!r ↑ ⊋c
Q

<latexit sha1_base64="w/ss0br8GlXX+hn7LZHuG124XM4=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIRB2JajHoBePEcwDsmuYnfQmQ2YfzMwqYclHePFXvHhQxKsHb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w9aMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6mvrtexCSReGtGsfgBmQQMp9RorTUMysOcF4alSvDUqOMHcEGQ0WEiB7w3LhzYsECKOMK7vTMolW1ZsDLxM5IEWVo9Mwvpx/RJIBQUU6k7NpWrNyUCMUoh0nBSSTEhI7IALqahiQA6aazpyb4RCt97EdCV6jwTP09kZJAynHg6c6AqKFc9Kbif143Uf6Fm7IwThSEdL7ITzhWEZ4mhPtMAFV8rAmhgulbMR0SQajSORZ0CPbiy8ukdVq1z6q1m1qxfpnFkUdH6BiVkI3OUR1dowZqIooe0TN6RW/Gk/FivBsf89ackc0coj8wPn8AuUacvw==</latexit>

ω(k) + h(P ) → ω(k→) +X

<latexit sha1_base64="/mBMFbjGMUpG7Iw50OVQaac7fG4=">AAACGnicbVDLSgMxFM3UV62vUZduQovgxjJTiropFEVwWcE+oJ0OmTRtQ5PMNMkIZejej/Ab3Oranbh149I/MX0sbOuByz2ccy83OUHEqNKO822l1tY3NrfS25md3b39A/vwqKbCWGJSxSELZSNAijAqSFVTzUgjkgTxgJF6MLiZ+PVHIhUNxYMeRcTjqCdol2KkjeTb2ahdKN22C+dJK+AwGrcLsAS5PzS9pSgnQ+j4ds7JO1PAVeLOSQ7MUfHtn1YnxDEnQmOGlGq6TqS9BElNMSPjTCtWJEJ4gHqkaahAnCgvmf5lDE+N0oHdUJoSGk7VvxsJ4kqNeGAmOdJ9texNxP+8Zqy7V15CRRRrIvDsUDdmUIdwEgzsUEmwZiNDEJbUvBXiPpIIaxPfwpWAj00m7nICq6RWyLsX+eJ9MVe+nqeTBicgC86ACy5BGdyBCqgCDJ7AC3gFb9az9W59WJ+z0ZQ13zkGC7C+fgGkbp9V</latexit>

p2 = E2 → p2 = m2
q ↑ 0

The struck quark can be approximately treated  
as massless in high-energy DIS

x: momentum fraction of the hadron carried by the struck parton

<latexit sha1_base64="qr06coBAY9CcJcmp7ump4wuqbZI=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlJ7NiqWHPu6UXOvXOjYjlN3K7WMuPWqW4Flo2QogRVao+LncBzimBOhMUNKDcpOpL0USU0xI/PCMFYkQniGJmRgqECcKC9dHDqHF0YZwyCUpoSGC/XnRIq4Ugn3TSdHeqp+e5n4lzeIddDwUiqiWBOBl4uCmEEdwuxrOKaSYM0SQxCW1NwK8RRJhLXJZm2Lz+cmk+/H4f+k69rlml1tV0vNm1U6eXAGzsElKIM6aII70AIdgAEBj+AJPFuJ9WK9Wm/L1py1mjkFa7DevwDgpZPS</latexit>

k
<latexit sha1_base64="DAMq/WQy9xRxeWSz2w4kCTdeCTc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN1xne9WFJO+oWiY1/UKt65Bx3bcapeqZIRr1r2StA1SoYiWKDRL3z2BhFOOBEaM6RU13Vi7adIaooZmeZ7iSIxwmM0JF1DBeJE+ens3ik8NcoAhpE0JTScqT8nUsSVmvDAdHKkR+q3l4l/ed1EhzU/pSJONBF4vihMGNQRzJ6HAyoJ1mxiCMKSmlshHiGJsDYRLW0J+NRk8v04/J+0PNut2OWbcrF+uUgnB47BCTgDLqiCOrgGDdAEGDDwCJ7As/VgvViv1tu8dcVazByBJVjvX2eFlu8=</latexit>

k→

<latexit sha1_base64="QRrGa43n+M6hTteWkZ91xAoTngU=">AAAB93icdVDLSsNAFJ3UV62vqks3g0VwFZK0tnVXdOOyBWsLbZDJdNIOnZmEmYkQQr/Ara7diVs/x6V/4qStYEUPXDiccy73EcSMKu04H1ZhbX1jc6u4XdrZ3ds/KB8e3akokZh0ccQi2Q+QIowK0tVUM9KPJUE8YKQXTK9zv/dApKKRuNVpTHyOxoKGFCNtpE77vlxx7Mtm3bvwoGM7TsOr1nPiNWpeFbpGyVEBS5j853AU4YQToTFDSg1cJ9Z+hqSmmJFZaZgoEiM8RWMyMFQgTpSfzRedwTOjjGAYSVNCw7n6syNDXKmUBybJkZ6o314u/uUNEh02/YyKONFE4MWgMGFQRzC/Go6oJFiz1BCEJTW7QjxBEmFtfrMyJeAz85Pvw+H/5M6z3bpd69Qqravld4rgBJyCc+CCBmiBG9AGXYABAY/gCTxbqfVivVpvi2jBWvYcgxVY71+2JJO3</latexit>

P

<latexit sha1_base64="IKOJh9tahdrQcw3B5EZXE3oveZk=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlI7GhVLjn3dqLlXLnRsx6m7lVpG3HrVrcCyUTKUwAqtUfFzOA5xzInQmCGlBmUn0l6KpKaYkXlhGCsSITxDEzIwVCBOlJcuDp3DC6OMYRBKU0LDhfpzIkVcqYT7ppMjPVW/vUz8yxvEOmh4KRVRrInAy0VBzKAOYfY1HFNJsGaJIQhLam6FeIokwtpks7bF53OTyffj8H/Sde1yza62q6XmzSqdPDgD5+ASlEEdNMEdaIEOwICAR/AEnq3EerFerbdla85azZyCNVjvX+iEk9c=</latexit>p
<latexit sha1_base64="Us9sTdcBqZi2vwYel8xi7VfwXXc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN14rteLCkn/ULRsS9qFe/cg47tOFWvVMmIVy17JegaJUMRLNDoFz57gwgnnAiNGVKq6zqx9lMkNcWMTPO9RJEY4TEakq6hAnGi/HR27xSeGmUAw0iaEhrO1J8TKeJKTXhgOjnSI/Xby8S/vG6iw5qfUhEnmgg8XxQmDOoIZs/DAZUEazYxBGFJza0Qj5BEWJuIlrYEfGoy+X4c/k9anu1W7PJNuVi/XKSTA8fgBJwBF1RBHVyDBmgCDBh4BE/g2XqwXqxX623eumItZo7AEqz3L2+HlvQ=</latexit>

p→

<latexit sha1_base64="WeFTwDekiDC5nlZDe7bQEemP4vk=">AAAB93icdVBNTwIxEO3iF+IX6tFLIzHxtFkWBLwRvXiERIQENqRbutDQdte2a7LZ8Au86tmb8erP8eg/sQuYiNGXTPLy3kxm5vkRo0o7zoeVW1vf2NzKbxd2dvf2D4qHR3cqjCUmHRyyUPZ8pAijgnQ01Yz0IkkQ9xnp+tPrzO8+EKloKG51EhGPo7GgAcVIG6l9PyyWHPuyUXMvXOjYjlN3K7WMuPWqW4Flo2QogSVaw+LnYBTimBOhMUNK9ctOpL0USU0xI7PCIFYkQniKxqRvqECcKC+dHzqDZ0YZwSCUpoSGc/XnRIq4Ugn3TSdHeqJ+e5n4l9ePddDwUiqiWBOBF4uCmEEdwuxrOKKSYM0SQxCW1NwK8QRJhLXJZmWLz2cmk+/H4f/kzrXLNbvarpaaV8t08uAEnIJzUAZ10AQ3oAU6AAMCHsETeLYS68V6td4WrTlrOXMMVmC9fwHqF5PY</latexit>q

<latexit sha1_base64="LpE7/A31Xd6EfJAt9v8E1LifxjA="></latexit>

p→2 =(p+ q)2 → 0

Q2 =2p · q = 2ωP · q

ω =
Q2

2P · q = x
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Deep inelastic scattering of a lepton (l) on a hadron (h)
<latexit sha1_base64="w/ss0br8GlXX+hn7LZHuG124XM4=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIRB2JajHoBePEcwDsmuYnfQmQ2YfzMwqYclHePFXvHhQxKsHb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w9aMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6mvrtexCSReGtGsfgBmQQMp9RorTUMysOcF4alSvDUqOMHcEGQ0WEiB7w3LhzYsECKOMK7vTMolW1ZsDLxM5IEWVo9Mwvpx/RJIBQUU6k7NpWrNyUCMUoh0nBSSTEhI7IALqahiQA6aazpyb4RCt97EdCV6jwTP09kZJAynHg6c6AqKFc9Kbif143Uf6Fm7IwThSEdL7ITzhWEZ4mhPtMAFV8rAmhgulbMR0SQajSORZ0CPbiy8ukdVq1z6q1m1qxfpnFkUdH6BiVkI3OUR1dowZqIooe0TN6RW/Gk/FivBsf89ackc0coj8wPn8AuUacvw==</latexit>

ω(k) + h(P ) → ω(k→) +X

<latexit sha1_base64="qr06coBAY9CcJcmp7ump4wuqbZI=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlJ7NiqWHPu6UXOvXOjYjlN3K7WMuPWqW4Flo2QogRVao+LncBzimBOhMUNKDcpOpL0USU0xI/PCMFYkQniGJmRgqECcKC9dHDqHF0YZwyCUpoSGC/XnRIq4Ugn3TSdHeqp+e5n4lzeIddDwUiqiWBOBl4uCmEEdwuxrOKaSYM0SQxCW1NwK8RRJhLXJZm2Lz+cmk+/H4f+k69rlml1tV0vNm1U6eXAGzsElKIM6aII70AIdgAEBj+AJPFuJ9WK9Wm/L1py1mjkFa7DevwDgpZPS</latexit>

k
<latexit sha1_base64="DAMq/WQy9xRxeWSz2w4kCTdeCTc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN1xne9WFJO+oWiY1/UKt65Bx3bcapeqZIRr1r2StA1SoYiWKDRL3z2BhFOOBEaM6RU13Vi7adIaooZmeZ7iSIxwmM0JF1DBeJE+ens3ik8NcoAhpE0JTScqT8nUsSVmvDAdHKkR+q3l4l/ed1EhzU/pSJONBF4vihMGNQRzJ6HAyoJ1mxiCMKSmlshHiGJsDYRLW0J+NRk8v04/J+0PNut2OWbcrF+uUgnB47BCTgDLqiCOrgGDdAEGDDwCJ7As/VgvViv1tu8dcVazByBJVjvX2eFlu8=</latexit>

k→

<latexit sha1_base64="QRrGa43n+M6hTteWkZ91xAoTngU=">AAAB93icdVDLSsNAFJ3UV62vqks3g0VwFZK0tnVXdOOyBWsLbZDJdNIOnZmEmYkQQr/Ara7diVs/x6V/4qStYEUPXDiccy73EcSMKu04H1ZhbX1jc6u4XdrZ3ds/KB8e3akokZh0ccQi2Q+QIowK0tVUM9KPJUE8YKQXTK9zv/dApKKRuNVpTHyOxoKGFCNtpE77vlxx7Mtm3bvwoGM7TsOr1nPiNWpeFbpGyVEBS5j853AU4YQToTFDSg1cJ9Z+hqSmmJFZaZgoEiM8RWMyMFQgTpSfzRedwTOjjGAYSVNCw7n6syNDXKmUBybJkZ6o314u/uUNEh02/YyKONFE4MWgMGFQRzC/Go6oJFiz1BCEJTW7QjxBEmFtfrMyJeAz85Pvw+H/5M6z3bpd69Qqravld4rgBJyCc+CCBmiBG9AGXYABAY/gCTxbqfVivVpvi2jBWvYcgxVY71+2JJO3</latexit>

