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Theory overview
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Key question : How is p⊥h generated at
short distances?
Different regions are sensitive to distinct
physical mechanisms



Nucleon structure from SIDIS

3 / 25

dσ

dx dy dΨ dz dφh dP
2
hT

∼
18∑
i=1

Fi(x, z,Q2, P 2
hT )βiFi Standard label βi

F1 FUU,T 1
F2 FUU,L ε

F3 FLL S||λe
√

1− ε2

F4 F
sin(φh+φS)
UT |~S⊥|ε sin(φh + φS)

F5 F
sin(φh−φS)
UT,T |~S⊥|sin(φh − φS)

F6 F
sin(φh−φS)
UT,L |~S⊥|ε sin(φh − φS)

F7 F cos 2φh
UU ε cos(2φh)

F8 F
sin(3φh−ψS)
UT |~S⊥|ε sin(3φh − φS)

F9 F
cos(φh−φS)
LT |~S⊥|λe

√
1− ε2 cos(φh − φS)

F10 F sin 2φh
UL S||ε sin(2φh)

F11 F cosφS
LT |~S⊥|λe

√
2ε(1− ε) cosφS

F12 F cosφh
LL S||λe

√
2ε(1− ε) cosφh

F13 F
cos(2φh−φS)
LT |~S⊥|λe

√
2ε(1− ε) cos(2φh − φS)

F14 F sinφh
UL S||

√
2ε(1 + ε) sinφh

F15 F sinφh
LU λe

√
2ε(1− ε) sinφh

F16 F cosφh
UU

√
2ε(1 + ε) cosφh

F17 F sinφS
UT |~S⊥|

√
2ε(1 + ε) sinφS

F18 F
sin(2φh−φS)
UT |~S⊥|

√
2ε(1 + ε) sin(2φh − φS)

Name Symbol meaning
upol. PDF f q1 U. pol. quarks in U. pol. nucleon
pol. PDF gq1 L. pol. quarks in L. pol. nucleon

Transversity hq1 T. pol. quarks in T. pol. nucleon
Sivers f

⊥(1)q
1T U. pol. quarks in T. pol. nucleon

Boer-Mulders h
⊥(1)q
1 T. pol. quarks in U. pol. nucleon

Boer-Mulders h
⊥(1)q
1 T. pol. quarks in U. pol. nucleon

...
...

...
FF Dq

1 U. pol. quarks to U. pol. hadron
Collins H

⊥(1)q
1 T. pol. quarks to U. pol. hadron

...
...

...



The current region in SIDIS
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The current region in SIDIS
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The current region in SIDIS
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The current region in SIDIS
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The current region in SIDIS
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The formulation is based on a scale
separation governed by the ratio

qT/Q

z = P · ph
P · q , qT = p⊥h /z

The cross section is built as

dσ

dxdQ2dzdp⊥h
= W + FO−ASY +O(m2/Q2)

∼W for qT � Q

∼ FO for qT ∼ Q

p⊥
h

yh

Current fragmentation
TMD factorization

Current fragmentation
Collinear factorization
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????

Target region
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Small transverse momentum Collins, Rogers PRD91 (2015)
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W =
∑
f

Hf (Q,µ)
∫

d2bT
(2π)2 e

−iqT·bTFf/N (x, bT, µ, ζF )Dh/f (z, bT, µ, ζD) +O(q2
T/Q

2)



Small transverse momentum Collins, Rogers PRD91 (2015)
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W =
∑
f

Hf (Q,µ)
∫

d2bT
(2π)2 e

−iqT·bTFf/N (x, bT, µ, ζF )Dh/f (z, bT, µ, ζD) +O(q2
T/Q

2)

CSS evolution equation

∂ lnFf/N (x, bT, ζF , µ)
∂ ln
√
ζF

= K̃(bT, µ)

+ Related to vacuum matrix elements of
products of Wilson Lines

+ Independent of flavor, target and spin
+ Independent of x
+ Universal across TMDs and processes



Small transverse momentum Collins, Rogers PRD91 (2015)
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W =
∑
f

Hf (Q,µ)
∫

d2bT
(2π)2 e

−iqT·bTFf/N (x, bT, µ, ζF )Dh/f (z, bT, µ, ζD) +O(q2
T/Q

2)

CSS evolution equation

∂ lnFf/N (x, bT, ζF , µ)
∂ ln
√
ζF

= K̃(bT, µ)

+ Related to vacuum matrix elements of
products of Wilson Lines

+ Independent of flavor, target and spin
+ Independent of x
+ Universal across TMDs and processes

RG equations

dK̃(bT, µ)
d lnµ = −γK(αS(µ))

d lnFf/N (bT, µ)
d lnµ = γf (αS(µ), 1)− 1

2γK(αS(µ)) ln ζF
µ2

d

d lnµ lnH(Q,µ) = −2γf (αS(µ), 1) + γK(αS(µ)) ln Q
2

µ2



Small transverse momentum Collins, Rogers PRD91 (2015)
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W =
∑
f

Hf (Q,µ)
∫

d2bT
(2π)2 e

−iqT·bT

× e−gf/N (x,bT,bmax)
∫ 1

x

dx̂

x̂
ff/N (x̂, µb∗)C̃f/p(x/x̂, b∗, µ2

b∗ , αS(µb∗))

