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Outline of the talk

• Semi-Inclusive Deep Inelastic Scattering. 

• The Sivers function. 

• How to actually obtain the Sivers function. 

• Results and conclusions.
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The Electron Ion Collider
EIC characteristics: 

- C.o.m energy range between  and  GeV. 

- High luminosity ( ). 

-  and  collider (from H to U). 

- Polarised beams.

28 141

1033 to 1034 cm−2 s−1

e−p e−A

First  collider since HERAe−p
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Figure 2.4: Illustration of the different frames used to describe the kinematics of the SIDIS process, as
discussed in the text.

These two frames are illustrated in Fig. 2.4. Importantly, these two frames are related by
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where the second relation follows from the first relation together with Eqs. (2.102) and (2.104).
Eq. (2.105) is to be understood in terms of the components in the two different frames. Namely,
p) and P⌘) are specified in the parton frame, while k) and q) are specified in the hadron
frame. Eq. (2.105) then allows one to easily transform between these two frames [122, 11].

Having clarified this important subtlety in the definition of the transverse direction, we
are now in a position to define the TMD FF in analogy to the TMD PDF. We first recall the
definition of the unsubtracted TMD PDF in Eq. (2.37),
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where the incoming proton is aligned along the =0 direction, and 1
⇠ = (0, 1�, b)). In the

SIDIS process, one still encounters a =0-collinear proton, while the outgoing hadron is aligned
along the orthogonal direction =1 . For ease of comparison to Eq. (2.106), here we provide
the definition of the TMD FF for a hadron along the =0 direction with large %

+ momentum.
The corresponding definition for an outgoing hadron aligned along the =1-direction is easily
obtained by replacing =0 $ =1 , and consequently 1

� ! 1
+ and %

+ ! %
�.

The bare unsubtracted TMD FF for a parton of flavor 8 inside a hadron ⌘ is defined as
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As for the TMD PDF, here % is the hadron momentum, 1⇠ = (0, 1�, b)), the superscript 0
denotes bare fields, and � is a generic rapidity regulator. The TMD FF is normalized by 1/I
and 1/(4#2), the latter corresponding to the number of colors and spin states, and the trace is
over color and spin indices �, �0. The key difference between Eqs. (2.106) and (2.107) is that
the hadron state appears as an out-state in the matrix element, with

Õ
-

denoting the sum

The SIDIS process

zh =
Ph ⋅ p
q ⋅ p



Cross section with spin-dependent effects

Sivers function
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with q̂ = q/|q|, where all vectors refer to the target rest frame (or to any frame reached from the target rest frame
by a boost along q̂). Writing the right-hand sides of (16) in a Lorentz invariant form, one has

cosφh = −
gµν→ lµPhν

|l→| |Ph→|
,

sinφh = −
εµν→ lµPhν

|l→| |Ph→|

(17)

with |l→| =
√

−gµν→ lµlν and |Ph→| =
√

−gµν→ PhµPhν . Here we introduced perpendicular projection tensors

gµν→ = gµν −
qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

,

ερσ→ = εµνρσ
Pµqν

P · q
√

1 + γ2

(18)

with γ = 2xM/Q, where x is the Bjorken variable andM again the target mass. Evaluating the right-hand sides of (17)
in the target rest frame, one recovers (16). The azimuthal angle φS relevant for specifying the target polarization is
defined in analogy to (16) and (17), with Ph replaced by the covariant spin vector S of the target. The definitions
of φh and φS are illustrated in Fig. 1. We emphasize that (16), (17), (18) do not depend on the choice of coordinate
axes. For definiteness we show in Fig. 1 one frequently used coordinate system. In this system the tensors defined
in Eq. (18) have nonzero components g11→ = g22→ = −1 and ε12→ = −ε21→ = −1. Note that two different conventions for
drawing angles and interpreting their sign in figures are in general use in the literature:

A. The z axis is specified and angles are drawn as arcs with one arrowhead. If an angle is oriented according to
the right-hand rule it is positive, otherwise it is negative. Fig. 1 illustrates the application of this convention.

B. Illustrated angles are always assumed to be positive. Only the location of the arc affects the definition of the
angle. No orientation should be assigned to the arc, and any z axis that may be present does not affect the
angle definition.