P

<latexit sha1_base64="IKOJh9tahdrQcw3B5EZXE3oveZk=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlI7GhVLjn3dqLlXLnRsx6m7lVpG3HrVrcCyUTKUwAqtUfFzOA5xzInQmCGlBmUn0l6KpKaYkXlhGCsSITxDEzIwVCBOlJcuDp3DC6OMYRBKU0LDhfpzIkVcqYT7ppMjPVW/vUz8yxvEOmh4KRVRrInAy0VBzKAOYfY1HFNJsGaJIQhLam6FeIokwtpks7bF53OTyffj8H/Sde1yza62q6XmzSqdPDgD5+ASlEEdNMEdaIEOwICAR/AEnq3EerFerbdla85azZyCNVjvX+iEk9c=</latexit>p
<latexit sha1_base64="Us9sTdcBqZi2vwYel8xi7VfwXXc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN14rteLCkn/ULRsS9qFe/cg47tOFWvVMmIVy17JegaJUMRLNDoFz57gwgnnAiNGVKq6zqx9lMkNcWMTPO9RJEY4TEakq6hAnGi/HR27xSeGmUAw0iaEhrO1J8TKeJKTXhgOjnSI/Xby8S/vG6iw5qfUhEnmgg8XxQmDOoIZs/DAZUEazYxBGFJza0Qj5BEWJuIlrYEfGoy+X4c/k9anu1W7PJNuVi/XKSTA8fgBJwBF1RBHVyDBmgCDBh4BE/g2XqwXqxX623eumItZo7AEqz3L2+HlvQ=</latexit>

p→

<latexit sha1_base64="WeFTwDekiDC5nlZDe7bQEemP4vk=">AAAB93icdVBNTwIxEO3iF+IX6tFLIzHxtFkWBLwRvXiERIQENqRbutDQdte2a7LZ8Au86tmb8erP8eg/sQuYiNGXTPLy3kxm5vkRo0o7zoeVW1vf2NzKbxd2dvf2D4qHR3cqjCUmHRyyUPZ8pAijgnQ01Yz0IkkQ9xnp+tPrzO8+EKloKG51EhGPo7GgAcVIG6l9PyyWHPuyUXMvXOjYjlN3K7WMuPWqW4Flo2QogSVaw+LnYBTimBOhMUNK9ctOpL0USU0xI7PCIFYkQniKxqRvqECcKC+dHzqDZ0YZwSCUpoSGc/XnRIq4Ugn3TSdHeqJ+e5n4l9ePddDwUiqiWBOBF4uCmEEdwuxrOKKSYM0SQxCW1NwK8QRJhLXJZmWLz2cmk+/H4f/kzrXLNbvarpaaV8t08uAEnIJzUAZ10AQ3oAU6AAMCHsETeLYS68V6td4WrTlrOXMMVmC9fwHqF5PY</latexit>q

In unpolarized DIS, the cross section can be written as follows: 
<latexit sha1_base64="8prc8lHGCsFRc9iE9681UlenD58="></latexit>

d2ω

d!dE→ → 2F1(x,Q
2) sin2

ε

2
+

F2(x,Q2)

ϑ
cos2

ε

2

<latexit sha1_base64="0daMQvausd/5L1xrsj0I2LBMYOU="></latexit>

Q2 = →q2 = →(k → k→)2, ω = E → E→, x =
Q2

2P · q

<latexit sha1_base64="3WCIs0+9ZEZ/6nCDj9wTREopPCg="></latexit>

F1(x) →
1

2

∑

q

e2q [q(x) + q̄(x)]
<latexit sha1_base64="kQdzqO19rOPqYTZO+updCbTzYKA=">AAACB3icbZDLSgMxFIYz9VbrpaMu3QSLUDdlphR1IxSF4rKCvUA7DJk0bUOTzJBkpGXoA/gMbnXtTtz6GC59E9N2Frb1hwMf/zmHc/iDiFGlHefbymxsbm3vZHdze/sHh3n76Lipwlhi0sAhC2U7QIowKkhDU81IO5IE8YCRVjC6m/VbT0QqGopHPYmIx9FA0D7FSBvLt/M1v1wcX9yUxzXfNeDbBafkzAXXwU2hAFLVffun2wtxzInQmCGlOq4TaS9BUlPMyDTXjRWJEB6hAekYFIgT5SXzx6fw3Dg92A+lKaHh3P27kSCu1IQHZpIjPVSrvZn5X68T6/61l1ARxZoIvDjUjxnUIZylAHtUEqzZxADCkppfIR4iibA2WS1dCfjUZOKuJrAOzXLJvSxVHiqF6m2aThacgjNQBC64AlVwD+qgATCIwQt4BW/Ws/VufVifi9GMle6cgCVZX7/2QpgG</latexit>

F2(x) = 2xF1(x)

q(x), q(x) :  PDFs of quark and anti-quark 
PDF: parton distribution function

−

Thus the structure functions F1(x), F2(x) can be obtained experimentally

F1(x) mainly probes charge-weighted unpolarized quark  
and anti-quark distributions 
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Fig. 11. The results for F em
2 (points) are shown versus x for

fixed Q2. For details, see caption of Fig. 9

apected by higher-twist contributions and target-mass ef-
fects (x ! 0.1, Q2 " 20 GeV2) were avoided by requiring
W 2 > 20 GeV2.

The parameterisations of the parton density functions
(PDFs) were assumed to have the following functional
form, adapted from MRST [40]:

xf(x, Q2
0) = Axδ(1 − x)η(1 + ηx)

and were evaluated at Q2
0 = 7 GeV2. The xδ term param-

eterises the steep rise at low x, whereas (1−x)η describes
the shape of the valence quarks at high x.

The fit was done in the MS scheme with a variable-
flavour-number ansatz (RT-VFN) [43]. A charm mass of
1.35 GeV was assumed. The strange-quark distribution,
x(s(x) + s̄(x)) = 2xs̄(x), was fixed to the world-average
value 0.20 of the total sea, according to measurements of
CCFR [44]. The value of φS was fixed to the world average
value, φS(M2

Z) = 0.118.
The QCD NLO fit reproduces the data over the full

kinematic range, indicating that NLO DGLAP evolution
can give a consistent description. The overall A2/ndf of
the fit is 0.95 for 1263 data points, where the A2 is calcu-
lated using the statistical and total systematic uncertainty
added in quadrature. The A2/ndf for the present data is
0.84 for the 242 ZEUS data points.
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shown

ZEUS, EPJC21, 443 (2001)

- In the naive parton model, F2 is independent of Q2 (Bjorken scaling) 
  - Partons are considered to be point-like and their distributions don’t 
    change with resolution scale 

- The data show clear Q2 dependence, especially at small x 
  (scaling violation) 

- The strong scaling violation at small x provides sensitivity to 
and constrains a large gluon distribution 

small x

large x
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Valence quarks dominate at large x. 
Sea quarks and gluons become important at small x.
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apected by higher-twist contributions and target-mass ef-
fects (x ! 0.1, Q2 " 20 GeV2) were avoided by requiring
W 2 > 20 GeV2.

The parameterisations of the parton density functions
(PDFs) were assumed to have the following functional
form, adapted from MRST [40]:

xf(x, Q2
0) = Axδ(1 − x)η(1 + ηx)

and were evaluated at Q2
0 = 7 GeV2. The xδ term param-

eterises the steep rise at low x, whereas (1−x)η describes
the shape of the valence quarks at high x.

The fit was done in the MS scheme with a variable-
flavour-number ansatz (RT-VFN) [43]. A charm mass of
1.35 GeV was assumed. The strange-quark distribution,
x(s(x) + s̄(x)) = 2xs̄(x), was fixed to the world-average
value 0.20 of the total sea, according to measurements of
CCFR [44]. The value of φS was fixed to the world average
value, φS(M2

Z) = 0.118.
The QCD NLO fit reproduces the data over the full

kinematic range, indicating that NLO DGLAP evolution
can give a consistent description. The overall A2/ndf of
the fit is 0.95 for 1263 data points, where the A2 is calcu-
lated using the statistical and total systematic uncertainty
added in quadrature. The A2/ndf for the present data is
0.84 for the 242 ZEUS data points.
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Deep inelastic scattering of a lepton (l) on a hadron (h)
<latexit sha1_base64="w/ss0br8GlXX+hn7LZHuG124XM4=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIRB2JajHoBePEcwDsmuYnfQmQ2YfzMwqYclHePFXvHhQxKsHb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w9aMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6mvrtexCSReGtGsfgBmQQMp9RorTUMysOcF4alSvDUqOMHcEGQ0WEiB7w3LhzYsECKOMK7vTMolW1ZsDLxM5IEWVo9Mwvpx/RJIBQUU6k7NpWrNyUCMUoh0nBSSTEhI7IALqahiQA6aazpyb4RCt97EdCV6jwTP09kZJAynHg6c6AqKFc9Kbif143Uf6Fm7IwThSEdL7ITzhWEZ4mhPtMAFV8rAmhgulbMR0SQajSORZ0CPbiy8ukdVq1z6q1m1qxfpnFkUdH6BiVkI3OUR1dowZqIooe0TN6RW/Gk/FivBsf89ackc0coj8wPn8AuUacvw==</latexit>

ω(k) + h(P ) → ω(k→) +X

<latexit sha1_base64="qr06coBAY9CcJcmp7ump4wuqbZI=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlJ7NiqWHPu6UXOvXOjYjlN3K7WMuPWqW4Flo2QogRVao+LncBzimBOhMUNKDcpOpL0USU0xI/PCMFYkQniGJmRgqECcKC9dHDqHF0YZwyCUpoSGC/XnRIq4Ugn3TSdHeqp+e5n4lzeIddDwUiqiWBOBl4uCmEEdwuxrOKaSYM0SQxCW1NwK8RRJhLXJZm2Lz+cmk+/H4f+k69rlml1tV0vNm1U6eXAGzsElKIM6aII70AIdgAEBj+AJPFuJ9WK9Wm/L1py1mjkFa7DevwDgpZPS</latexit>

k
<latexit sha1_base64="DAMq/WQy9xRxeWSz2w4kCTdeCTc=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXw8y0tnVXdOOygn1AO5ZMmmlDk8yQZIQyFPwGt7p2J279FZf+iZm2ghU9cOFwzr3ce08QM6q043xYK6tr6xubua389s7u3n7h4LClokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC+yvz2PZGKRuJWT2LiczQUNKQYaSN1xne9WFJO+oWiY1/UKt65Bx3bcapeqZIRr1r2StA1SoYiWKDRL3z2BhFOOBEaM6RU13Vi7adIaooZmeZ7iSIxwmM0JF1DBeJE+ens3ik8NcoAhpE0JTScqT8nUsSVmvDAdHKkR+q3l4l/ed1EhzU/pSJONBF4vihMGNQRzJ6HAyoJ1mxiCMKSmlshHiGJsDYRLW0J+NRk8v04/J+0PNut2OWbcrF+uUgnB47BCTgDLqiCOrgGDdAEGDDwCJ7As/VgvViv1tu8dcVazByBJVjvX2eFlu8=</latexit>

k→

<latexit sha1_base64="QRrGa43n+M6hTteWkZ91xAoTngU=">AAAB93icdVDLSsNAFJ3UV62vqks3g0VwFZK0tnVXdOOyBWsLbZDJdNIOnZmEmYkQQr/Ara7diVs/x6V/4qStYEUPXDiccy73EcSMKu04H1ZhbX1jc6u4XdrZ3ds/KB8e3akokZh0ccQi2Q+QIowK0tVUM9KPJUE8YKQXTK9zv/dApKKRuNVpTHyOxoKGFCNtpE77vlxx7Mtm3bvwoGM7TsOr1nPiNWpeFbpGyVEBS5j853AU4YQToTFDSg1cJ9Z+hqSmmJFZaZgoEiM8RWMyMFQgTpSfzRedwTOjjGAYSVNCw7n6syNDXKmUBybJkZ6o314u/uUNEh02/YyKONFE4MWgMGFQRzC/Go6oJFiz1BCEJTW7QjxBEmFtfrMyJeAz85Pvw+H/5M6z3bpd69Qqravld4rgBJyCc+CCBmiBG9AGXYABAY/gCTxbqfVivVpvi2jBWvYcgxVY71+2JJO3</latexit>

P

<latexit sha1_base64="IKOJh9tahdrQcw3B5EZXE3oveZk=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GqbT2tZd0Y3LFuwD2qFk0kwbmmSGJCMMQ7/Ara7diVs/x6V/YqatYEUPXDiccy/33uNHjCrtOB9WbmNza3snv1vY2z84PCoen3RVGEtMOjhkoez7SBFGBeloqhnpR5Ig7jPS82e3md97IFLRUNzrJCIeRxNBA4qRNlI7GhVLjn3dqLlXLnRsx6m7lVpG3HrVrcCyUTKUwAqtUfFzOA5xzInQmCGlBmUn0l6KpKaYkXlhGCsSITxDEzIwVCBOlJcuDp3DC6OMYRBKU0LDhfpzIkVcqYT7ppMjPVW/vUz8yxvEOmh4KRVRrInAy0VBzKAOYfY1HFNJsGaJIQhLam6FeIokwtpks7bF53OTyffj8H/Sde1yza62q6XmzSqdPDgD5+ASlEEdNMEdaIEOwICAR/AEnq3EerFerbdla85azZyCNVjvX+iEk9c=</latexit>p
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p→

<latexit sha1_base64="WeFTwDekiDC5nlZDe7bQEemP4vk=">AAAB93icdVBNTwIxEO3iF+IX6tFLIzHxtFkWBLwRvXiERIQENqRbutDQdte2a7LZ8Au86tmb8erP8eg/sQuYiNGXTPLy3kxm5vkRo0o7zoeVW1vf2NzKbxd2dvf2D4qHR3cqjCUmHRyyUPZ8pAijgnQ01Yz0IkkQ9xnp+tPrzO8+EKloKG51EhGPo7GgAcVIG6l9PyyWHPuyUXMvXOjYjlN3K7WMuPWqW4Flo2QogSVaw+LnYBTimBOhMUNK9ctOpL0USU0xI7PCIFYkQniKxqRvqECcKC+dHzqDZ0YZwSCUpoSGc/XnRIq4Ugn3TSdHeqJ+e5n4l9ePddDwUiqiWBOBF4uCmEEdwuxrOKKSYM0SQxCW1NwK8QRJhLXJZmWLz2cmk+/H4f/kzrXLNbvarpaaV8t08uAEnIJzUAZ10AQ3oAU6AAMCHsETeLYS68V6td4WrTlrOXMMVmC9fwHqF5PY</latexit>q

