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Introduction: TMDs and SSAs definitions
From Umberto’s HEP Colloquium..
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Introduction: TMDs and SSAs definitions
Collinear QCD: only three independent distributions:

f1(x), g1(x), h1(x);

inclusion of k⊥ effects ⇒ from 3 to 8 independent TMD-PDF:parton pol.
nucleon pol.

U L TU f1 h⊥1L g1 h⊥1LT f ⊥1T g1T h1 h⊥1Tcollinear T-odd
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Introduction: TMDs and SSAs definitions
Relevant TMDs:

Sivers function

X

sq

1

2
Nf ↑(x, k

⊥
M

f⊥q
1T (x, k⊥)

fq/p↑ (x , k⊥)− fq/p↑ (x ,−k⊥)
= ∆Nfq/p↑ (x , k⊥) (P̂ × k⊥) · S

|k⊥|

∆Nfq/p↑ (x , k⊥) = −2|k⊥|
M

f ⊥q1T (x , k⊥)

Collins function

X

NDh/q

1

2

h
H⊥

1

Dh/q↑ (z , p⊥)− Dh/q↑ (z ,−p⊥)
= ∆NDh/q↑ (z , p⊥) (k̂ × p⊥) · Sq

|p⊥|

∆NDh/q↑ (z , p⊥) = 2|p⊥|
zMh

H⊥q1 (z , p⊥)
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Introduction: TMDs and SSAs definitions
Sivers & Collins effects play role in the Single Spin Asymmetry (SSA):

AN = dσ ↑ − dσ ↓
dσ ↑ + dσ ↓ = d∆σ

2dσ unp (1)
where dσ ↑(↓) is the polarized (differential) cross section:

dσ (A,SA)+(B,SB )→C+X = ∑
a,b,c,d ,{λ}

ρa/A,SA
λa ,λ′a f̂a/A,SA (xa, k⊥a)⊗

ρb/B,SB
λb ,λ′b

f̂b/B,SB (xb, k⊥b)⊗ M̂λc ,λd ;λa,λbM̂∗λ′c ,λd ;λ′a,λ′b ⊗ D̂λC ,λC
λc ,λ′c (z , k⊥C ); (2)

with:(i) ρa/A,SA
λa ,λ′a

(ρb/B,SB
λb ,λ

′
b

): helicity density matrix for parton a (b);(ii) M̂λc ,λd ;λa ,λb : helicity amplitude ab → cd :(iii)
d σ̂ ab→cd

dt̂
= 1

16πŝ2

1
4

∑
λa ,λb ,λc ,λd

|M̂λc ,λd ;λa ,λb |2; (3)
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Introduction: why look at these processes?
Main motivations:a test for TMD factorization for inclusive processes;

a bridge between SIDIS (two scale process) and p↑p → h X (one scaleprocess);make an updated phenomenological analysis; previous studies @ LO (where
`q → `q is the only partonic channel):

Anselmino, Boglione, D’Alesio, Melis, Murgia & Prokudin: proposed as a testfor TMD factorization (PRD, 2010); predictions for SSA @ LO and comparisonw/ HERMES data (PRD, 2014);
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WW approximation or why physics is often like a pork
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Weizsäcker-Williams or equivalent photon approximation
Original idea: Weizsäcker & Williams (WW) in the 1930s;

Lepton as a source of real photons

By evaluating the fundamental vertex
` → ` ′γ, with ` and ` ′ almost collinear(Q2 ∼ 0), one can define:

fγ/` (y ) = α
2π

(
1 + (1− y )2

y

)
ln

s

m2
`

.
New partonic channels:(i) qγ → qg ;(ii) gγ → qq̄.
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WW contribution to SSA for ` p↑ → h X

We assume the following factorization formula:
σWW(`p → hX ) = ∫ dy fγ/` (y )σ (γp → hX )

using the following WW distribution (Vogelsang et.al./2015):
fγ/` (y , µ) = α

2π
1 + (1− y )2

y

[
ln

(
µ2

y 2m2
`

)
− 1

]+O(α2),
µ: factorization scale.
µ = PT or µ = √s/2 give almost same phenomenologicalresults
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WW contribution to SSA for ` p↑ → h X