× e−gh/f (z,bT,bmax)
∫ 1

z

dẑ

ẑ3 dh/f (ẑ, µb∗)C̃h/f (z/ẑ, b∗, µ2
b∗ , αS(µb∗))

×
(
Q2

Q2
0

)−gK(bT,bmax)(
Q2

µ2
b∗

)K̃(b∗,µb∗ )

× exp
[∫ µQ

µb∗

dµ′

µ′

[
2γ(αS(µ′), 1)− ln Q2

(µ′)2γK(αS(µ′))
]]

Valid for 0 ≤ qT � Q



Large transverse momentum
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FO =
∑
q

e2
q

∫ 1
q2

T
Q2

xz
1−z

+x

dξ

ξ − x H(ξ) fq(ξ, µ) dq(ζ(ξ), µ) +O(α2
S) +O(m2/q2)

+ Attention:
(
q2

T
Q2

xz
1−z + x

)
< ξ < 1

+ large qT probes large ξ in PDFs
+ Can be useful in collinear global analysis

Valid for qT ∼ Q



Matching region
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ASY ∼ d(z;µ)
∫ 1

x

dξ

ξ
f(ξ;µ)P (x/ξ) + f(x;µ)

∫ 1

z

dζ

ζ
d(ζ;µ)P (z/ζ)

+ 2CFf(x;µ)d(z;µ)
(

ln
(
Q2

qT

)
− 3

2

)

+ Interpolates between W and FO
+ FO−ASY ≡ Y

Valid for 0� qT � Q



Toy example
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Existing phenomenology
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Anselmino et al Bacchetta et al

These analyses used only W (Gaussian, CSS) → no FO nor ASY
Samples with qT/Q ∼ 1.63 have been included
BUT TMDs are only valid for qT/Q� 1 !



FO @ LO predictions (DSS07) Gonzalez, Rogers, NS, Wang PRD98 (2018)
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Trouble with large transverse momentum
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FO =
∑
q

e2
q

∫ 1
q2

T
Q2

xz
1−z

+x

dξ

ξ − x H(ξ) fq(ξ, µ) dq(ζ(ξ), µ) +O(α2
S) +O(m2/q2)

+ FFs needs to be updated?



FO @ LO predictions (DSS07) Gonzalez, Rogers, NS, Wang PRD98 (2018)
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FO @ LO predictions (JAM18) Gonzalez, Rogers, NS, Wang PRD98 (2018)
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Trouble with large transverse momentum
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FO =
∑
q

e2
q

∫ 1
q2

T
Q2

xz
1−z

+x

dξ

ξ − x H(ξ) fq(ξ, µ) dq(ζ(ξ), µ) +O(α2
S) +O(m2/q2)

+ O(α2
S) corrections might be important



order α2
S corrections to FO
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FIG. 4: Cross section as a function of pT , data and cuts as in Figure 3.

however the difference between LO and NLO decreases as pT increases.
The uncertainty due to the choice of a fragmentation functions set is also quite noticeable, this fact driven by the

different gluon content of the two sets considered here. Low Q2 bins seem to prefer KKP set, which have a larger
gluon-fragmentation content, whereas for larger Q2 both sets agree with the data within errors. LO estimates show
a much smaller sensitivity on the choice of fragmentation functions, since gluon fragmentation does not contribute
significantly to the cross section at this order.
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FIG. 5: NLO cross sections as a function of xB . The central (solid) line corresponds to setting the factorization and renormal-
ization scales to (Q2 + p2

T )/2 and the upper and lower (dashed) ones to (Q2 + p2
T )/4 and Q2 + p2

T respectively.

As mentioned, the dependence of the cross section in the choice for the renormalization and factorization scale is

Daleo,et al. (2005)
PRD.71.034013

There are strong indications
that order α2

S corrections are
very important

An order of magnitude
correction at small pT .

As a sanity check, we need to
have an independent calculation



O(α2
S) calculation (J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - in preparation)
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Wµν(P, q, PH) =
∫ 1+

x−

dξ

ξ

∫ 1+

z−

dζ

ζ2 Ŵ
µν
ij (q, x/ξ, z/ζ)fi/P (ξ)dH/j(ζ)

{Pµνg Ŵ (N)
µν ; PµνPP Ŵ (N)

µν } ≡
1

(2π)4

∫
{|M2→N

g |2; |M2→N
pp |2} dΠ(N) − Subtractions

Born/Virtual

Real

X Generate all 2→ 2 and 2→ 3 squared
amplitudes

X Evaluate 2→ 2 virtual graphs
(Passarino-Veltman)

X Integrate 3-body PS analytically

X Check cancellation of IR poles



FO @ LO predictions (JAM18)
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FO @ NLO (JAM18)
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Understanding the large x
(J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - in preparation)
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Large corrections threshold
corrections are observed

The x at the minimum can be
used as an indicator of where
such corrections are expected to
be large



Understanding the large x
(J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - in preparation)
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COMPASS kinematics
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The blue region might receive large threshold corrections
This can potential explain why the O(α2

S) fail to describe the data at
large x



Summary and outlook
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SIDIS large qT has a potential impact on collinear PDFs/FFs

O(α2
S) corrections are crucial to describe the data

New global analysis of collinear PDFs/FFs that includes large
qT SIDIS is required (in progress @ JAM)

The threshold region might require resummation techniques