In polarized DIS,  
spin-dependent structure functions g1(x) (& g2(x)) is obtained

<latexit sha1_base64="0daMQvausd/5L1xrsj0I2LBMYOU="></latexit>

Q2 = →q2 = →(k → k→)2, ω = E → E→, x =
Q2

2P · q

g1(x) mainly probes longitudinal quark helicity PDFs

<latexit sha1_base64="qxpwyzLvbUnxS6zOyQV1OYlGfwk="></latexit>

g1(x) =
1

2

∑

q

e2q [!q(x) +!q̄(x)]
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!q = q+ → q→

q+: quark helicity aligned with hadron helicity 
q- : quark helicity anti-aligned with hadron helicity
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Polarized deep-inelastic scattering by EMC (European Muon Collaboration) in 1988
<latexit sha1_base64="EtkbzLPWhvAKLr9yBkvmzNy6oY4=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQCmVGirqSohuXFewD2rFk0kwbmkyGJKOUYf7Gjb/iRlARXfonpu0s+vBA4Nxz7uXmHj9iVGnH+bFyK6tr6xv5zcLW9s7unr1/0FAilpjUsWBCtnykCKMhqWuqGWlFkiDuM9L0hzdjv/lIpKIivNejiHgc9UMaUIy0kbr2VYfHD0lH0v5AIynFU1qK5ms4U8BpdyQpJykswVbXLjplZwK4TNyMFEGGWtd+7/QEjjkJNWZIqbbrRNpLkNQUM5IWOrEiEcJD1CdtQ0PEifKSyZ0pPDFKDwZCmhdqOFFnJxLElRpx33RypAdq0RuL/3ntWAeXXkLDKNYkxNNFQcygFnAcGuxRSbBmI0MQltT8FeIBkghrE23BhOAunrxMGmdl97xcuasUq9dZHHlwBI7BKXDBBaiCW1ADdYDBM3gFH+DTerHerC/re9qas7KZQzAH6/cPukCnpA==</latexit>

µ→ + p→ → µ↑ +X

Longitudinal double-spin asymmetry

Volume 206, number 2 PHYSICS LETTERS B 19 May 1988 
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Fig. I. The asymmetry A 1 p plotted versus x together with results 
from previous experiments [ 26,27 ]. The curve is from the model 
of ref. [28]. 

taken from ref. [ 7 ] but corrected from the value R = 0 
assumed in that paper to the QCD value of  R. Fig. 3 
shows xg p (x) as a function o f x .  The solid curve is 
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rected to the same mean x using a fit to the data as a function of 
X.  
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Fig. 3. The quantity xgr~ (x) (right-hand axis and solid circles) 
versus x. The left-hand axis and the crosses show the values of 
f.~mg~ (x )dx  where x~. is the value of x at each lower bin edge. 
The inner error bars are statistical and the outer error bars are 
the total errors obtained by combining the statistical and system- 
atic errors (table I ) in quadrature. The curves are described in 
the text. 

derived from the fitted function to A~ (x ) .  The inte- 
gral ofg~  (x)  over the measured region was found to 
be 
0 . 7  

f g~ ( x ) d x = 0 . 1 1 1  + 0 .012(s ta t .  ) + 0 . 0 2 6  ( s y s t . ) .  
0 . 0 1  

The convergence of  this integral is also shown in fig. 
3 where  f~mg p (x)dx is plotted as a function Of Xm, 
the value of  x at the lower edge of  each bin. It can be 
seen that the integral converges well towards x = 0 .  
The dashed curve is the integral o f  the solid curve 
and this was used to extrapolate to x = 0 .  The data 
covered 98% of  the value of  the integral. The value 
obtained at a mean Q2 of  10.7 GeV 2 was 
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fg~ ( x ) d x = 0 . 1 1 4 +  0 .012(s t a t . )  + 0 . 0 2 6 ( s y s t . ) .  
0 

Here the systematic error was obtained from the in- 
dividual  systematic errors, added in quadrature and 
includes a further uncertainty of  10% on the value of  
the integral to allow for possible errors on the value 
of  F2 for the proton. The uncertainty due to the ex- 
trapolation outside the measured range o f  x is small 
providing that Xgl(X ) is well behaved and ap- 
proaches zero reasonably as x tends to zero. It is ex- 
pected from Regge theory [30]  that xg~(x) 
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A =
ω→↑ → ω→→

ω→↑ + ω→→

Volume 206, number 2 PHYSICS LETTERS B 19 May 1988 

directions were reversed during each data taking pe- 
riod, and the values of A obtained for each configu- 
ration were averaged. Hence the only systematic 
effects remaining were due to possible changes in the 
ratio of the acceptances of the two target halves be- 
fore and after polarisation reversal. These effects were 
studied by splitting the data in different ways into two 
samples, one of which was expected to suffer much 
more acceptance changes. The consistency of the re- 
suits obtained from the two samples showed no in- 
dication of residual systematic effects beyond the 
statistical errors. 

The cuts applied to the data were similar to those 
used in previous EMC analyses [ 7 ]. The muon scat- 
tering angle cut was increased to 1 ° to ensure good 
resolution of events coming from the two target 
halves. A total of 1.2 X 10 6 events survived these cuts. 

Corrections to the dilution factorfwere applied for 
the smearing of events into the target halves which 
originated in the unpolarised material around the 
target ( ~ 6%) and kinematic smearing due to the in- 
trinsic resolution of the track measurements ( < 3%), 
using a Monte Carlo simulation of the experiment. 
Corrections ( ~ 1.5%) were also applied for the slight 
polarisation of the nitrogen nucleus [21], and for 
higher order radiative effects [22,23 ] (2-20%). The 
contribution to the asymmetry from electroweak in- 
terference was calculated and found to be negligible. 

The values of A, are given in table 1, where ?~A 2 has 
been neglected so that A, ~-A/D. These values were 
obtained by statistically combining the results from 
the 11 data taking periods. The consistency of the 
various periods is shown by the Z 2 to the mean value, 

given in table 1. These values o f z  2 follow a reasona- 
ble statistical distribution, showing that time depen- 
dent systematic effects were well controlled. The 
systematic errors given in table 1 include the uncer- 
tainties in the value of R (50% of its value) which 
was taken to be the value calculated from QCD 
[24,25], the uncertainty in neglectingA2 in eqs. (2) 
and (4) (taking A2= -+x/R), the uncertainty in f 
arising from the error in the measured neutron-to- 
proton cross section ratio and nuclear effects on the 
structure function F2 in nitrogen, and the error due 
to radiative corrections. They also include an esti- 
mate of the possible systematic error, as described 
above, arising from time dependent acceptance 
changes. 

The results forA~ are plotted in fig. 1 together with 
those of previous SLAC experiments [26,27 ], which 
are in good agreement with our results in the region 
of overlap. The prediction of the model of Carlitz and 
Kaur [28] is also shown. This model gives a good 
representation of the data at large x but fails to repro- 
duce it for x<0.2.  In fig. 2 values of A~ in several x 
are plotted v e r s u s  Q2 to search for scaling violations. 
These are expected to be small [6,29], and we con- 
clude that within errors the data are consistent with 
scaling. This justifies combining the data from pe- 
riods with different beam energies. A good fit to the 
data in fig. 1 is given by 

AlP (x) = 1 .04x°16  [ 1 - e x p (  - 2.9x) ] . 

The spin-dependent structure function gO (x) was 
obtained from A~ (x) using eq. (4), setting R to the 
value calculated from QCD. The values of F~ were 

Table 1 
Results for A~ in x bins. There is a further 9.6% normalisation error on A ~ due to uncertainties in the beam and target polarisations. 

x range <x> <Q2> At -+ stat. -+ syst. z2/DOF 
(GeV/c) 2 

0.01-0.02 0.015 3.5 0.021+0.035_+0.017 6.8/10 
0.02-0.03 0.025 4.5 0.087_+0.043+0.022 9.7/10 
0.03-0.04 0.035 6.0 0.013_+0.054_+0.024 5.3/10 
0.04-0.06 0.050 8.0 0.094_+0.048_+0.028 4.0/10 
0.06-0.10 0.078 1 0 . 3  0.139_+0.049_+0.037 4.3/10 
0.10-0.15 0.124 1 2 . 9  0.169_+0.063_+0.045 19.8/10 
0.15-0.20 0.175 1 5 . 2  0.360_+0.087_+0.057 14.9/10 
0.20-0.30 0.248 1 8 . 0  0.469_+0.088_+0.065 13.3/10 
0.30-0.40 0.344 2 2 . 5  0.517+0.141_+0.068 9.8/10 
0.40-0.70 0.466 2 9 . 5  0.657_+0.175_+0.065 8.4/10 
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D: depolarization factor
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g1 → F2A1

2x(1 +R)

<latexit sha1_base64="eVo5UmyaUy86UCMn7/FoIbUXZzo="></latexit>∫ 1

0
gp1(x)dx → !” ↑ 0.14

Only ~14% of proton spin carried by quark spins (spin crisis!)
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1

2
=

1

2
!”+!G+ Lq + Lg

Quark spin

Quark spin:  Known to be ΔΣ~30% by more DIS data with improved QCD analysis 
Gluon spin:  Can be constrained by polarized pp collisions 
Orbital angular momentum:  Little known

Gluon spin Orbital angular momentum
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Jet and high-pT hadron production is dominated by   
gluon-gluon (gg) and quark-gluon (qg) hard scattering process  
at RHIC energies

Mukherjee and Vogelsang, PRD86, 094009 (2012) 
Plot from STAR, PRD97, 032004 (2018)
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p→ + p→ → jet/ω0 +X
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gg → gg, qg → qg

Longitudinally polarized proton-proton collisions 

One can study gluon-related spin effects 

→RHIC spin program
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Relativistic Heavy Ion Collider (RHIC) - Polarized proton collider

The only polarized high-energy proton-proton collider 
Polarization: transverse and longitudinal 
Center-of-mass energy for pp collisions: √s = 62, 200, 500/510 GeV
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RHIC – POLARIZED PROTON COLLIDER

● The only polarized high-energy proton-proton collider
● Polarization: transverse and longitudinal
● Center-of-mass energy for pp collisions: √s = 62, 200, 500/510 GeV
● Alternating spin configurations bunch by bunch (spacing ~100 ns) and fill by fill (typical duration ~8 hrs) 

Hard scattering processes with control of systematic effects

Circumference of 3834 m
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Jet Asymmetry Measurements at RHIC

Parton helicity: the polarization orientation of
the parton is parallel (+) or anti-parallel (�)
to its momentum direction

Scattering combinations: ++ and +�

The partonic longitudinal double-spin
asymmetry, âLL, responsible for the
di↵erence in jet yields from parton
scattering processes with ++ and +�:

âLL =
�̂++ � �̂+�

�̂++ + �̂+�

The polarized parton distribution

function, �f = f + � f �

The jet longitudinal double-spin asymmetry, ALL in pp collisions is

ALL ⇠
X

a,b

�fa�fb
fafb

âLL

gg and qg have large âLL ! making jet ALL sensitive to gluon polarization
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Longitudinal double-spin asymmetry
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ALL =
ω++ → ω+→

ω++ + ω+→

++: beam has the same helicity 
+-: beam has the opposite helicity

Polarized parton distribution function Δf 
 

“+”: parton helicity aligned with proton helicity 
       (anti-aligned for “-”) 
　   : cross section of parton-parton hard scattering 
          (a, b denote quark or gluon)
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ω̂ab
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!f = f+(x)→ f→(x)
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p→ + p→ → jet/ω0 +X

e.g. for qg→qg process

ALL  is sensitive to gluon helicity distribution Δg
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ALL → !q

q

!g

g
âLL
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ALL →
∑

a,b !fa!fb d!ω̂ab∑
a,b fafb dω̂ab

=

∑
a,b !fa!fb∑

a,b fafb
âLL

parton-level double spin asymmetry

Jet Asymmetry Measurements at RHIC

Parton helicity: the polarization orientation of
the parton is parallel (+) or anti-parallel (�)
to its momentum direction

Scattering combinations: ++ and +�

The partonic longitudinal double-spin
asymmetry, âLL, responsible for the
di↵erence in jet yields from parton
scattering processes with ++ and +�:

âLL =
�̂++ � �̂+�

�̂++ + �̂+�

The polarized parton distribution

function, �f = f + � f �

The jet longitudinal double-spin asymmetry, ALL in pp collisions is

ALL ⇠
X

a,b

�fa�fb
fafb

âLL

gg and qg have large âLL ! making jet ALL sensitive to gluon polarization

Zilong Chang ECRS2019, BNL, Upton, New York 6 / 14
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jet and dijet ALL. The 4% of the inclusive jet event sample
with two jets that both satisfy the inclusive jet requirements
introduce a correlation among the inclusive jet ALL that
ranges from about 0.005 at low pT to 0.06 at high pT . There
are no such statistical correlations among the dijet ALL.
Point-to-point correlations also originate from the under-
lying-event systematic uncertainties for ALL and the polar-
ized PDF uncertainties in the evaluation of trigger bias.
Systematic uncertainties dominate in the correlations at low
pT , estimated to be < 0.07, with exception of the corre-
lations between low-pT intervals for inclusive jets with
jηj < 0.5. The large correlations up to 0.55 in this
region originate from dominating underlying-event uncer-
tainties which are fully correlated between intervals. At
high pT , the dominant effects are statistical in origin. The
Supplemental Material contains detailed correlation matri-
ces for all measurements [74].
Figures 3 and 4 show the inclusive jet and dijet ALL,

respectively, versus xT ¼ 2pT=
ffiffiffi
s

p
and Minv=

ffiffiffi
s

p
corrected

to the parton level. The data are plotted alongside our priorffiffiffi
s

p
¼ 200 GeV data [44,46]. The xT and Minv=

ffiffiffi
s

p
values

for the present data are slightly higher and have smaller
uncertainties than those for our prior data mainly because
of refined treatment of the underlying-event correction.
Also shown are theory expectations from the DSSV14 [18]
(red dashed curve) and NNPDFpol1.1 [20] (purple con-
tinuous curve) global analyses. NNPDFpol1.1 has 100
publicly available and equally probable replicas and their
root mean square corresponding to the one-sigma error
band is represented by the cyan hatched region.