We write:
AN = d∆σ LO + d∆σWW

2 [dσ LO + dσWW] (4)

Master equation:
Eh

dσ (p,S)`→hX
WW

d3Ph
= ∑

a,c,d ,{λ}

∫
dx dy dz

16π2xyz2s
d2k⊥d3p⊥δ(p⊥ · p̂c )J(p⊥)

× δ
(̂
s + t̂ + û

)
ρa/p,S
λa,λ′a f̂a/p,S (x , k⊥)ργ/`λγ ,λ′γ fγ/` (y )

× M̂λc ,λd ;λa,λγM̂∗
λ′c ,λd ;λ′a,λ′γDλh,λh

λc ,λ′c (z ,p⊥), (5)Note: fγ/` (y ) is consistently adopted as a function of only yand not also of k⊥γ
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WW contribution to SSA for ` p↑ → h X

Schematically:
dσWW(S) = ∑

a,c,d

∫
dx dy dz

16π2xyz2s
d2k⊥d3p⊥δ(p⊥ · p̂c )J(p⊥)δ (̂s + t̂ + û

)Σ(S)aγ→cd (6)

Numerator
d∆σWW = ∑

a,c,d

∫
dx dy dz

16π2xyz2s
d2k⊥d3p⊥δ(p⊥ · p̂c )J(p⊥)

× δ
(̂
s + t̂ + û

) [Σ(↑)− Σ(↓)]aγ→cd

(7)
Denominator

2dσWW = ∑
a,c,d

∫
dx dy dz

16π2xyz2s
d2k⊥d3p⊥δ(p⊥ · p̂c )J(p⊥)

× δ
(̂
s + t̂ + û

) [Σ(↑) + Σ(↓)]aγ→cd

(8)
with ∑

a,c,d

[Σ(↑)± Σ(↓)]aγ→cd = [Σ(↑)± Σ(↓)]qγ→qg + [Σ(↑)± Σ(↓)]qγ→gq

+ [Σ(↑)± Σ(↓)]q̄γ→q̄g + [Σ(↑)± Σ(↓)]q̄γ→gq̄

+ [Σ(↑)± Σ(↓)]gγ→qq̄ + [Σ(↑)± Σ(↓)]gγ→q̄q

(9)
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WW contribution to SSA for ` p↑ → h X

[Σ(↑)− Σ(↓)]qγ→qg = fγ/` (y ){1
2
∆Nfq/p↑ (x , k⊥) cosφ

[
|M̂0

1 |2 + |M̂0
2 |2
]qγ→qg

Dh/q(z , p⊥)
+ h1q(x , k⊥) [M̂0

1 M̂0
2

]qγ→qg ∆NDh/q↑ (z , p⊥) cos (φ′ + φh
q)

− k2
⊥

2M2 h⊥q
1T (x , k⊥) [M̂0

1 M̂0
2

]qγ→qg ∆NDh/q↑ (z , p⊥) cos (2φ − φ′ − φh
q)}

[Σ(↑) + Σ(↓)]qγ→qg = fγ/` (y )fq/p(x , k⊥) [|M̂0
1 |2 + |M̂0

2 |2
]qγ→qg

Dh/q(z , p⊥)
− k⊥

M
h⊥q

1 (x , k⊥) [M̂0
1 M̂0

2

]qγ→qg ∆NDh/q↑ (z , p⊥) cos (φ − φ′ − φh
q)