It is strongly recommended that authors avoid placing single arrowheads on arcs when using convention B. When
using convention A, an explicit remark in the caption may be useful when the figure illustrates a situation in which
an angle has a negative value.
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FIG. 1: Definition of azimuthal angles for the process (15) in the target rest frame. Ph⊥ and S⊥ are the components of Ph and
S transverse to the photon momentum.

Theorists often prefer a coordinate system with the same x axis but with y and z axes opposite to those shown
in Fig. 1, so that in the γ∗p center of mass the target moves in the positive z direction (cf. Sect. I). When working



The Sivers function
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Measures the correlation between the parton’s transverse momentum and a transversely 
polarised proton’s spin.

• Positively charged hadrons: non-zero orbital momentum
 positive value. 

• Negatively charged hadron: u and d contributions cancel 
 value consistent with zero.

→

→

Little is known about it for quarks but almost nothing for gluons. 

k⊥ k⊥
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Physics with PYTHIA

Particle-Detector interaction with GEANT

Software
• GEANT is very robust and provides 

accurate detector simulation. 

• PYTHIA does not include spin effects or 
TMD physics  We have to implement 
them by our own. 

• ROOT is a classic in particle physics and is 
used for data analysis.

→

Spin: sample an uniform distribution to assign the spin to each proton.

TMDs: for each event, calculate a weight that model the effect of transverse momentum.



Models for the Sivers Function

Δfg/p↑(x, k⊥) = 2𝒩g(x)fg/p(x, Q2)h(k⊥)
exp(−k2

⊥/⟨k2
⊥⟩)

π⟨k2
⊥⟩

SIDIS1

f⊥g
1T (x, k⊥) = −

2σmp

k2
⊥ + σ2

fg(x, k⊥)

Positivity bound assumption
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Anselmino et al. Phys. Rev. D 70, 074025D’Alesio et al. JHEP 09, 119

For the quark Sivers function: Anselmino et al. JHEP 04, 046

As a first estimate, it is common to use factorised Gaussian parametrizations 



Gluon Sivers Function and Single Spin Asymmetries

9

̂fg/p↑(x, k⊥) = fg/p(x, k⊥) +
1
2

Δfg/p↑(x, k⊥) S ⋅ (P̂ × k̂⊥)

Δfg/p↑(x, k⊥) = −
2k⊥

mp
f⊥g
1T (x, k⊥) sin(ϕh − ϕS)

AUT (ϕhS = ϕh − ϕS, kT) =
dσ↑(ϕhS, kT) − dσ↓(ϕhS, kT)
dσ↑(ϕhS, kT) + dσ↓(ϕhS, kT)

∝
Δfa/p↑(x, k⊥, Q2)
2fa/p(x, k⊥, Q2)

Bacchetta et al. Phys. 
Rev. D 70, 117504



Extraction of  from simulated eventsAUT
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wi =
Δfa/p↑(x, k⊥, Q2)
2fa/p(x, k⊥, Q2)

AUT =
1

NP

N

∑
i=1

wi

For the EIC, P is expected to be around .70 %

AUT =
1
P

N↑/ℒ↑ − N↓/ℒ↓

N↑/ℒ↑ + N↓/ℒ↓

Experimental formula

Airapetian et al. JHEP 08, 130
Zheng et al. Phys. Rev. D 98, 034011



Which beam configuration shall we use?
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In order to access the kinematic region dominated by gluons, 
it is crucial to use the highest center of mass energy available 



Kinematic cuts and estimators
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Q2 > 1 [GeV2]

W2 > 10 [GeV2]
zh > 0.1

Photon-Gluon Fusion

0.1 < y < 0.9

It is not possible to access the 
parton’s transverse momentum

PT =
ph1T − ph2T

2

kT = ph1⊥ + ph2⊥

phiT ≥ 1.4 [GeV]
kT ≤ 0.7PT

q

q



Results
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Final remarks and conclusions
• The Sivers function is still highly unknown for quarks but specially for gluons. 

• With the capabilities of EIC (high luminosity) it will be possible to study the Gluon 
Sivers Function for the first time. 

• Not much difference has been observed between generated and reconstructed 
results. Once the detector is fully understood, corrections will be added to the 
experimental measurements. 

•  but it is close to it  precision is key to extract meaningful measurements.AUT ≠ 0 →
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Thank you for your time!

Email: javier.jimenezl@edu.uah.es 
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