The present and prior data are in good agreement. The
prior inclusive jet data [44] are included in the theory
expectations and provide stringent constraints on
Δgðx;Q2Þ for x > 0.05. The theory expectations are in
good agreement with the present data, which have further
improved accuracy.
In summary, we have presented ALL for midrapidity

inclusive jet and dijet production based on data recorded by
the STAR Collaboration during RHIC operations with
polarized proton beams at

ffiffiffi
s

p
¼ 200 GeV in 2015. The

data provide sensitivity to the polarized gluon distribution
Δgðx;Q2Þ for gluon momentum fractions 0.05≲ x≲ 0.5.
Our new results are consistent with and have better
precision than our prior data at

ffiffiffi
s

p
¼ 200 GeV. The results

provide further evidence that Δgðx;Q2Þ is positive
for x > 0.05.
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size of the point-to-point systematic uncertainties in ALL (vertical
extent) and xT (horizontal extent). The bands on the horizontal
axis represent the relative luminosity uncertainty, which are
common to all data points. The curves show the expected ALL
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distributions. The hatched area indicates the size of the uncer-
tainty in the NNPDFpol1.1 expectation.
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FIG. 4. ALL versus Minv=
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for dijets with the signðη1Þ ¼

signðη2Þ (top) and signðη1Þ ≠ signðη2Þ (bottom) event topologies.
The square markers show the present data, whereas the triangle
markers show the data of Ref. [46]. The results are compared to
theoretical predictions for dijets from DSSV14 [18] and
NNPDFpol1.1 [20] with its uncertainty.

LONGITUDINAL DOUBLE-SPIN ASYMMETRY FOR INCLUSIVE … PHYS. REV. D 103, L091103 (2021)

L091103-7

STAR, PRL115, 092002 (2015) 
STAR, PRD103, L091103 (2021) and more…

Positive jet ALL at x>0.05 provides evidence for a nonzero and positive Δg,  
when interpreted together with known quark helicities and QCD calculations  

<latexit sha1_base64="+At/gThzRoCfovWprdltXQMpzEk="></latexit>

ALL =

∑
a,b !fa!fb∑

a,b fafb
âLL

Jet ALL: Sum over subprocesses gg, qg, qq 
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gg : !g(x1)!g(x2)

qg : !q(x1)!g(x2)

qq : !q(x1)!q(x2)

dominant
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possibility of contamination from the neighboring bunch
crossings to a negligible level. As in the cross section
analysis, the π0 candidates were counted within a ±25
MeV/c2 window around the π0 peak in the two-photon
invariant mass distribution. The ALL was then corrected
for the background ALL measured in the side bands on
either side of the π0 peak; this background asymmetry
was found to be consistent with zero in all pT bins.
The relative luminosity R was defined from the number

of MB triggers in each bunch crossing, and cross checked
using the number of collisions firing the ZDCs on both
sides of the IR. The pile-up correction due to the high
collision rate had a negligible effect on R. The result-
ing contribution of the relative luminosity uncertainty to
Aπ

0

LL for the 2012 (2013) data was δAπ
0

LL|R = 2.0 → 10−4

(3.8→ 10−4), affecting all pT bins in the same way.
ALL was measured for each PHENIX data taking seg-

ment (up to 90 minutes long) to minimize the systematic
effects from variation in R, beam polarization (decreasing
during a store by ∆P=0.005–0.010 per hour), and HPP
trigger performance. These asymmetries were averaged
separately for the 2012 and 2013 data. Results from 2012
and 2013 were consistent within statistical uncertainties
and the final result presented in this Letter is the average
of these data sets.
The resulting π0 ALL systematic uncertainties are

(a) a correlated uncertainty from relative luminosity of
3.6→10−4, (b) a correlated uncertainty from polarization
measurements of 6.5% (scale uncertainty), and (c) point-
to-point uncertainty from background fraction determi-
nation under the π0 peak in the two-photon invariant-
mass distribution. The point-to-point uncertainties were
found to be smaller than 10% of the statistical uncer-
tainty in all pT bins. As in the previous PHENIX anal-
ysis [14], the contribution of other potential sources of
systematic uncertainties was negligible.
Figure 3 shows the π0 ALL asymmetries at

√
s = 510

GeV compared with the DSSV14 calculation [16] based
on a global fit of the world helicity asymmetry data.
Comparing the data to the DSSV14 curve we obtain
χ2/NDF=8.0/14, while comparing to the ALL = 0 hy-
pothesis we obtain χ2/NDF = 18.2/14; the data prefer
the DSSV14 curve by a little more than 3 standard de-
viations.
Figure 4 shows π0 ALL data from PHENIX at both√
s = 200 GeV [14] and 510 GeV, along with NLO pQCD

analyses from three groups [5, 6, 16]. All three analyses
predict an increase in π0 ALL at the same xT due to
pQCD evolution, with xT = 2pT /

√
s. Our data is con-

sistent with such an increase.
In summary, we have presented the unpolarized cross

section and double helicity asymmetry for π0 production
at midrapidity for p+p collisions at

√
s = 510 GeV. The

NLO pQCD calculation is in excellent agreement with
the presented cross section results. The calculation uti-
lized the recent DSS14 set of fragmentation functions,
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FIG. 3. (color online) ALL vs pT for π0 production at midra-
pidity in p+p collisions at

√
s = 510 GeV. Error bars are

combined statistical and point-to-point systematic uncertain-
ties. The ALL = 0 (yellow) line is uncertainty from relative
luminosity. The theoretical curve with 90% C.L. band (green)
is from a DSSV14 calculation [16].
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FIG. 4. (color online) ALL vs xT for π0 production at midra-
pidity at

√
s = 200 GeV (blue) from [14] and 510 GeV (red)

from this analysis. Error bars are combined statistical and
point-to-point systematic uncertainties. Note that the rela-
tive luminosity uncertainties from two data samples are about
the same, hence are indistinguishable in the plot in the over-
lapping xT range. Theoretical curves are from recent NLO
global analyses [5, 6, 16], with the lower curves (blue) for
√
s = 200 GeV and the higher curves (red) for

√
s = 510 GeV.

PHENIX, PRD90, 012007 (2014) 
PHENIX, PRD93, 011501(R) (2016)

Positive π0 ALL provides complementary evidence for a positive gluon helicity distribution Δg 
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qg → qg → ω0 +X

fragmentation｛

Unlike jets,  
π0 production involves parton fragmentation
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acceptance, trigger efficiencies, and pileup effect, are in
total less than 7%.
Figure 1(a) shows the measured inclusive direct-photon

cross section at midrapidity in p⃗þ p⃗ collisions at
ffiffiffi
s

p
¼

510 GeV compared with NLO pQCD calculations [29,30]
using NNPDF3.0 parton-distribution functions (PDF)
[31,32] and Glück-Reya-Vogt (GRV) fragmentation
functions (FF) [33]. The pseudorapidity range for this
measurement is jηj < 0.25 after the fiducial requirement
that removes edge towers of the EMCal. The calculation is
in good agreement with the data within the uncertainties for
pT > 12 GeV=c, but underestimates the yield by up to a
factor of ≈3 for pT < 12 GeV=c. This discrepancy is
possibly due to multiparton interactions and parton showers
[34–38]. The isolated direct-photon cross section is shown
in Fig. 1(c) as a function of pT and compared with the NLO
pQCD calculation [29,30] using NNPDF3.0 [31,32] and
GRV FF [33]. The calculation is in good agreement with
the data within the uncertainties, with slight overestimation
in the lowest pT bins.
The double-helicity asymmetry is defined as

ALL ¼ Δσ
σ

¼ σþþ − σþ−
σþþ þ σþ−

; ð4Þ

where σþþ (σþ−) is the cross section for the same
(opposite) helicity proton-proton collisions. This can be
rewritten in terms of particle yield and beam polarizations:

ALL ¼ 1

PBPY

Nþþ − RNþ−
Nþþ þ RNþ−

; ð5Þ

where Nþþ (Nþ−) is the number of isolated direct photons
from the collisions with the same (opposite) helicities.
PB (PY) are the polarizations for the blue (yellow) proton
beams, and the average values in 2013 were 0.55 (0.57)
[39]. R ¼ ðLþþ=Lþ−Þ is the relative luminosity that is
measured by the BBC. The systematic contribution of R to
ALL was found to be 3.8 × 10−4 [13].
The asymmetry was calculated for photon candidates

that passed the same time-of-flight, minimum-energy, and
isolation requirements as in the cross-section analysis.
A z-vertex requirement of 30 cm is used for the asymmetry
measurement. The asymmetry contribution for back-
ground photons from π0 ’s decay was calculated from
the sideband regions (47–97 and 177–227 MeV=c2) below
and above the π0 mass peak (112–162 MeV=c2) using the
inclusive photon sample due to the limited statistics in
the isolated photon sample. The asymmetry for other
hadron decays (mostly η decays) was taken as Aη

LL from
previous PHENIX measurements at

ffiffiffi
s

p
¼ 200 GeV [6]

by assuming xT scaling. The difference in Aη
LL between

200 and 510 GeV for a given xT is expected to be
much smaller than the experimental uncertainty of the
200 GeV result which was used to assign a systematic

uncertainty [11,12]. The background-corrected asymmetry
can be calculated as

Adir
LL ¼ Atotal

LL − rπ0Aπ0
LL − rhA

η
LL

1 − rπ0 − rh
; ð6Þ

where rπ0 (10%–14%) and rh (0.6%–1.4%) are background
fractions of π0 and other hadron-decay photons, respec-
tively. We used a bunch-shuffling technique which assigned
a random spin polarization to each bunch and examined the
distribution of resulting asymmetries ensure there were
no false asymmetries arising from unknown systematic
effects [6]. The data were divided into subgroups according
to the bunch spin patterns that were used to fill the RHIC
rings, and calculated asymmetries were found to be
consistent.
Figure 2 shows the double-helicity asymmetry of iso-

lated direct-photon production in longitudinally polarized
proton-proton collisions at

ffiffiffi
s

p
¼ 510 GeV for 6 < pT <

20 GeV=c. The corresponding gluon momentum fraction is
x ≈ 2pT=

ffiffiffi
s

p
. In the asymmetry measurement, systematic

effects are largely canceled. The systematic uncertainties
in Fig. 2 include point-to-point uncertainties from back-
ground estimation and false asymmetries in the background
due to pileup effects at low pT. The NLO pQCD calculation
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p
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FIG. 2. Double-helicity asymmetry ALL vs pT for isolated
direct-photon production in polarized pþ p collisions at

ffiffiffi
s

p
¼

510 GeV at midrapidity. Vertical error bars (boxes) represent the
statistical (systematic) uncertainties. The systematic uncertainties
for pT < 10 GeV=c are smaller than the marker size. Not shown
are a 3.9 × 10−4 shift uncertainty from relative luminosity and
a 6.6% scale uncertainty from polarization. The DSSV14 and
JAM22 calculations are shown with 1σ uncertainty bands
obtained fromMC replicas [11,15,16,40,41]. JAM22 calculations
are based on PDF sets from the global analysis of the JAM
Collaboration [16], and the code to calculate the asymmetries was
provided by W. Vogelsang.
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Despite the relatively large uncertainties,  
positive direct-photon ALL favors a positive Δg (2.8σ level). 

A clean and independent probe to determine the sign of Δg 

<latexit sha1_base64="+At/gThzRoCfovWprdltXQMpzEk="></latexit>

ALL =

∑
a,b !fa!fb∑

a,b fafb
âLL
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gg : !g(x1)!g(x2)

qg : !q(x1)!g(x2)

qq : !q(x1)!q(x2)

Jet/π0 ALL cases, gg contribution is  
insensitive to the sign of Δg

is dominant 
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q + g → q + ω
Direct-photon ALL case,
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energy hadron collider configuration by accessing distributions originally measured in lepton
scattering experiments, but in a different kinematic regime, allowing for new insights into
universality, factorization and TMD evolution.
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Figure 1: Left: The impact of RHIC data to constrain gluon helicity [1, 2]. Right: The x-Q2

probed with data from the future EIC and Jlab-12 GeV as well as the current semi-inclusive deep

inelastic scattering (SIDIS) data and the jet and W -boson data from RHIC. All data are sensitive

to the Sivers function and transversity times the Collins fragmentation function (FF) in the TMD

formalism.