[Σ(↑)− Σ(↓)]qγ→gq = 1
2
fγ/` (y )∆Nfq/p↑ (x , k⊥) cosφ

[
|M̂0

1 |2 + |M̂0
3 |2
]qγ→gq

Dh/g (z , p⊥)
[Σ(↑) + Σ(↓)]qγ→gq = fγ/` (y )fq/p(x , k⊥) [|M̂0

1 |2 + |M̂0
3 |2
]qγ→gq

Dh/g (z , p⊥)
[Σ(↑)− Σ(↓)]gγ→qq̄ = 1

2
fγ/` (y )∆Nfg /p↑ (x , k⊥) cosφ

[
|M̂0

2 |2 + |M̂0
3 |2
]gγ→qq̄

Dh/q(z , p⊥)
[Σ(↑) + Σ(↓)]gγ→qq̄ = fγ/` (y )fg /p(x , k⊥) [|M̂0

2 |2 + |M̂0
3 |2
]gγ→qq̄

Dh/q(z , p⊥)Sivers⊗unp., transv.(pretz.)⊗Collins, BM⊗CollinsCarlo Flore HEP Colloquia - SSAs for ` p↑ → hX 5/04/2017 12 / 25



WW contribution to SSA for ` p↑ → h X

For jet production:
Ej dσ (p,S)`→jetX

WW

d3Pj = ∑
a,c,d ,{λ}

∫
dx dy

16π2xys
d2k⊥δ

(̂
s + t̂ + û

)
× ρa/p,S

λa ,λ′a f̂a/p,S (x , k⊥)ργ/`λγ ,λ′γ fγ/` (y )M̂λc ,λd ;λa,λγM̂∗λ′c ,λd ;λ′a,λ′γ
(10)

and
d∆σWWjet = ∑

a,c,d

∫
dx dy

16π2xys
d2k⊥δ

(̂
s + t̂ + û

) [Σ(↑)− Σ(↓)]aγ→cdjet (11)
2dσWW = ∑

a,c,d

∫
dx dy

16π2xys
d2k⊥δ

(̂
s + t̂ + û

) [Σ(↑) + Σ(↓)]aγ→cdjet (12)
Note: replace Dh/q,g (z , p⊥)→ 1 and ∆NDh/q↑ (z , p⊥)→ 0 (no fragmentationprocess! - pure Sivers effect)
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Phenomenological results
We computed predictions for

EIC
unpolarized cross sections + SSAs

Comparison w/ HERMES data:
dσ = dσUU

[
1 + STA

sinψ
UT sinψ

],
with

sinψ = ST ·
(
P̂T × k̂

) ,so
A

sinψ
UT (xF ,PT ) = Ap↑`→hX

N (−xF ,PT ) (13)
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Phenomenological results
Parametrizations for unpolarized TMDs:

fa/p (x , k⊥) = fa/p (x) 1
π〈k2

⊥〉
exp{− k2

⊥
〈k2
⊥〉

} ,
Dh/c (z , p⊥) = Dh/c (z) 1

π〈p2
⊥〉

exp{− p2
⊥
〈p2
⊥〉

} ,
with 〈k2

⊥〉 = 0.25 GeV2 and 〈p2
⊥〉 = 0.2 GeV2;

Collinear PDFs set: GRV98;Collinear FFs sets: Kretzer, De Florian+Sassot+Stratmann (DSS)(different role of gluon FF);Tested new extraction of Sivers function: 〈k2
⊥〉 = 0.57 GeV2 and

〈p2
⊥〉 = 0.12 GeV2 (CTEQ6L PDFs were used).
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Phenomenological results - unpolarized cross sections
HERMES, √s = 7.25 GeV
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E
π  

d
3
σ

/d
3
P

π  
 [

p
b

/G
e

V
2
]

PT   [GeV]

l p -> π
+
 X

LO+WW

LO

 1  1.2  1.4  1.6  1.8  2

PT   [GeV]

xF = 0.2

l p -> π
−
 X

Kretzer
DSS

Note:
xF = PL/Pmax

L ≡ 2PL/
√
s ;WW contribution more important at small PT .
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Phenomenological results - unpolarized cross sections
HERMES, √s = 7.25 GeV
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Note:for large positive xF (final hadron produced in backward proton hemisphere)
|û| � |t̂|;favoured region for WW contribution! LO: 1/Q2 ≡ 1/t̂2, WW: 1/Q2 ≡ 1/ŝ û.