As the realization of a future EIC draws closer, there is a growing scientific imperative
to complete a set of “must-do” measurements in pp and pA collisions in the remaining RHIC
runs. The ongoing RHIC Cold QCD program will build on the accelerator’s unique ability
to collide a variety of ion beams in addition to polarized protons, and a detector with wide
kinematic coverage that has been further enhanced through an upgrade at forward rapidities
consisting of electromagnetic and hadronic calorimetry as well as tracking. The new detectors
will enable e/h discrimination with charge-sign determination and full jet reconstruction in
the forward direction for the first time, allowing RHIC to extend the full complement of the
existing transverse spin program into new kinematic regimes! This will expand the existing
transverse spin program into both lower and higher x domains, as illustrated in the right
panel of Fig. 1. In addition to the expanded transverse spin program, RHIC will be able to
further explore exciting new signatures of gluon saturation and non-linear gluon dynamics
(see Section 3). The ratios of forward Drell-Yan and photon-jet yields in pp and pA/AA
collisions are clean probes of nuclear modifications to initial state parton distributions as
well as gluon saturation effects. All of these measurements rely critically on the successful
completion of scheduled RHIC operations before the shutdown in 2025.

While the remaining RHIC Cold QCD program is unique and offers discovery potential
on its own, it is also essential to fully realize the scientific promise of the EIC. These data

3

Global QCD analysis: Simultaneous analysis of various experimental data within the QCD 
framework to extract (helicity) PDFs 
     QCD framework: factorization + pQCD + Q2 evolution of PDFs
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DSSV14 + RHIC(∑2022)
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Figure 6: The impact of the recent jet and di-

jet [18–22], pion [23,24] and W [13,14,16] data

on the x-dependence of the gluon helicity dis-

tribution at Q2 = 10GeV2
based on the global

fit by the DSSV group. The black curve with

the 1� uncertainty light blue band illustrates

the DSSV14 results [17], while the blue curve

with 1� uncertainty band in dark blue [2] shows

the preliminary results after the inclusion of the

new data.

forward-forward jets (top left), forward-central jets (top right), central-central jets (bottom
left), and forward-backward jets (bottom right), where forward jet rapidity is 0.3 < ⌘ < 0.9,
central jet rapidity is |⌘| < 0.3, and backward jet rapidity is �0.9 < ⌘ < �0.3. The forward-
forward and forward-central configurations probe the most asymmetric collisions down to
x ' 0.015. The forward-forward and central-central events probe collisions with | cos ✓⇤|
near zero, whereas forward-central and forward-backward events are more sensitive to larger
| cos ✓⇤|, where ✓⇤ is the scattering angle in the center-of-mass frame of scattering partons.
In both Figs. 7 and 8, the DSSV14 calculations are plotted as the black curves with the 1�
uncertainty bands marked in light blue. The blue curves with 1� uncertainty bands in dark
blue show the impact of all the data sets included in the new preliminary DSSV fit [2] as in
Fig. 6. The curves for JAM �g < 0 solution [41] are presented in red.

3.3 Nonlinear QCD effects

To understand where the saturation of gluon densities sets in, whether there is a simple
boundary that separates this region from that of more dilute quark-gluon matter, is one of
the most important physics cases of the RHIC Cold QCD program and future EIC.

It is well known that PDFs grow rapidly at small-x. The power-law growth of the
gluon density can be explained by gluon splitting, which leads to a linear evolution of gluon
dynamics. But if one imagines how such a high number of small-x partons would fit in the

15

Plots from RHIC ColdQCD white paper, arXiv:2302.00605

Significant improvements on ΔG using RHIC ALL data
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Conclusions—We have carried out the first global
analysis of helicity PDFs at the NNLO of QCD. The
NNLO corrections to spin-dependent partonic cross sec-
tions and to PDF evolution available in the literature have
been augmented by results derived from soft-gluon thresh-
old resummation where necessary, resulting in a framework
that fully incorporates at least approximate NNLO correc-
tions. We observe a remarkable perturbative stability of the
extracted helicity PDFs from NLO to NNLO.
Our Letter sets the stage for future NNLO global analyses

of nucleon helicity structure in the EIC era. There are several
avenues for future improvements, among them derivations of
better approximations for the NNLO terms in pp scattering,
the implementation of the full NNLO results for SIDIS,
detailed explorations of the residual scale dependence and
power corrections and the inclusion of theoretical uncer-
tainties in the fit [47–49].
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FIG. 5. Truncated first moments of the quark singlet and gluon
helicity PDFs atQ2 ¼ 10 GeV2, and their combined contribution
to the proton spin sum rule (bottom panel).

PHYSICAL REVIEW LETTERS 133, 151901 (2024)

151901-5

Borsa et al., PRL133, 151901 (2024)

NNLO global QCD analysis

The central values suggest that quark and gluon helicities  
together may account for most of the proton spin. 

However, the small-x region remains poorly constrained,  
leaving uncertainty in the total quark and gluon helicity contributions.
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p→ + p → W± +X

Sea-quark helicities accessible via W production at RHIC: 
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!” =

∫
(!u+!d+!s+!ū+!d̄+!s̄)dx

Conclusion

STAR inclusive jet and dijet double-spin asymmetry measurements are unique to

explore gluon polarization in the proton
1 Inclusive jets constrain the magnitude of the gluon polarization

2 Dijets constrain the shape of �g(x)

The 200 GeV results provided the first evidence of the positive gluon polarization

The first measured 510 GeV results extend the constraint of the gluon

polarization down to x ⇠ 0.015, STAR, Phys. Rev. D 100, 052005 (2019)

Zilong Chang ECRS2019, BNL, Upton, New York 14 / 14

Total quark helicity contribution is well constrained by DIS (ΔΣ ~0.3). 
Semi-inclusive DIS provides some flavor separation but  
sea-quark helicities remain less well constrained.
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Why W± production? 
✓ W± couple directly to specific quark flavors 

 
 
  

✓ V-A interaction acts as a helicity selector  
Only left-chiral quarks and right-chiral anti-quarks couple to W
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p→ + p → W± +X
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u+ d̄ → W+
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DIS 2014 Justin Stevens,

Why Ws?

Ws couple directly to the quarks and 
antiquarks of interest
Detect Ws through e+/e- decay 
channels
V-A coupling of the weak interaction 
leads to perfect spin separation
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u+ d̄ ! W+ ! e+ + ⌫

d+ ū ! W� ! e� + ⌫̄

Measure parity-violating single-spin asymmetry:
(Helicity flip in one beam while averaging over the other)

AL =
�+ � ��
�+ + ��

AW+
L / ��u(x1)d̄(x2) +�d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)
AW�

L / ��d(x1)ū(x2) +�ū(x1)d(x2)

d(x1)ū(x2) + ū(x1)d(x2)
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- Large parity-violating single-spin asymmetries are observed  
- Opposite sign for W+ AL and W- AL 

- η dependence provides sensitivity to different quark and 
  anti-quark helicities

reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038
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- Opposite sign for W+ AL and W- AL 

- η dependence provides sensitivity to different quark and 
  anti-quark helicities
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reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.
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- η dependence provides sensitivity to different quark and 
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W+ case 
Forward η    → (x1pol - x2unpol) >0 (large x1) → sensitive to Δu  
Backward η → (x1pol - x2unpol) <0 (small x1) → sensitive to Δd −

reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038

MEASUREMENT OF THE LONGITUDINAL SPIN … PHYS. REV. D 99, 051102 (2019)

051102-7



T. Niida, HuaDa QCD school @CCNU

Longitudinal single-spin asymmetry of W bosons

27

<latexit sha1_base64="1MXqNChriTSqSQ65QIwckruXp7k=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARhNKSSL1shKobFy4q2As0sUymk3boTBJmJkIJfRI3voobF4oIrvRtnLaBausPAz/fOYcz5/ciRqWyrG8js7C4tLySXc2trW9sbpnbO3UZxgKTGg5ZKJoekoTRgNQUVYw0I0EQ9xhpeP2rUb3xQISkYXCnBhFxOeoG1KcYKY3a5vFF+waeQ8cXCCeOpF2O7guwCFNbHE5hYQrbZt4qWWPBeWOnJg9SVdvmp9MJccxJoDBDUrZsK1JugoSimJFhzokliRDuoy5paRsgTqSbjM8bwgNNOtAPhX6BgmP6eyJBXMoB93QnR6onZ2sj+F+tFSv/zE1oEMWKBHiyyI8ZVCEcZQU7VBCs2EAbhAXVf4W4h3RSSiea0yHYsyfPm/pRyT4plW/L+cplGkcW7IF9cAhscAoq4BpUQQ1g8AiewSt4M56MF+Pd+Ji0Zox0Zhf8kfH1A1aQoMs=</latexit>

AL =
ω+ → ω→

ω+ + ω→

<latexit sha1_base64="ERT3Q3T1dyH93JzLdXNR35EIAoc="></latexit>

AW+
L → ↑!u(x1)d̄(x2) +!d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)

AW→
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STAR, PRD99, 051102 (2019)

- Large parity-violating single-spin asymmetries are observed  
- Opposite sign for W+ AL and W- AL 

- η dependence provides sensitivity to different quark and 
  anti-quark helicities

reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038
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Opposite signs of backward W+ and W- asymmetries  
reflect signs of Δd and Δu−
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reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038
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STAR, PRD99, 051102 (2019)

STAR W data significantly constrain sea-quark  
helicities
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!ū(x) > !d̄(x) (0.05 < x < 0.25)

Flavor asymmetry in the polarized light-quark sea
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What about transverse spin?

Longitudinally polarized protons 

• DIS    → quark helicity 
• ALL    → gluon helicity 
• W AL → flavor-separated quark/antiquark helicity
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!q(x) = q+(x)→ q→(x), !g(x) = g+(x)→ g→(x)
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p→ + p→ → jet/ω0 +X
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What about transverse spin?

Longitudinally polarized protons 

• DIS    → quark helicity 
• ALL    → gluon helicity 
• W AL → flavor-separated quark/antiquark helicity
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!q(x) = q+(x)→ q→(x), !g(x) = g+(x)→ g→(x)
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p→ + p→ → jet/ω0 +X

Transversely polarized protons 
• Protons have transverse motion: kT 
• Spin can be correlated with kT 

  → Transverse-momentum-dependent distributions (TMDs)
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p→ + p → h+X

Sivers Function: f→1T(x, kT)

! One of the eight Transverse-Momentum-Dependent (TMD) PDFs
Parton spin

U L T
Nucleon U Density f1 Boer-Mulders h→

1

spin L Helicity g1 Worm gear #2 h→
1L

T Sivers f→1T Worm gear #1 g1T Transversity h1 &
Pretzelosity h→

1T

! Correlation between nucleon spin (S) &
parton transverse momentum (kT)

Measurement of Anti-Quark Sivers Asymmetry at FNAL-SpinQuest 3 / 24
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Sivers effect:  
Correlation between nucleon spin (S) and 
parton transverse momentum (kT)
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What about transverse spin?

Longitudinally polarized protons 

• DIS    → quark helicity 
• ALL    → gluon helicity 
• W AL → flavor-separated quark/antiquark helicity
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!q(x) = q+(x)→ q→(x), !g(x) = g+(x)→ g→(x)
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p→ + p→ → jet/ω0 +X

Transversely polarized protons 
• Protons have transverse motion: kT 
• Spin can be correlated with kT 

  → Transverse-momentum-dependent distributions (TMDs)
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p→ + p → h+X

Spin structure is not only about helicity.  
Spin can also correlate with transverse parton motion

Sivers Function: f→1T(x, kT)

! One of the eight Transverse-Momentum-Dependent (TMD) PDFs
Parton spin

U L T
Nucleon U Density f1 Boer-Mulders h→

1

spin L Helicity g1 Worm gear #2 h→
1L

T Sivers f→1T Worm gear #1 g1T Transversity h1 &
Pretzelosity h→

1T

! Correlation between nucleon spin (S) &
parton transverse momentum (kT)
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Another longstanding spin puzzle

Transverse spin effect expected to be small at high energies… 

--- but FNAL came with a big surprise: it is very large! 
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Transverse single spin asymmetry:

In pQCD, transverse spin effect was naively expected to be small at high energies…
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In naive pQCD: 

Kane, Pumplin, and Repko, PRL41, 1689 (1978)
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Another longstanding spin puzzle

Transverse spin effect expected to be small at high energies… 

--- but FNAL came with a big surprise: it is very large! 

14

Transverse single spin asymmetry:

Surprisingly large AN was observed at forward rapidity  
at Argonne National Lab. ZGS experiment, and later at FNAL E704!

VOLUME 36, +UMBER 16 PHYSICAL REVIEW LETTERS

X10' protons per 500-msec pulse) and polariza-
tion (typically 70%%uo at 6 GeV/c and 55%%uo at 11.8
GeV/c) of the incident beam are monitored by
four scintillation-counter telescopes (L, R, U,
and D). L and R view a thin polyethylene target
and act as a polarimeter with an analyzing power
of 0.051+0.002 at pa=6 GeV/c and 0,020+0.001
at p, = 11.8 GeV/c. This polarimeter has been
calibrated at both incident momenta against an
absolute elastic-scattering polarimeter located
in another experimental area. Telescopes U and
D, located in the vertical plane, monitor the pro-
ton intensity on the LH, target.
The asymmetries are obtained from the equation
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where N(t) [N(&)] are the number of pion coinci-
dences (B,B,B,~p,) recorded for incident beam
polarization up (down) normalized to the intensity
monitors and P~ is the beam polarization. The
asymmetry defined here is positive when more
pions are produced to the left in the horizontal
plane looking in the direction of the incident
beam. ' Corrections due to multiple scattering,
nuclear absorption, and pion decays and uncer-
tainty in the spectrometer acceptance have no ef-
fect on the asymmetry. The sign of the beam po-
larization is reversed on every accelerator pulse
to minimize systematic errors. Target-empty
background runs have been taken for every data
point; the target-empty rate is typically between
10 and 25%% of the target-full rate. As an experi-
mental check, we have made single-arm meas-
urements of the pp elastic polarization at p, = 6
GeV/c and 0.07 &t&0.3 (GeV/c) '; the results are
consistent with the published data. '
Our measurements of the asymmetry for pion

production (A„) for p, = 6 GeV/c (open circles)
and pa=11.8 GeV/c (filled circles) are shown in
Figs. 2 and 3. %e have chosen to represent the
data as a function of u, the square of the four-
momentum transfer from the incident proton to
the outgoing pion, in order to emphasize the sim-
ilarities between these data and the polarization
in backward np elastic scattering. The resolution
in u is u~ + 0.1 (GeV/c). ' The data for the two
pion charges are considerably different for any
particular kinematic point, but there are some
overall similarities. (1) The 6- and 11.8-GeV/c
asymmetries are consistent, except where one of
the asymmetries is forced to zero by the require-
ment of no asymmetry for zero production angle
(open and filled triangles). (2) The magnitudes of
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e
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FIG. 2. The asymmetry for inclusive & production
inP&, ~P collisions at 6 GeV/c (open circles) and 11.8
GeV/c (filled circles}. Open and filled triangles indi-
cate the 0' point for 6 and 11.8 GeV/c, respectively.
Scattered moments (P, ) values are for 11.8 GeV/c on-
ly; x values are for both incident momenta. Error bars
represent point-to-point statistical errors only; they
do not include an overa11 normalization error of +6% at
6 GeV/c and +8% at 11.8 GeV/c.

the asymmetries are consistently larger' for
larger x =-p, */p~, „*, but the shape of the depen-
dence on u, in particular, the location of the maz-
ima and zeros, is roughly independent of x. (3)
The effects of the asymmetry zero for 0' produc-
tion are of limited extent in u. For example, the
asymmetry at large x rises to 20%% within 0.6'

of the forward direction. We have verified this
effect by noting a reversal in the asymmetry for
pions from the other side of the proton beam.
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3 for both the n + and n -  data. It appears that the 
increase in magnitude of AN is primarily an XF effect 
above a PT threshold. 

Non-vanishing analyzing powers have been ob- 
served in other pion production experiments with a 
polarized beam. The AN values from ref. [5] for n + 
production rise with XF in a manner consistent with 
this experiment. There is agreement in sign for the 
n -  data, except that at higher XF values (XF> 0.4) the 
magnitude of AN in the present data are larger. The 
n-  data in ref. [ 3] show a hint of a negative value at 
an xF of 0.6 and PT of 1 GeV/c. For n ° production, 
AN has recently been observed to increase with XF at 
200 GeV [ 6 ]. The most recent n o data from ref. [ 6 ] 
are compared in fig. 4 with the n + and n -  data in the 
same PT range. AN is roughly a factor of two greater 
for the n + data than for the n o data in the region of 
overlap. This agrees with the model of ref. [ 7 ]. The 
expected values of AN from the model are 0.37, 0.19 
and - 0.19 for the n +, n °, and n -  data respectively at 
the highest values of XF. The n -  data agree in sign 
with the prediction of the model, but the magnitude 
is a factor of two larger than expected. 

In summary, the analyzing power above a thresh- 
old of about 0.7 GeV/c in PT increases with XF from 
0 tO 0.42 for n + production and decreases with XF 
from 0 tO -- 0.38 for n -  production. These features of 
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Fig. 3. AN versus XF for n + and n -  data in two Pr ranges, 
0.2 ~<pT< 0.7 GeV/c and 0.7 ~<pT~< 2.0 GeV/c. For viewing clar- 
ity of points in the lower PT range, the smallest three points in xF 
for the n ÷ ( n - )  data are offset by +0.01 ( -0.01 ) units. 
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Fig. 4. AN versus XF for n+, ~-  and r¢ ° data. 

the data are consistent with a common explanation 
for the hyperon polarization and the large-xF AN val- 
ues measured in meson production [2,7]. In this 
model quarks produced are transversely polarized and 
the high XF quarks in the proton remember the pro- 
ton's spin. AN increases with XF because a greater 
fraction of mesons are produced by fragmentation at 
high XF and a single quark carries the spin of the pro- 
ton a larger fraction of the time at higher Bjorken x. 
The reflected sign of AN for oppositely charged pions 
is consistent with the up quark spin being aligned with 
that of the proton whereas that of the down quark is 
oppositely aligned. However, the magnitude of the 
analyzing power does not always agree with this 
model. Although perturbative QCD calculations do 
not apply in this kinematic region, the data presented 
here may be relevant to the "spin crisis" [ 1 ]. For the 
Bjorken sum rule to be satisfied, gt of the neutron 
must be more negative than expected in conven- 
tional models [ 9 ]. That AN for n -  production is more 
negative than expected may be a manifestation of the 
same effect, since the n + to n -  isospin transforma- 
tion is the same as that for the proton to the neutron. 

We are grateful to the Fermi National Accelerator 
Laboratory Experimental Areas Operation Center and 
Computer Department staffs, to the Fermilab and 
Argonne National Laboratory technical staffs, as well 
as to the technical staffs of all the institutions panic- 
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Another longstanding spin puzzle

Transverse spin effect expected to be small at high energies… 

--- but FNAL came with a big surprise: it is very large! 

14

Transverse single spin asymmetry:

Large AN was also observed at forward rapidity at RHIC 
→ Spin-momentum correlation  
Initial state: quark-gluon correlations (related to Sivers effect) 
Final state: fragmentation correlations (related to Collins effect)

 22 

2.1.2  Run-2023 and Opportunities with a Future Run at 500 GeV  
 

First and foremost, a transversely polarized 500 GeV p+p run with anticipated delivered luminosity of 1 
fb-1 will reduce the statistical uncertainties of all observables discussed in Section 2.1.1 by a factor of two, 
including the flagship measurement of the Sivers effect in W and Z production.  This experimental accura-
cy will significantly enhance the quantitative reach of testing the limits of factorization and universality in 
lepton-proton and proton-proton collisions. 

Results from PHENIX and STAR have shown that large transverse single spin asymmetries for inclu-
sive hadron production, AN, that were first seen in p+p collisions at fixed-target energies and modest pT ex-
tend to the highest RHIC center-of-mass (c.m.) energies, √s  = 500 GeV and surprisingly large pT . Figure 
2-9 summarizes the world data as function of Feynman-x. Surprisingly the asymmetries are nearly inde-
pendent of √s over a very wide range (√s: 4.9 GeV to 500 GeV). 

 

 
Figure 2-9: Transverse single spin asymmetry measurements for charged and neutral pions at different center-of-mass 
energies as a function of Feynman-x. 

 
The latest attempt to explain AN for π0 production at RHIC incorporated the fragmentation term within 

the collinear twist-3 approach [61]. In that work, the relevant (non-pole) 3-parton collinear fragmentation 
function !!"ℑ !, !!  was fit to the RHIC data. The so-called soft-gluon pole term, involving the ETQS 
function Tq,F(x1,x2), was also included by fixing Tq,F through its well-known relation to the TMD Sivers 
function !!!! . The authors found a very good description of the data due to the inclusion of !!"ℑ !, !! . 
Based on this work, one is able to make predictions for π+ and π- production at forward rapidities covered 
by the forward upgrade. The results are shown in Figure 2-10 for two different center-of-mass energies 
(200 GeV and 500 GeV) and rapidity ranges (2 < η < 3 and 3 < η < 4). 
 

  
Figure 2-10: Predictions, based on the work in Ref. [61], for AN for π+ and π- production for 2 < η < 3 (left) and 3 < η 
< 4 (right) at 200 GeV (solid lines) and 500 GeV (dashed lines). 

 
The proposed forward upgrade, incorporating forward tracking (see Section 5), will enable us to access 

the previously measured charged hadron asymmetries [62] up to the highest center-of-mass energies at 
RHIC. It will be important to confirm that also the charge hadron asymmetries are basically independent of 
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The origin of the large AN is not yet fully understood
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the ωð782Þ region. In both sidebands, Abkg
N is consistent

with zero within statistical uncertainties for all xF and
pT bins.

D. Systematic uncertainties

Three sources of systematic uncertainty on the TSSAs,
all of which are uncorrelated across xF and pT , are added in
quadrature for the total systematic uncertainty in each xF or
pT bin. The difference in AN when using the two raw
asymmetry extraction methods is taken as a systematic and
ranges from 0.005–0.060. Another systematic uncertainty
comes from the difference between background fraction
estimation when using functional fits and Gaussian-
process regression (< 0.01–0.03). Any remaining system-
atic uncertainties are estimated by deviations of the

FIG. 2. Examples of two-photon invariant mass distributions in the MPC at
ffiffiffi
s

p
¼ 200 GeV from the 2012 data taking period in

(a) MB and (b) MPC-triggered data. The blue filled regions are used for the η meson-peak asymmetries while the red filled regions are
designated as the sidebands for calculation of the background asymmetries.

FIG. 3. The xF dependent AN of forward η mesons from
PHENIX in the 2012 data taking period. The error bars show
the statistical uncertainty and the error boxes show the uncorre-
lated systematic uncertainties added in quadrature. A 3.4% global
polarization scale uncertainty is not shown.

Fx
0.2 0.4 0.6 0.8

N
A

0.2−

0.0

0.2

0.4

0.6
 = 200 GeV)s> = 3.51, η (<η

 = 62.4 GeV)s| < 3.8, η (3.1 < |0π
 = 200 GeV)s| < 4.0, η (2.7 < |0π
 = 19.4 GeV)s| < 4.6, η (1.0 < |0π

PHENIX

STAR

E704

(b)

(a)

FIG. 4. The combined PHENIX measurement of the forward η
meson TSSA from 2008 [43] and 2012 data. Panel (a) shows the
asymmetry compared to measurements from STAR [5] and
FNAL-E704 [3], and a twist-3 calculation of the initial-state
Sivers-like contribution to the asymmetry [52,53]. Panel
(b) shows the asymmetry compared to previous π0 TSSAs from
PHENIX [6], STAR [40], and FNAL-E704 [2]. The TSSA at
xF < 0 is consistent with zero in both 2008 and 2012 (not
shown here).

TRANSVERSE SINGLE-SPIN ASYMMETRY OF FORWARD … PHYS. REV. D 113, 072006 (2026)

072006-7

PHENIX, PRD113, 072006 (2026)

Initial-state correlations alone cannot explain the data
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Another longstanding spin puzzle

Transverse spin effect expected to be small at high energies… 

--- but FNAL came with a big surprise: it is very large! 
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Transverse single spin asymmetry:
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Can polarization be produced without a polarized beam?

Transverse single-spin asymmetry 

Can a polarized particle be produced from unpolarized collisions?
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AN →= 0

Initial-state proton is polarized    →    spin asymmetry
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Can polarization be produced without a polarized beam?

Transverse single-spin asymmetry 

Can a polarized particle be produced from unpolarized collisions?
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AN →= 0

Initial-state proton is polarized    →    spin asymmetry

Yes.  Large transverse Λ polarization was observed!
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The first measurement in 1976

Bunce et al., Phys. Rev. Lett. 36, 1113 (1976) 

300 GeV unpolarized proton beam at unpolarized Be target 

Experimental apparatus below
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Original Experiment in 1976
● G. Bunce, et. al. fired a 300 GeV unpolarized proton beam at a fixed Be target
● Apparatus is shown below, creates a neutral hyperon beam

● Important parts
○ P = proton beam, M1 = restoring magnet for production-angle variation, T = target, M2 = 

collimator and sweeper for hyperon beam, rest is for decay reconstruction

5
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p+ Be → !0 +X

P= proton beam

T= Be target

M2= collimator/sweeping  
magnet

V= Vacuum decay region MWPC1-6 + M3 magnet
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The first observation of transverse Λ polarization 

Large polarization normal to production plane 
was observed! 
 