Carlo Flore HEP Colloquia - SSAs for ` p↑ → hX 5/04/2017 17 / 25



Phenomenological results - unpolarized cross sections
EIC, √s = 100 GeV
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Note:here, xF > 0 corresponds to the forward proton hemisphere;pure Sivers effect - no fragmentation process!
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Phenomenological results - comparison with HERMESdata
inclusive [backward target hemisph.]
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Note:improved description of data;gluon Sivers function contribution pratically negligible.
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Phenomenological results - comparison with HERMESdata
anti-tagged [backward target hemisph.]
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Note:same considerations as inclusive data;some discrepancies for π+.
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Phenomenological results - predictions for EIC
EIC, √s = 100 GeV
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Note:gluon Sivers effect completely negligible;WW contribution does not change LO behaviour (both enters with the samestructure in the SSA);interesting flat PT behaviour - also measurable!
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Phenomenological results - comparison with HERMESdata (2)
anti-tagged [backward target hemisph.]
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Note:only Sivers effect is showed;different widths: 〈k2
⊥〉 = 0.57 GeV2 and 〈p2

⊥〉 = 0.12 GeV2;CTEQ6L PDFs were used for the new fit of Sivers function
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Conclusions
computed, in the spirit of a TMD approach, WW contribution;found new theoretical expression within helicity formalism;predictions for unpolarized cross sections and SSAs for ongoing and futureexperiments were gived;found that WW contribution plays a huge role in `p↑ → hX ;very good description of HERMES data, both for inclusive and untaggeddata (new extraction of Sivers enhanced the agreement with the data);future measurments, especially at EIC, would test TMD approach;a further step towards a deeper understanding of the origin of SSAs forinclusive processes and towards a unified TMD picture.
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WW contribution - Helicity amplitudes
Besides an overall factor 16π2ααs :[

|M̂0
1 |2 + |M̂0

2 |2
]qγ→qg = 16

3
e2
q

ŝ2 + û2

−ŝ û , [
M̂0

1M̂0
2

]qγ→qg = 16
3
e2
q ,

[
|M̂0

1 |2 + |M̂0
3 |2
]qγ→gq = 16

3
e2
q

ŝ2 + t̂2

−ŝ t̂
,

[
|M̂0

2 |2 + |M̂0
3 |2
]gγ→qq̄ = 2e2

q

û2 + t̂2

−ût̂
.

Carlo Flore HEP Colloquia - SSAs for ` p↑ → hX 5/04/2017 25 / 25



Phenomenological results - unpolarized cross sections
JLab-12, √s = 4.84 GeV
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,
where xT = 2PT /

√
s .
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Phenomenological results - unpolarized cross sections
JLab-12, √s = 4.84 GeV

 0

 50

 100

 150

 200

 250

 300

-0.2  0  0.2

d
2
σ

/d
x

F  
d

P
T  

  
[p

b
/G

e
V

2
]

xF

l 
3
He -> π

+
 X

-0.2  0  0.2

xF

PT=1.5 GeV

l 
3
He -> π

−
 X

Kretzer
DSS

Note:
d2σ

dxFdPT
= 2πPT√

x2
F + x2

T

Eπ
d3σ
d3Pπ

,
where xT = 2PT /

√
s .

Carlo Flore HEP Colloquia - SSAs for ` p↑ → hX 5/04/2017 25 / 25



Phenomenological results - unpolarized cross sections
COMPASS, √s = 17.4 GeV
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Phenomenological results - unpolarized cross sections
EIC, √s = 100 GeV
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Note:here, xF > 0 corresponds to the forward proton hemisphere;pure Sivers effect - no fragmentation process!
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Phenomenological results - predictions for JLAB
JLab-12, √s = 4.84 GeV
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Note:wider uncertainty bands due to large-x region probed at moderate energies;extractions of Sivers function are uncontstrained at large x.
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Phenomenological results - predictions for COMPASS
COMPASS, √s = 17.4 GeV
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Note:sizeable SSA for π+;data would be useful as a clear test of TMD approach.
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