 

Due to spin precession by magnet, (Px, Py) originate from 
polarization at production 

|PΛ| increases with pT, reaching ~30% (0.3<x<0.7)
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Final-state Λ is transversely polarized even from unpolarized initial state

Bunce et al., Phys. Rev. Lett. 36, 1113 (1976)Original Experiment in 1976
● Measured the three components of the polarization 

independently
● Definition of coordinate axes

○ z: parallel to the Λ0 momentum vector
○ x: parallel to the cross product Λ0 momentum vector and the proton 

beam vector
○ y: perpendicular to both x and z

● Results plotted to the right as the polarization components 
and magnitude as a function of the Λ0 transverse momentum

● Data is after the hyperon passed through a magnetic field, 
which caused precession of the spin

● Polarization magnitude of about 28%
7
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ẑ → ωp!
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x̂ =
ωpp → ωp!
|ωpp → ωp!|
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|ωP | =
√

(ωPx)2 + (ωPz)2

21

One more longstanding spin puzzle …

-40%

Polarization of particles produced in unpolarized hadron scattering 

was expected to be small 

--- but a big surprise from experiment: it is very large! 
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p+ Be → !0 +X



T. Niida, HuaDa QCD school @CCNU

The first observation of transverse Λ polarization 

Large transverse polarization relative to production plane 
 was observed! 

In a simple perturbative picture, transverse polarization was expected to be small at 
high p_T, roughly suppressed by mq/pT 

So it was unexpectedly large!
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Bunce et al., Phys. Rev. Lett. 36, 1113 (1976)Original Experiment in 1976
● Measured the three components of the polarization 

independently
● Definition of coordinate axes

○ z: parallel to the Λ0 momentum vector
○ x: parallel to the cross product Λ0 momentum vector and the proton 

beam vector
○ y: perpendicular to both x and z

● Results plotted to the right as the polarization components 
and magnitude as a function of the Λ0 transverse momentum

● Data is after the hyperon passed through a magnetic field, 
which caused precession of the spin

● Polarization magnitude of about 28%
7
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p+ Be → !0 +X
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P → ωs
mq

pT
→ O(10→2)
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How about polarization of anti-Λ?

Since then, a series of experimental studies have been conducted 

Heller et al. (1978) 
400 GeV proton beam on a Be target 

Λ transverse polarization ~24% (0.1<x<0.7) 

     was found to have zero polarization
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Phys. Rev. Lett. 41, 607 (1978) 
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How about other hyperons?

Since then, a series of experimental studies have been conducted 

Ho et al. (1990) 
800 GeV proton beam on a Be target 

  

Both Ξ and anti-Ξ show positive/comparable polarization
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FIG. 4. Comparison of the =+ and:- polarization from
this experiment with that of the = data taken at 400 GeV/c
and a production angle of 5 mrad. (See Rameika er a/. , Ref.
2.)
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p+ Be → !→(!̄+) +X
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How about other hyperons?

Since then, a series of experimental studies have been conducted 

Ho et al. (1990) 
800 GeV proton beam on a Be target 

  

Both Ξ and anti-Ξ show positive/comparable polarization 

Morelos et al. (1993) 
800 GeV proton beam on a Cu target 

  

Both Σ and anti-Σ show non-zero positive polarization
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p+Cu → !→(!̄+) +X
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complished in a similar manner. We assume [35] the
masses of the hyperons are the same as the antihyperons
and their asymmetry parameters have identical magni-
tudes but opposite signs.
Approximately equal amounts of data were collected at

pairs of targeting angles as shown in Table I. The target-
ing angles were of equal magnitude but opposite signs,
thus allowing the polarization to be periodically reversed
to separate the asymmetry (the asymmetry is the product
of the asymmetry parameter a and the polarization) from
instrumental biases. In Table I we include Z+ and Z
data from both horizontal (H) and vertical (V) targeting.
The measurement of the asymmetry parameter [32] in
the decay X+ py included a large data sample of
Z+ pz decays which we also used for a measurement
of polarization at + 3.7 mrad. Events were reconstructed
assuming the incident particle was a Z+ and the trajecto-
ry in the baryon spectrometer was that of a proton. The
decay position, z„, of the Z+ as well as e, the proton lab-
oratory decay angle relative to the Z+ direction, were
determined. Goodness of fit criteria on the proton and

0.20 &H-
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0.15- ~ H ++~ vCO
~ %+I

~ 0.10-
c5
O
0.05—

sr

hyperon tracks, a restriction that e) 0.1 mrad, and a re-
quirement that the reconstructed vertex be in the fiducial
region were imposed on the event samples. Figure 2(a)
shows a mass squared distribution (M~) of the missing
neutral particle (X ) for the hypothesis Z+ pX after
the above 8 and z,, selections. The center and width of
the n signal are in agreement with the expected position
and resolution. Figure 2(b) shows the equivalent distri-
bution of the negative beam. The small background from
the kaon decays at high Mg and the even smaller back-
ground from radiative decays at low Mz do not sig-
nificantly aA'ect our polarization measurements. Howev-
er, the data of Fig. 2 were subjected to additional selec-
tion criteria. These included rejection of events where the
proton trajectory was near the edges of the hole in the
photon spectrometer and rejection of events whose recon-
structed neutral mass assuming a decay K+ x+z
(K z n ) was near the z mass. A final require-
ment was that the reconstructed missing neutral particle
(X ) be in the range 0.010 (Mg & 0.026 (GeV/c ) .
The final event sample is described in Table I.
In Table I the quoted uncertainty in the polarization is

statistical. We studied the sensitivity of our result to
variations of our selection criteria in e, M~, and z,, posi-
tion and angle in the beam phase space using our higher
statistics samples. These systematic uncertainties, which
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FIG. 2. (a) Event distributions of the mass squared of the
missing neutral particle (Xo) for the hypothesis Z+ pX for
all positive beam candidates. (b) Event distributions of the
mass squared of the missing neutral particle (X ) for the hy-
pothesis Z pX for all negative beam candidates.
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FIG. 3. (a) Comparison of polarizations for Z+ and Z as a
function of pi from this experiment. (b) Polarization of Z+ as a
function of p& and comparison with previous measurements at
400-GeV incident proton energy. Note that the E620 data are
from production on a Be target. The others use a Cu target.
All of these data are in the range 0.47 (xF (0.53.
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2.)
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Hyperon transverse polarization has non-trivial flavor dependence!
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periment. Even through 0 is a baryon, it has no
valence quarks in common with the proton. Its zero po-
larization seems to indicate that having at least one quark
is common with the beam, like ",is necessary to pro-
duce a polarized particle. This agrees with the zero po-
larization measured for the A, but is distinctly diflerent
from the nonzero polarization of:- . The conflicting be-
havior of the production polarization among the 0, A,
and:- is puzzling. As far as we know, no existing model
of particle production can accommodate the 0,A, and
:-+ results.
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from this experiment (see Refs. [4] and [10]), and the 400
GeV/e A results are taken from Ref. [8].
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p+ Be → !→ +X
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Hyperon quark content P
Λbar ~0
Σbar- >0
Ξbar- <0
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But anti-hyperon polarization cannot be simply  
understood in terms of shared valence quarks



T. Niida, HuaDa QCD school @CCNU

How about other hyperons?

Luk et al. (1993) 
800 GeV proton beam on a Be target 
  
 Ω- polarization is consistent with zero (0.3<x<0.7) 

Λ, Σ+, Ξ- share at least one valence quark with  
the incident proton while Ω does not

41

VOLUME 70, NUMBER 7 PH YSICAL REVIEW LETTERS 15 FEBRUARY 1993

0.10
0

0.05
—0
A

0
crt

0
CL

0.00

-0.05

-0. 10

-0.15

-0.70
0.4 0.6 0.8 1.0 1.2 1,4

reactions as a function of the transverse momentum
[4,8, 10]. The A data, taken at 400 GeV/c, cover a simi-
lar xF range as the 0,=, and:- results from this ex-
periment. Even through 0 is a baryon, it has no
valence quarks in common with the proton. Its zero po-
larization seems to indicate that having at least one quark
is common with the beam, like ",is necessary to pro-
duce a polarized particle. This agrees with the zero po-
larization measured for the A, but is distinctly diflerent
from the nonzero polarization of:- . The conflicting be-
havior of the production polarization among the 0, A,
and:- is puzzling. As far as we know, no existing model
of particle production can accommodate the 0,A, and
:-+ results.
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p+ Be → !→ +X

Hyperon quark content P
Λ uds <0
Σ+ uus >0
Ξ- dss <0
Ω- sss ~0

Hyperon quark content P
Λbar ~0
Σbar- >0
Ξbar- <0
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Longstanding hyperon polarization puzzle for nearly 50 years

But anti-hyperon polarization cannot be simply  
understood in terms of shared valence quarks
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The study continues…

Little or no polarization at small xF 
(midrapidity) 

The polarization becomes increasingly 
negative toward large xF  
(beam-fragmentation region) 

Similar trend over a wide range of √sNN
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FIG. 4. Transverse polarization for Λ (red, filled) and Λ̄ (blue, empty) as a function of transverse momentum for (left) forward and
(right) backward collision configurations. The error bars represent the total uncertainty.
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FIG. 5. Left: transverse Λ polarization measured in LHCb pPb collisions in the forward (1.5 < y! < 4.0) and backward
(−5.0 < y! < −2.5) configurations and LHCb-SMOG fixed-target pNe collisions [61], compared with other measurements with
different collision systems and different center-of-mass energies [7,9–12]. The values have been scaled to match the αΛ value used in this
paper. Right: transverse Λ polarization comparison with previous measurements, assuming the transformation Pð−xFÞ ¼ −PðxFÞ.
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FIG. 3. Transverse polarization for Λ (red filled markers) and Λ̄ (blue empty markers) baryons as a function of Feynman-x for (left)
forward (1.5 < y! < 4.0) and (right) backward (−5.0 < y! < −2.5) collision configurations. The error bars represent the total
uncertainty.
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Λc+ polarization from LHCb

First separate measurement of Λc+ and Λc- 

transverse polarization in p+Ne  
at √sNN = 68.6 GeV 

Polarization extracted from 5D amplitude analysis of Λc+→pK-π+ 

First study of xF dependence of charmed-baryon polarization
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FIG. 8. Differential polarization measurements in xF intervals compared to different Λ polarization measurements
[32,34,35,37,38,70,71]. The Λþ

c polarization results are plotted with an opposite sign for a better comparison due to the negative
xF coverage of the LHCb SMOG data, and given Pð−xFÞ ¼ −PðxFÞ.
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output is chosen by optimizing the figure of merit
N2=ðN þ BÞ3=2, where N and B are the fitted signal and
background yields in the signal region, defined as that for
which mðpK−πþÞ is within $15 MeV of the known Λþ

c
mass [66].
The distributions of the invariant mass, mðpK−πþÞ, of

selected Λþ
c and Λ̄−

c candidates are shown in Fig. 1.
Extended unbinned maximum-likelihood fits are performed
to determine the signal and background yields after the
selection. The signal shape is modeled with a Gaussian
probability density function, while an exponential model is
used to describe the combinatorial background. Candidates
within the signal region are retained for the polarization
measurement. TheΛþ

c and Λ̄−
c signal yields are respectively

determined to be 997$ 39 and 710$ 32, with background
fractions of ð27.0$ 1.1Þ% and ð25.1$ 1.2Þ%, where the
uncertainties are statistical only. The measured signal yields
are consistent with a substantial particle-antiparticle pro-
duction asymmetry, which is expected in proton-induced
fixed-target collisions at these center-of-mass energies.
The baryon polarization is measured with respect to the

production plane formed by the beam direction, taken as
the z axis of the polarization system, and the baryon
momentum, whose vector product defines the transverse
polarization component, constituting the y axis. This is the
only component measured in this Letter, as the others are
forbidden by parity conservation in strong interactions. The
five variables describing the Λþ

c → pK−πþ decay phase
space are chosen to be the squared invariant masses m2

pK−

and m2
K−πþ , and quantities that describe the decay orienta-

tion with respect to the polarization system cos θp;ϕp and
χ. The angles θp and ϕp are the polar and azimuthal angles
of the proton momentum, while χ is the angle between the
plane formed by the proton momentum and the beam
direction, and the plane formed by the kaon and pion
momenta, where the momenta are expressed in the Λþ

c
rest frame. The Λþ

c and Λ̄−
c transverse polarizations are

measured by independent maximum-likelihood fits to
phase-space distributions fixing the amplitude model to
that previously determined by the LHCb Collaboration
[42], with the other polarization components fixed to zero.
Nonuniformity of the detector acceptance across the
Λþ
c → pK−πþ phase space is incorporated using simula-

tion following the method outlined in Ref. [42], while the
background contribution is accounted for using factorized
Legendre-polynomial expansions, derived from the mass
sidebands in data. The fit implementation is based on a
version of the TensorFlowAnalysis package [68] adapted to
three-body amplitudes in five-dimensional phase-space
fits [46].
Statistical uncertainties are determined using a non-

parametric bootstrapping technique from the standard
deviation of 1000 pseudoexperiments generated from the
data fit result. The systematic uncertainty associated to the
Λþ
c → pK−πþ amplitude model uncertainty is estimated

using the alternative models described in Ref. [42], repre-
senting a variety of descriptions for the resonant and spin
structure of the decay. The systematic uncertainty associ-
ated to the background description includes the contribu-
tion arising from the background fraction, varied according
to its uncertainty, and from its parametrization, which is
estimated by considering alternatives derived from boot-
strapped data samples extracted from the mass sidebands.
The uncertainty associated to the description of detector
efficiency effects is estimated by varying the calibration
samples via bootstrapping and changing the parameters of

FIG. 1. Distributions of the pK−πþ invariant mass of selected (left) Λþ
c and (right) Λ̄−

c candidates. The results from the fit described in
the text are also shown.

TABLE I. Systematic uncertainty contributions to the Λþ
c and

Λ̄−
c polarization measurements.

Total Model Background Efficiency

PΛþ
c

0.022 0.016 0.009 0.014
PΛ̄−

c
0.031 0.016 0.018 0.020
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PolarizationMeasurement ofΛ +
c and Λ̄ −

c Baryons in p − NeCollisions at
ffiffiffiffiffiffiffiffi
sNN

p
= 68.6 GeV
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The first measurement of the polarization of charm baryons by the LHCb experiment recorded in fixed-
target mode is presented. The polarization of Λc baryons is studied in collisions of protons, at an energy of
2.51 TeV, incident on a gaseous target of neon, at a nucleon-nucleon center-of-mass energy of 68.6 GeV.
The world’s first measurement of separate-charge polarizations for Λþ

c and Λ̄−
c baryons is performed,

determining PΛþ
c
¼ ð24$ 9$ 2Þ%, PΛ̄−

c
¼ ð−8$ 12$ 3Þ%, where the first uncertainty is statistical and

the second systematic. The polarization is also measured in intervals of baryon transverse momentum and
the Feynman-x variable.

DOI: 10.1103/pb8c-3lnn

Charm-baryon polarization is a unique probe in high-
energy physics, giving preferential access to heavy-quark
spin-dependent physics in its production and subsequent
hadronization. The heavy quark drives baryon properties,
including polarization, since its mass is much larger than
the typical energy scale of strong nuclear interactions [1–3].
This is in contrast with lighter baryons, whose polarization
is not directly related to the spins of their constituents
[4–6]. Strong interaction polarization arises mainly from
spin-orbit correlations and final-state interactions of quarks,
leading to different baryon and antibaryon polarization
mechanisms due to the distinct role of valence and sea
quarks. Polarization measurements provide tests for QCD
dynamics in the nonperturbative regime, helping to dis-
tinguish among various models [7–27].
Experimentally, charm-baryon polarization arising from

strong interactions remains a poorly explored topic. The
averaged Λþ

c and Λ̄−
c polarization has only been measured

in π-nucleus fixed-target collisions by the NA32 [28] and
E791 [29] experiments, for beam energies of 230 and
500 GeV, respectively. Both indicated a trend of increasing
negative polarization with larger transverse momentum, pT,
though with large uncertainties. A similar pT trend was also
observed for strange Λ baryons in fixed-target experiments
[30–36]. In addition, a trend of increasing polarization with
jxFj has been observed for Λ baryons [32,34,35,37,38],
where xF ≡ ð2pL=

ffiffiffiffiffiffiffiffi
sNN

p Þ is the Feynman-x variable, pL is
the baryon momentum component parallel to the beam axis
in the center-of-mass frame, and

ffiffiffiffiffiffiffiffi
sNN

p
the nucleon-nucleon

center-of-mass energy. However, no charm-baryon polari-
zation measurement as a function of xF has been performed
to date. The E791 results have been used to develop a
QCD-based hybrid model of inclusively produced charm
baryons reproducing the pT dependence [39]. No further
theoretical studies of charm-baryon polarization have been
done since then.
In this Letter, the first measurement of the polarization of

charm baryons by the LHCb experiment in its fixed-target
mode is presented. The polarization of Λc baryons is
studied in collisions of protons, with an energy of
2.51 TeV, incident on a gaseous target of neon, taken in
2017. This corresponds to an energy

ffiffiffiffiffiffiffiffi
sNN

p ¼ 68.6 GeV, an
energy regime not previously tested for polarization stud-
ies. The dataset corresponds to an integrated luminosity of
21.7 nb−1. This Letter contributes to the largely unexplored
field of charm-baryon polarization measurements, provid-
ing new inputs to test low-energy QCD models for heavy-
baryon spin physics and the kinematic dependencies
observed in hyperon polarization. In addition, it improves
different aspects of the previous polarization measure-
ments, as described in the following.
The polarization is measured for the first time separately

for the Λþ
c and Λ̄−

c hadrons to probe their different
production mechanisms. Their decays are reconstructed
in the Λþ

c → pK−πþ final state, with charge-conjugate
states implied unless specified. The polarization is
extracted using a detailed amplitude model [40]. The
model is based on the helicity formalism, and, in contrast
to what has been done previously, it ensures that the spin
states of the final particles have the same exact definition
for all the intermediate resonant contributions [41], permit-
ting a correct description of interference effects. The
amplitude model permits to combine the different sensi-
tivities given by the many resonant contributions in the
whole Λþ

c → pK−πþ phase space to achieve the best
precision on the polarization measurement. Indeed, the

*Full author list given at the end of the Letter.
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Possible explanation
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Many models have been proposed but no single model can explain all the 
data 

e.g. parton recombination model 

The large polarization cannot be explained by a simple perturbative picture. 
Spin-momentum correlations may arise from initial- and/or final-state effects

DeGrand, Markkanen, and Miettinen (1985)

- Polarization originates from the initial hadronic state? 

- Or can it be generated at the final state? 
  An unpolarized parton fragments into a polarized hadron
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Polarization is not unique to hadron-induced reactions
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HERMES (2007, 2014) 
Positron beam on a gas target (1H, 2H, and heavier gas).  
Positron emits a quasi-real photon, which interacts with  
the nucleon 
 

Polarization was also observed in photoproduction, with  
a positive sign and an indication of decreasing polarization  
with increasing A 

Λ transverse polarization was found even in e+e- annihilation  
by Belle Collaboration (2019) 

Polarization can be generated during fragmentation or hadronization  
→ polarizing fragmentation function

<latexit sha1_base64="dvbRCzOtr5TMlV7W5gIrgWIr8B8="></latexit>

e+N → e+!X (ω→N → !N, Q2 ↑ 0)

agree within their statistical uncertainties. The average
value for Hþ D is hPΛ

n ðHþ DÞi ¼ 0.056% 0.005ðstatÞ%
0.020ðsysÞ, with the average value for all nuclei being
hPΛ

n ðallAÞi ¼ 0.044% 0.011.
The transverse polarization for neon is above this value

by more than one standard deviation, while the results for
krypton and xenon are compatible with zero within the
statistical uncertainties of the data. The average value
of PΛ

n for the combined krypton and xenon data
is hPΛ

n ðKr þ XeÞi ¼ 0.000% 0.014ðstatÞ % 0.020ðsysÞ.
Despite the rather large value for neon there is an

indication of a decrease of PΛ
n with the atomic-mass

number A of the target nuclei. However, the statistical
accuracy of the measurements does not allow for a
precise determination of the functional form of this A
dependence.
The Λ polarizations for the combined Hþ D and the

combined Kr þ Xe data are shown as a function of
ζ in Fig. 4. The H+D data (closed symbols) decrease
continuously from a value of ∼0.08 at low ζ to ∼ 0.02
at ζ ≃ 0.45, while the Kr þ Xe data (open symbols)
fluctuate around zero. For each point in ζ the average
value of pT is different, as shown in the lower panel of the
figure.
In Fig. 5 the polarizations are shown as a function of pT .

The Hþ D data are presented for two intervals in the
variable ζ. The pT dependence in these two intervals is
rather different. In the region ζ < 0.2, where the produced
Λ hyperons mainly stem from the backward region, the
polarization increases linearly with pT up to a value of
∼0.12 at pT ≃ 0.75 GeV (closed circles), while in the
region ζ > 0.3 (closed squares) the polarization is sub-
stantially smaller with very little dependence on pT . The
statistical uncertainties of the Kr þ Xe data prevent a firm
conclusion about the pT dependences in the two ζ regions.
The polarization is compatible with zero over the whole pT
range although the average polarization in the region

ζ < 0.2 is 0.059% 0.024ðstatÞ, while it is −0.012%
0.027ðstatÞ in the region ζ > 0.3. It should be noted that
the measured ratio of Λ yields for (Kr þ Xe) and D
decreases with ζ and increases at large pT . This behavior
is rather similar to the ratio of hadron multiplicities for
heavy nuclear targets and deuterium as a function of z and
pt in semi-inclusive deep-inelastic scattering [23,24],
where z ¼ Eh=ν is the fractional hadron energy and pt
is the transverse hadron momentum with respect to the
virtual-photon direction.

atomic-mass number A
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FIG. 3 (color online). Dependence of the transverse polariza-
tion PΛ

n on the atomic-mass number A of the target nuclei. The
inner error bars represent the statistical uncertainties; the full error
bars represent the total uncertainties, evaluated as the sum in
quadrature of statistical and systematic uncertainties. FIG. 4. Dependence of the transverse polarization PΛ

n for the
combined hydrogen and deuterium data (closed symbols) and the
combined krypton and xenon data (open symbols) on the variable
ζ. The error bars represent statistical uncertainties only; the
systematic uncertainties are not shown, since they are strongly
correlated for the kinematic dependences. The values of hpTi for
each ζ bin are shown in the lower panel.
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FIG. 5. Dependence of the transverse polarization PΛ
n on the

transverse Λ momentum pT . Closed circles (squares) represent
the combined hydrogen and deuterium data for the region ζ < 0.2
(ζ > 0.3). The combined krypton and xenon data (open triangles)
are shown for the full ζ range. The error bars represent the
statistical uncertainty. The values of hζi for each pT bin are
shown in the lower panel.
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e+e→ → qq̄ → !↑ +X

might cancel the s quark contribution and cause the
reversed pt dependence. However, it should also be noted
that there is a larger charm contribution in the two
intermediate zΛ bins [28].
Considering associated production of a light hadron on

the opposite side, four zh bins with boundaries at zh ¼
½0.2; 0.3; 0.4; 0.5; 0.9# are adopted, where zh ¼ 2Eh=

ffiffiffi
s

p
.

In the hadron frame, the detector smearing effects are found
to be negligible because of the much better resolution of
−p̂h compared to that of T̂. Also, less than 5% of events are
falsely reconstructed in the wrong zΛ or zh bins. Thus, svd
unfolding is not applied here. The efficiency-corrected
cos θ distributions are fit in the same way as those in the
thrust frame. Because of particle misidentifications, the
purity of the πþ (π−) is about 91.8% (94.8%) and that of
Kþ (K−) is 87.4% (69.8%), based on MC simulations.
The contributions from misidentified h% are included in the
results without further correction. The amplitudes of the
transverse polarization of Λ hyperons as a function of zΛ
and zh calculated in the hadron frame are shown in Fig. 2.
These results can give additional insight into the quark
flavor fragmenting into the Λ. In particular, in the low zΛ
region, the polarization in ΛhþX and Λh−X is significantly
different, even showing opposite sign and a magnitude that
increases with higher zh. In contrast, in the region zΛ > 0.5,
the differences between ΛhþX and Λh−X are modest,
although deviations can still be seen.
We investigate the flavor of the (anti-)quark going into

the same hemisphere with the Λ particles using MC
simulations. We find that the flavor tag of the light hadron
depends on zh and zΛ [28]. At low zΛ [29], the contribu-
tions of the various quark flavors for Λ are nearly charge
symmetric in processes ΛhþX and Λh−X. In general,
the results suggest that the Λ polarization from s quark

fragmentation is negative because, in ΛKþX at high zΛ,
where s to Λ fragmentation absolutely dominates, the
observed asymmetries are negative. In Λπ−X and ΛK−X
at low zΛ, u toΛ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmentation
to Λ is positive. In Λπ−X and ΛK−X at high zΛ, there is a
larger contribution from s compared to low zΛ, resulting in
negative polarizations. For ΛπþX at low zΛ, ū fragmenting
into a Λ dominates, and the observed polarizations are
negative. At high zΛ, s fragmenting into Λ is dominant,
resulting in negative polarization. The sign of the Λ polari-
zation fragmenting from d quarks is not well determined.
The results presented in Figs. 1 and 2 show the transverse

polarization for inclusive Λ particles, including those
directly produced from qq̄ fragmentations and those
indirectly produced from decays. Based on MC simula-
tions, about 30% of Λ candidates come from charm, mainly
via c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We note
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ%X (a),
ΛK%X (b), Λ̄π%X (c), and Λ̄K%X (d), as a function of zΛ and zh
in the hadron frame. The different panels show the different zΛ
regions as labeled on the plots. Error bars indicate the sum of
statistical and systematic uncertainties added in quadrature. The
shaded areas show the uncertainties from α.
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s as a
function of zΛ and pt in the thrust frame. The top (a) and bottom
(b) plots display the results for Λ and Λ̄, respectively. The sum of
statistical and systematic uncertainties are indicated by the error
bars and the shaded areas show the uncertainties from α.
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This supports the idea that transverse Λ polarization  
can be generated in the fragmentation process
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Summary of day-2
Spin structure of nucleon 

Quark helicity constrained by polarized DIS: ΔΣ ~0.3  

Gluon helicity probed by ALL in polarized pp collisions: Δg(x)>0 in the x region probed by RHIC 

Sea-quark flavor asymmetry probed by W± AL: Δu > Δd 

Transverse spin phenomena 
Large transverse spin asymmetries (AN) were unexpected in a simple pertubative picture 

Large Λ transverse polarization is observed even with unpolarized beams 

Spin–momentum correlations in the initial and/or fragmentation provide possible explanations but the 
origin of large transverse spin effects is not yet fully understood
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